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Abbreviations  

ACE Angiotensin-converting enzyme 

ACO 1-aminocyclopropane-1-carboxylic acid oxidase 

AG Arabinogalactan 

AGL62 Agamous-like 62 

AGP Arabinogalactan protein 

AMS Aborted microspores 

APTG1 Abnormal pollen tube guidance 1 

BC 16   BRITTLE CULM 16 

BUPS1/2 Buddha’s paper seal 1/2 

Cas9 CRISPR-associated protein 9 

CEA Carcinoembryonic antigen 

CMS Cytoplasmic male sterility 

Col-0  Columbia-0 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRP Cysteine-rich peptide 

DYT1 Dysfunctional tapetum 1 

EDR1 Enhanced disease resistance 1 

EMS Ethyl methanesulfonate 

ER Endoplasmic reticulum 

EtNP Ethanolamine-phosphate 

FDA Fluorescein diacetate 

FER Feronia 

FLA Fasciclin-like AGP 

FLS2 Flagellin-sensing 2 

GA Gibberellic acid 

GAS GPI-anchoring signal 

G.c. Golovinomyces cichoracearum 

GlcN Glucosamine 

GlcNAc N-acetylglucosamine 
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GPI Glycosylphosphatidylinositol 

GPI-AGP GPI-anchored arabinogalactan protein 

GPI-AP GPI-anchored protein 

GPIase GPI-cleaving enzyme 

GPI-ET GPI-etnp transferase 

GPI-GnT GPI Glcnac transferase 

GPI-MT GPI-mannosyltransferase 

GPI-T GPI transamidase 

GT1 Grassy tillers 1 

H.a. Hyaloperonospora arabidopsidis 

HAP Hours after pollination 

HLD1 Highlander 1 

KILs KIR1-likes 

KIR1 Kira1 

LLGs LORELEI-LIKE GPI-anchored proteins 

LOF Loss-of-function 

CrRLK1Ls  Catharanthus roseus RLK-like proteins 

Man  Mannose 

MAP Minutes after pollination 

MLO Mildew resistance locus o 

MMC Megaspore mother cell 

MPK4 Mitogen-activated protein kinase 4 

MS1 Male sterility 1 

NAC 

NAM (no apical meristem, Petunia), ATAF1–2 (Arabidopsis 

thaliana activating factor), and CUC2 (cup-shaped cotyledon, 

Arabidopsis) 

nsLTP Non-specific lipid transfer protein 

ORE1 Oresara 1 

OsEAT1 Oryza sativa Eternal tapetum 1 

OsEDM2L Oryza sativa Enhanced downy mildew 2-like  

OsPTC1 Oryza sativa Persistent tapetal cell 1 
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OsPTC2 Oryza sativa Persistent tapetal cell 2 

OsTDR Oryza sativa Tapetum degeneration retardation 

OsUDT1 Oryza sativa Undeveloped tapetum 1 

PAG Phytocyanin-like arabinogalactan protein 

PAMPs Pathogen-associated molecular patterns 

PCD Programmed cell death 

PGAP1 Post-GPI attachment to proteins 1 

PI Propidium iodide 

PI-PLC Phosphatidylinositol-specific phospholipase C 

PM Plasma membrane 

PMC Pollen mother cell 

PNT5 Peanut 5 

PrpS Papaver rhoeas pollen S determinant 

PrsS Papaver rhoeas stigma S determinant 

Pto Pseudomonas syringae pv tomato 

PTM Post-translational modification 

RA3 Ramosa 3 

RALF Rapid alkalinization factor 

RBOHE Respiratory burst oxidase homolog e 

RCD Regulated cell death 

REM Reproductive meristem 

RGA Repressor of ga1-3 

RLK Receptor-like kinase 

ROS Reactive oxygen species 

RT Room temperature 

SC Self-compatible 

SI Self-incompatibility 

SI-PCD SI-induced programmed cell death 

TE Transmission efficiency 

TF Transcription factor 

TT16 Transparent testa 16 
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VAL Valkyrie 

VDD Verdandi 

VPEs VACUOLAR PROCESSING enzymes 

WT Wild-type 

XYLP Xylogen-like arabinogalactan protein 
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Summary  

Chapter 1 introduced recent findings regarding programmed cell death (PCD) processes 

occurring during plant reproduction, from meiosis to fertilization. Over the last two decades, a 

growing number of PCD routines have been described in plants, and many are essential for 

plant growth and reproduction. There are numerous post-fertilization PCD processes during 

seed development and germination; these have been excellently reviewed elsewhere. Here, we 

focused on the regulation of PCD in sex determination, micro- and mega-sporogenesis, and 

nucellus degeneration. Further, we covered PCD processes during pollination, self-

incompatibility responses, floral senescence, and double fertilization. 

In Chapter 2, we reviewed the journey of glycosylphosphatidylinositol-anchored proteins 

(GPI-APs), from their biosynthesis and remodeling to transport and cleavage in the extracellular 

space in mammals, yeast, and plants. Post-translational attachment of a GPI residue to proteins 

is an anchor in the extracellular portion of the plasma membrane. More than 300 different 

proteins have been classified as GPI-APs in Arabidopsis thaliana, and many play essential roles 

in regulating various biological processes. In this introduction, we highlighted the function of 

several exemplary GPI-APs focusing on the role of GPI-anchored arabinogalactan proteins 

(GPI-AGPs) in plants. 

In Chapter 3, we used Arabidopsis thaliana lines that were engineered to be self-

incompatible by the expression of Papaver rhoeas SI determinants for an SI suppressor screen. 

We identified HLD1/AtPGAP1, an ortholog of the human GPI-inositol deacylase PGAP1, as a 

critical component required for the SI response. Besides a delay in flowering time, no 

developmental defects were observed in HLD1/AtPGAP1 knockout plants, but SI was wholly 

abolished. We demonstrate that HLD1/AtPGAP1 functions as a GPI-inositol deacylase and that 

this GPI-remodeling activity is essential for SI. Using GFP-SKU5 as a representative GPI-AP, 

we showed that the HLD1/AtPGAP1 mutation does not affect GPI-AP production and targeting 

but affects their cleavage and release from membranes in vivo. These data implicate GPI-APs 

in SI, providing new directions to investigate SI mechanisms and identifying a critical 

functional role for GPI-AP remodeling by inositol deacylation in planta. 
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In Chapter 4, we investigated the involvement of GPI machinery in SI-PCD using 

Arabidopsis T-DNA mutant lines defect in GPI-AP biosynthesis and remodeling. We found 

several GPI-pathway mutants were SI-defective as the hld1 mutant. These data showed that the 

GPI-AP(s), which play a pivotal role in plant fertilization, is also essential for the SI-induced 

PCD (SI-PCD) response. Meanwhile, incompatible pollen pre-treated with β-Yariv reagent, an 

inhibitor of AGPs, alleviated SI-PCD, suggesting that the GPI-AP(s) required for SI-PCD might 

be GPI-AGPs. Intrigued by these results, we have set up an innovative multiplex CRISPR/Cas9 

screen combined with an in vitro SI bioassay to identify the particular GPI-AP(s) involved in 

SI-PCD. The preliminary results showed that several GPI-AGP candidates might function in 

the SI-PCD response. 

In Chapter 5, we described the biological functions of HLD1/AtPGAP1 in plants using its 

knockout mutant. Apart from regulating the SI-PCD, other roles of HLD1/AtPGAP1 in plants, 

such as the involvement in developmental processes and biotic and abiotic signaling responses, 

have not been characterized. No severe developmental defects were observed in 

HLD1/AtPGAP1 knockout plants. However, they showed delays in bolting/flowering time, 

pollen germination, root growth, and a reduction of male gametophytic transmission. Our 

preliminary data on several abiotic stress responses showed that dysfunction of 

HLD1/AtPGAP1 did not alter the plants' sensitivity to salt, drought, exogenous ABA, or cold. 

These data provide new insights into the biological functions of HLD1/AtPGAP1 in planta. 

In conclusion, this Ph.D. project opens new avenues for investigating the functional 

implications of GPI remodeling in plant signaling processes in general and research into the 

involvement and regulation of GPI-AP(s) in SI-PCD. These achievements will potentially 

advance the application of the Papaver SI system in F1 hybrid breeding in crops and mark a 

vital step toward solving food security issues. 

  



 

7 

 

Samenvatting 

Hoofdstuk 1 introduceerde recente bevindingen betreffende geprogrammeerde celdood (PCD) 

processen die optreden tijdens de voortplanting van planten, van meiose tot bevruchting. De 

laatste twee decennia is een groeiend aantal PCD-routines beschreven in planten, en vele 

daarvan zijn essentieel voor plantengroei en -reproductie. Er zijn talrijke post-fertilisatie PCD 

processen tijdens zaadontwikkeling en kieming; deze zijn elders uitstekend besproken. Hier 

hebben we ons gericht op de regulatie van PCD bij geslachtsbepaling, micro- en 

megasporogenese en nucellus degeneratie. Verder behandelden we PCD-processen tijdens 

bestuiving, zelf incompatibiliteits reacties, florale senescentie en dubbele bevruchting. 

In hoofdstuk 2 bespraken we de reis van glycosylfosfatidylinositol-geankerde eiwitten 

(GPI-APs), van hun biosynthese en remodellering tot transport en splitsing in de extracellulaire 

ruimte bij zoogdieren, gist en planten. Post-translationele binding van een GPI-residu aan 

eiwitten vormt een anker in het extracellulaire deel van het plasmamembraan. In Arabidopsis 

thaliana zijn meer dan 300 verschillende eiwitten geclassificeerd als GPI-APs, en vele daarvan 

spelen een essentiële rol bij de regulering van diverse biologische processen. In deze inleiding 

hebben we de functie van verschillende voorbeeldige GPI-APs belicht, met de nadruk op de rol 

van GPI-verankerde arabinogalactan-eiwitten (GPI-AGPs) in planten. 

In hoofdstuk 3 gebruikten we Arabidopsis thaliana-lijnen die door expressie van Papaver 

rhoeas SI-determinanten zelfincompatibel werden gemaakt voor een SI-suppressorscreening. 

We identificeerden HLD1/AtPGAP1, een ortholoog van het menselijke GPI-inositol deacylase 

PGAP1, als een kritische component die nodig is voor de SI-respons. Naast een vertraging in 

de bloeitijd werden geen ontwikkelingsstoornissen waargenomen in HLD1/AtPGAP1 knock-

out planten, maar SI werd volledig uitgeschakeld. Wij tonen aan dat HLD1/AtPGAP1 

functioneert als een GPI-inositol deacylase en dat deze GPI-remodelleringsactiviteit essentieel 

is voor SI. Met GFP-SKU5 als een representatieve GPI-AP, toonden we aan dat de 

HLD1/AtPGAP1 mutatie geen invloed heeft op de GPI-AP productie en targeting, maar wel op 

hun splitsing en afgifte uit membranen in vivo. Deze gegevens wijzen erop dat GPI-AP's 

betrokken zijn bij SI, waardoor nieuwe wegen worden geopend om SI-mechanismen te 
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onderzoeken en een cruciale functionele rol wordt vastgesteld voor GPI-AP remodellering door 

inositol deacylering in planta. 

In hoofdstuk 4 onderzochten we de betrokkenheid van GPI-machines bij SI-PCD met 

behulp van Arabidopsis T-DNA mutantlijnen die defect zijn in GPI-AP biosynthese en 

remodellering. Wij vonden dat verschillende GPI-pathway-mutanten net als de hld1-mutant SI-

defect waren. Deze gegevens toonden aan dat de GPI-AP(s), die een centrale rol spelen bij de 

bevruchting van planten, ook essentieel zijn voor de SI-geïnduceerde PCD (SI-PCD)-respons. 

Ondertussen verlichtte onverenigbare pollen voorbehandeld met β-Yariv reagens, een remmer 

van AGPs, SI-PCD, wat suggereert dat de GPI-AP(s) die nodig zijn voor SI-PCD GPI-AGPs 

zouden kunnen zijn. Geïntrigeerd door deze resultaten hebben wij een innovatieve multiplex 

CRISPR/Cas9-screen opgezet in combinatie met een in vitro SI-bioassay om de specifieke GPI-

AP's te identificeren die betrokken zijn bij SI-PCD. De voorlopige resultaten toonden aan dat 

verschillende GPI-AGP kandidaten zouden kunnen functioneren in de SI-PCD respons. 

In hoofdstuk 5 beschreven we de biologische functies van HLD1/AtPGAP1 in planten met 

behulp van zijn knock-out mutant. Behalve de regulering van de SI-PCD zijn andere rollen van 

HLD1/AtPGAP1 in planten, zoals de betrokkenheid bij ontwikkelingsprocessen en biotische 

en abiotische signaalreacties, niet gekarakteriseerd. In HLD1/AtPGAP1 knock-out planten 

werden geen ernstige ontwikkelingsstoornissen waargenomen. Ze vertoonden echter wel 

vertragingen in de schiet-/bloeitijd, de kieming van stuifmeel, de wortelgroei en een 

vermindering van de mannelijke gametofytische overdracht. Onze voorlopige gegevens over 

verschillende abiotische stressreacties toonden aan dat disfunctie van HLD1/AtPGAP1 de 

gevoeligheid van de planten voor zout, droogte, exogene ABA of koude niet veranderde. Deze 

gegevens verschaffen nieuwe inzichten in de biologische functies van HLD1/AtPGAP1 in 

planten. 

Tot besluit, dit doctoraatsproject opent nieuwe wegen voor het onderzoek naar de 

functionele implicaties van GPI remodeling in plant-signalerings-processen in het algemeen en 

onderzoek naar de betrokkenheid en regulering van GPI-AP(s) in SI-PCD. Deze 

verwezenlijkingen zullen mogelijk de toepassing van het SI-systeem van Papaver in de F1-

hybrideveredeling van gewassen bevorderen en een essentiële stap vormen in de richting van 

de oplossing van voedselzekerheid problemen. 
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Aim of the study 

In the Programmed Cell Death Laboratory of Prof. Dr. Moritz Nowack at the VIB-UGENT 

Center for Plant Systems Biology, several developmental PCD (dPCD) processes are studied 

in both Arabidopsis and maize. The central mission of the research team is to identify key 

regulators and executors of dPCD in plants and to understand the diverse biological functions 

of different dPCD processes. The team gained insights into the genetic network that controls 

dPCD during reproduction, specifically during stigmatic papilla and ovule senescence in 

Arabidopsis and maize. In parallel, we are unraveling the processes involved in Papaver self-

incompatibility-triggered programmed cell death (SI-PCD) in Arabidopsis. A new PCD model 

system was created by successfully transferring the Papaver rhoeas (poppy) SI to Arabidopsis 

thaliana. Intrigued by this novel opportunity, we conducted an SI-PCD suppressor mutant 

screen in the transgenic SI Arabidopsis plants (designated as At-SI lines) and identified 

glycosylphosphatidylinositol-(GPI-) deacylase HLD1/AtPGAP1 as a critical component 

required for the SI-PCD response in poppy. These were the first data to implicate that HLD1-

mediated cleavage of GPI-anchored proteins (GPI-APs) played a crucial functional role in the 

SI-PCD context. The corresponding results were published during my Ph.D. and presented in 

Chapter 3. However, which GPI-AP(s) in particular are necessary for SI-PCD and by which 

mechanism they function remains to be discovered. These issues were studied in Chapter 4.  

PGAP1 is involved in the first step of GPI-AP remodeling, which is crucial for the 

efficiency of transport of GPI-AP from the endoplasmic reticulum (ER) to the Golgi apparatus. 

Even though the biochemical function of PGAP1 is well studied, its biological roles remain 

largely unknown in plants. Identifying HLD1/AtPGAP1 in the mutant screen of the SI 

suppressor allowed us to investigate the biological functions of HLD1/AtPGAP1 in plants. 

Apart from the involvement in the SI-PCD process, the other roles of HLD1/AtPGAP1 in plants, 

such as developmental and non-developmental signaling processes (like stress response), were 

examined in Chapter 5. This Ph.D. project aims to investigate the functional implications of 

HLD1/AtPGAP1 in plant signaling processes in general and research the involvement and 

regulation of GPI-AP(s) in SI-PCD. 
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Abstract 

Regulated or programmed cell death (RCD or PCD) is a fundamental biological principle 

integral to a considerable variety of functions in multicellular organisms. In plants, different 

PCD processes are part of biotic and abiotic stress responses, but also occur as an essential 

aspect of unperturbed plant development. PCD is particularly abundant during plant 

reproduction, eliminating unwanted or no longer needed cells, tissues or organs in a precisely 

controlled manner. Failure in reproductive PCD can have detrimental consequences for plant 

reproduction. Here we shed a light on the latest research into PCD mechanisms in plant 

reproduction from sex determination over sporogenesis to pollination and fertilization.  
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Introduction 

Regulated or programmed cell death (RCD or PCD) denotes actively controlled processes that 

cause the death, and in some the corpse removal, of cells. As genetically programmed 

operations, RCD processes are generally considered to have evolved to serve specific functions 

and provide tangible selective advantages. In animals and plants, RCD events occur in a 

plethora of subroutines. Generally, one can differentiate between stress-induced RCD and 

physiological forms of PCD occurring in the absence of exogenous environmental perturbation 

[1]. In plants, these contextual categories have been recognized as environmental PCD 

(triggered by external biotic or abiotic agents) and developmental PCD (occurring as an integral 

part of development; hereafter referred to as PCD) [2]. Over the last two decades, a growing 

number of PCD routines, including xylem and tapetum maturation, suspensor elimination, 

endosperm degradation, seed coat formation, self-incompatible pollen rejection, as well as 

stigma senescence processes, have been described in plants, and many are essential for plant 

growth and reproduction [3–6]. 

In this review, we discuss recent findings regarding PCD processes occurring during plant 

reproduction from meiosis to fertilization. There are numerous post-fertilization PCD processes 

during seed development and germination; these have been excellently reviewed elsewhere 

[7,8]. Here, we focus on the regulation of PCD in sex determination, micro- and 

megasporogenesis, and nucellus degeneration. Further, we will cover PCD processes occurring 

during pollination, self-incompatibility responses, floral senescence, and double fertilization. 

An overview of genes regulating these processes is given in Table 1. 
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Table 1 Overview of recently identified players regulating reproductive PCD processes 

PCD occurs during Gene locus Gene product Species Reference 

Sex Determination 

GRMZM2G014729 RAMOSA3 Maize [13]  

At4g28530; 

At5g39610 

KIRA1; 

ORESARA1  
Arabidopsis [14] 

At5g18270; 

At3g04060 

ANAC087; 

ANAC046 
Arabidopsis [15] 

Achn384741 SyGI Kiwifruit [20] 

Microsporogenesis 

LOC_Os02g57520 OsPTC2 Rice [26]  

LOC_ Os08g39250 OsEDM2L Rice [28]  

LOC_Os04g39470 OsMYB103 Rice [29]  

LOC_Os08g08840 OsGPT1 Rice [30]  

LOC_Os08g02330 DCET1 Rice [31]  

At1g19530 RGAT1 Arabidopsis [32]  

LOC_Os06g15990 OsALDH2b Rice [33]  

Os11g0696200 EDT1 Rice [34]  

At3g19190; 

At5g17290; 

At5g45900; 

At3g07525 

ATG2; 

ATG5; 

ATG7; 

ATG10 

Arabidopsis [37] 

Megasporogenesis 

At2g23430; 

At3g50630; 

At3g24810; 

At3g19150; 

At1g49620; 

At5g48820; 

At2g32710; 

At3g12280 

ICK1; 

ICK2; 

ICK3; 

ICK4/KRP6; 

ICK5/KRP7; 

ICK6; 

ICK7/KRP4; 

RBR1 

Arabidopsis 
[40]; 

[41] 

At5g03552 MIR822 Arabidopsis [bioRxiv]*  

Nucellus development 

At5g60440; 

At5g23260; 

At1g31140; 

At4G24960; 

AGL62; 

TT16; 

GOA; 

HVA22d 

Arabidopsis 
[42]; 

[44] 

At1g73590; 

At1g70940; 

At2g01420; 

At1g23080 

PIN1; 

PIN3; 

PIN4; 

PIN7 

Arabidopsis [43] 
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At3g28007; 

At4g39210 

SWEET4; 

APL3 
Arabidopsis [44] 

HORVU2Hr1G091880.1; 

HORVU2Hr1G092090; 

HORVU2Hr1G092080.15 

VPE2a; 

VPE2b; 

VPE2d 

Barley [47] 

Self-incompatible 

pollen-pistil interaction 

LOC103932244 DGK4 Pear [51]  

At3g27325 AtPGAP1 Arabidopsis 
[59]; 

[60] 

Floral organ senescence 

Zm00001eb077580 KIL1 Maize [63] 

At5g03730 CTR1 Chinese cabbage [64] 

Double fertilization 

At4g08869; 

At4g08875 

AtLURE1.7; 

AtLURE1.8 
Arabidopsis [68] 

At2g17430 NTA/AtMLO7 Arabidopsis [75] 

At5g60140; 

At5g18000 

VALKYRIE; 

VERDANDI 
Arabidopsis [78] 

At1g60070; 

At1g23900; 

AP1G1; 

AP1G2; 
Arabidopsis [79] 

At3g20770; 

At2g27050 

EIN3; 

EIL1 
Arabidopsis [82] 

At4g39110; 

At2g21480; 

At1g28270; 

At2g33775 

BUPS1; 

BUPS2; 

RALF4; 

RALF19 

Arabidopsis [83] 

At1g60625; 

At1g60815; 

At2g32835; 

At2g32785; 

At2g32788 

RALF6; 

RALF7; 

RALF16; 

RALF36; 

RALF37 

Arabidopsis [84] 

At4g01370; 

At1g12280 

MPK4; 

SUMM2 
Arabidopsis [85] 

 

* Tovar-Aguilar et al., 2021 
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PCD during sex determination 

Sex determination in plants is a complex process that holds great agronomical potential for fruit 

and seed production [9]. Unisexual flowers (Figure 1) can develop by different means, many of 

which involve PCD processes at various stages of flower development. In maize (Zea mays), 

PCD suppresses carpel development in all flowers of the male inflorescence (tassel), as well as 

in half of the flowers in the female inflorescence (ear) [10]. Several classical “tasselseed” 

mutants exhibit defects in carpel suppression, leading to conspicuous seed formation in the 

tassel [11,12]. Recently, RAMOSA 3 (RA3) was shown to act with GRASSY TILLERS 1 (GT1) 

to regulate carpel suppression, revealing a surprising pleiotropy where genes involved in 

vegetative development were recruited for floral sculpting [13]. Interestingly, RA3 and GT1 

appear to regulate genes implicated in PCD, including homologs of the Arabidopsis 

(Arabidopsis thaliana) NAC transcription factors (TFs) KIRA1 and ANAC087 [13–15]. 

In several fruit crops, PCD processes have been implicated in unisexual flower 

development. In persimmon (Diospyros kaki), PCD causes the developmental arrest of carpel 

primordia in male flowers [16], whereas PCD underlies stamen abortion in female flowers of 

the tung tree (Vernicia fordii) [17]. In Opuntia robusta, premature tapetum degeneration causes 

male sterility of female flowers, while ovules abort through PCD in male flowers [18]. In the 

dioecious kiwifruit (Actinidia spec.), failure to produce pollen in flowers of female individuals 

is caused by delayed tapetum PCD, while flowers on male plants develop non-functional 

rudimentary carpels [19]. The type-C cytokinin response regulator Shy Girl (SyGl), which is 

located on the Y-chromosome of the kiwifruit genome, acts as a dominant suppressor of carpel 

development [20]. SyGl may act by reducing cytokinin-controlled meristematic activity, 

thereby conveying sex determination without PCD [21], showcasing that processes other than 

PCD may be employed in sex determination. 
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Figure 1. Tissues and cells undergoing developmentally controlled PCD from sporogenesis to 

fertilization.  

In unisexual flowers, PCD (in magenta) can causes the abortion or developmental arrest of carpel primordia 

in male flowers, and stamen abortion in female flowers. During sporogenesis, PCD occurs in supporting 

sporophytic tissues including the anther tapetum and the nucellus in the developing ovules. After meiosis, 

non-functional megaspores degenerate. During pollination, some self-incompatibility mechanisms operate 

by arresting and killing self-pollen on the stigma. Lastingly unpollinated stigmata undergo senescence-

triggered PCD, terminating flower fertility. After timely and compatible pollination, the pollen tube grows 

towards the ovule attracted by the female gametophytic synergids. Upon pollen tube arrival, both the pollen 

tube cell and the receptive synergid disintegrate, allowing the sperm cells to contact the egg cell and the 

central cell. The persistent synergid is eliminated after successful fertilization by fusing to the central cell. 

The antipodal cells in various species do not appear to have specific functions and degenerate before or 
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after fertilization (not covered in this review). Abbreviations are: PMC, pollen mother cell; MMC, 

megaspore mother cell. The Figure was created with BioRender.com.  

 

PCD during microsporogenesis  

The tapetum is the innermost cell layer of the anther, surrounding and supporting pollen 

development (Figure 1). Pollen maturation and wall formation relies on the precise timing of 

PCD in tapetal cells [22], which occurs at late microsporogenesis stages [23].  

Multiple regulators of tapetal PCD have been identified, several of which are conserved 

between Arabidopsis and rice (Oryza sativa) (reviewed in [2]). In both species, gibberellic acid 

(GA) affects tapetum differentiation through GAMYB TFs, as well as DYSFUNCTIONAL 

TAPETUM 1 (DYT1) in Arabidopsis and its ortholog UNDEVELOPED TAPETUM 1 

(OsUDT1) in rice. In Arabidopsis, DYT1 positively regulates MALE STERILITY 1 (MS1) and 

ABORTED MICROSPORES (AMS), which in turn drives expression of the reactive oxygen 

species (ROS)-producing enzyme RESPIRATORY BURST OXIDASE HOMOLOG E 

(RBOHE). In rice, TAPETUM DEGENERATION RETARDATION (OsTDR, an AMS 

homologue) and PERSISTENT TAPETAL CELL 1 (OsPTC1, an MS1 homologue) are 

positively regulated by both OsGAMYB and OsUDT1. Both OsTDR and OsPTC1 positively 

regulate the lipid transfer protein OsC6 and the cysteine protease OsCP1, which are thought to 

promote tapetal PCD. OsUDT1 acts upstream of bHLH142 to promote tapetal PCD via OsTDR 

and ETERNAL TAPETUM 1 (OsEAT1) [2]. Further downstream, OsEAT1 promotes the 

expression of two aspartic proteases (OsAP25 and OsAP37), which induce cell death when 

ectopically expressed [24].  

More recently, mutation of an AT-hook nuclear localized (AHL) family protein, 

PERSISTENT TAPETAL CELL 2 (OsPTC2), has been shown to phenocopy ptc1. OsPTC1 

and OsPTC2 may function in the same tapetal PCD pathway by targeting shared downstream 

genes, such as OsEAT1, OsCP1, and OsAP25 [25,26]. However, ptc2 differs from ptc1 in its 

abnormal pollen wall patterning, which is reminiscent of an Arabidopsis pollen wall defective 

mutant, transposable element silencing via AT-hook (tek) [27], underscoring the relevance of 
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AHL family proteins in pollen wall patterning processes in both monocots and dicots. Several 

new factors promoting rice tapetal PCD have been recently described, such as ENHANCED 

DOWNY MILDEW 2-LIKE (OsEDM2L) and OsMYB103, whose mutants both show delayed 

tapetal cell death [28,29]. Interactions among OsEDM2L, bHLH142, and OsTDR activate 

OsEAT1 expression, thereby promoting tapetal PCD [28]. Other recently published mutants, 

for instance glucose 6-phosphate/phosphate translocator (osgpt1) [30], and defective in callose, 

exine and tapetum 1 (dcet1) [31] show delayed tapetal PCD and abnormal pollen wall patterning. 

However, the underlying mechanisms and pathways remain to be elucidated. 

Male fertility can be affected by both delayed and premature tapetal PCD. Downstream of 

the DELLA protein REPRESSOR OF GA1-3 (RGA), the rga target 1 (osrgat1) mutant showed 

premature tapetal degeneration, while OsRGAT1 overexpression delayed PCD [32]. 

Additionally, the rice osaldh2b mutant, affecting a mitochondrial aldehyde dehydrogenase, 

exhibited premature tapetal PCD and an upregulated expression of OsTDR [33]. Likewise, the 

earlier degraded tapetum 1 (edt1) mutant exhibits premature tapetal cell death along with a 

decrease in ATP concentration and fatty acid content in anthers [34]. Surprisingly, known 

tapetal PCD-promoting genes (OsTDR, OsEAT1, OsAP25, and OsCP1) are downregulated in 

edt1, suggesting this premature cell death might be independent of the canonical PCD network 

[34].  

In addition to the established PCD network, autophagy has been implicated in tapetal 

differentiation and PCD. In normal conditions, autophagy-deficient mutants in rice display 

sporophytic male sterility [35], while fertility is not affected in core autophagy mutants in 

Arabidopsis [36]. However, autophagy is activated by high temperature stress in Arabidopsis, 

and autophagy-deficient mutants displayed impaired male fertility characterized by incomplete 

degeneration of tapetum cells [37]. In the light of climate change, these finding might have 

important implications for crop reproduction. 

  



 

19 

 

PCD during megasporogenesis 

Megasporogenesis starts with the specification of the Megaspore Mother Cell (MMC). After 

MMC meiosis produces four haploid megaspores, one functional megaspore persists, and the 

remaining megaspores degenerate (Figure 1) [38], while the molecular mechanisms 

underpinning monospory and functional megaspore selection remain to be elucidated. Although 

PCD has been proposed to cause megaspore degeneration in Medicago sativa, further studies 

are required to confirm this in other species [38,39]. 

An Arabidopsis septuple mutant of the cyclin-dependent kinase inhibitor genes ICK1-

7/KRP1-7 (interactor/inhibitor of cyclin-dependent kinase/Kip-related proteins) developed 

ovules with multiple MMCs, functional megaspores and functional female gametophytes [40]. 

An ICK4/KRP4-YFP (yellow fluorescence protein) fusion protein was shown to be expressed 

highly in degenerating megaspores, but was absent in the functional megaspore, leading the 

authors to propose ICK4/KRP4 (and potentially other redundant ICKs/KRPs) as a positive 

regulator of megaspore degeneration [40]. However, a simultaneous study on a triple 

ick/krp4/6/7 mutant concluded that KRPs function in a network ensuring the switch from 

mitosis to meiosis in MMCs; this suggests that the surplus functional megaspores in the krp 

septuple mutant are the result of delayed mitotic exit of the MMC before meiosis, rather than a 

failure to degrade non-functional megaspores after meiosis [41]. 

Recently, small RNAs have been implicated in the degeneration of non-functional 

megaspores, as miR822 mutants exhibit extranumerary surviving meiotic products with 

functional megaspore identity that can mitotically divide, but fail to form mature female 

gametophytes [bioRxiv 2021, doi:10.1101/2021.10.18.464879] MiR822a interacts with 

ARGONAUTE9 to negatively regulate Cysteine/Histidine-Rich C1 domain proteins and 

restrict meiotically derived cell survival to a single megaspore. The authors postulate that 

miR822a functions as an intercellular signal for PCD, thereby mediating a pathway to eliminate 

female haploid products after meiosis [bioRxiv 2021, doi:10.1101/2021.10.18.464879]. These 

exciting data might bring us a step closer to understanding how cell death mechanisms ensure 

monosporic development in plants. 
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PCD during nucellus development 

The nucellus is a short-lived tissue present in the developing ovule and in the early seed 

supporting gametophyte and embryo/endosperm development. The nucellus degenerates in a 

species-specific, spatiotemporal pattern before, during, or after fertilization (Figure 1). In 

Arabidopsis, a part of the nucellus degenerates prior to fertilization, while the other part persists 

until after fertilization [42]. Nucellar degeneration before fertilization starts in the cells adjacent 

to the developing female gametophyte, and control of auxin fluxes has been implicated in this 

process. A mutant in the auxin efflux carrier PIN1 shows inhibited nucellar degeneration, while 

in a pin3/4/7 triple mutant, auxin-enriched nucellar cells degenerate precociously with altered 

cell death morphology, suggesting that nucellar auxin accumulation might promote PCD [43]. 

The nucellar cells that persist until after fertilization can be further divided into one domain that 

degenerates during early seed development, and another domain that persists longer [42]. Prior 

to fertilization, polycomb-group proteins repress endosperm development and nucellar 

degeneration, while MADS box TF AGAMOUS-LIKE 62 (AGL62) relieves the Polycomb-

mediated repression to permit post-fertilization nucellar degeneration. Downstream of AGL62, 

TRANSPARENT TESTA 16 (TT16) and the MADS box TF GORDITA promote nucellar 

degeneration [42]. Why one part of the nucellus persists while another degenerates is not clear 

yet. Possibly, the nucellus acts as an early sugar sink, and provides the reserves it transiently 

accumulates to the growing endosperm during degeneration [44]. 

In many cereals, nucellar degeneration occurs only after fertilization and in a centripetal 

fashion (reviewed in [45]). Some cereals develop a unique tissue dedicated to nutrient transport 

called the nucellar projection. Multiple PCD-associated factors have been identified in the 

nucellar projection of barley (Hordeum vulgare), such as the toxin-like protein JEKYLL [46] 

and numerous proteases, including various VACUOLAR PROCESSING ENZYMEs (VPEs). 

Suppression of VPE2 paralogs in barley reduced PCD in the nucellar projection, compromising 

sucrose transport into the endosperm and grain filling [47]. In contrast to domesticated cereals, 

nucellar projection PCD in Brachypodium (Brachypodium distachyon) occurs slower, 

suggesting that domestication selected for a rapid nucellar projection cell death to allow more 



 

21 

 

extensive endosperm expansion. Interestingly, Brachypodium lacks direct VPE2 orthologs, 

which might explain slower nucellar projection breakdown rates in this wild relative of barley 

and wheat [48].  

 

PCD in self-incompatible pollen-pistil interactions 

In many angiosperm taxa, self-incompatibility (SI) mechanisms have evolved to recognize and 

reject self-pollen. SI prevents self-fertilization and inbreeding, and thus promotes genetic 

diversity. Currently, three major SI mechanisms have been intensively investigated at the 

molecular level: Brassicaceae SI, S-RNase-based SI in several taxa (including Solanaceae, 

Rosaceae, and Plantaginaceae), and Papaveraceae SI [49].  

In S-RNase-based SI, self-S-RNase exerts RNase toxicity and triggers a signaling cascade 

in the self-pollen, leading to tip-localized ROS disruption, actin cytoskeleton depolymerization, 

vacuole collapse, cytoplasmic pH decrease, caspase-like protease activation and nuclear DNA 

degradation, culminating in self-pollen tube PCD [50,51]. In poppy (Papaver rhoeas), SI is 

controlled by the female S-determinant PrsS (P. rhoeas stigma S), a small secreted stigma 

protein [52], and the male S-determinant PrpS (P. rhoeas pollen S), a pollen membrane protein 

[53]. Cognate PrpS-PrsS interaction induces a calcium-triggered signaling network causing 

cytosolic pH drop, increase of ROS and nitric oxide, cytoskeleton depolymerization and actin 

foci formation, mitogen-activated protein kinase and DEVDase-like activation, and finally 

growth arrest coupled with self-pollen PCD [54]. Recently, poppy SI-induced ROS 

accumulation was found to result in the rapid, extensive, predominantly irreversible oxidation 

of pollen proteins. Importantly, the oxidative modification was observed in cytoskeleton 

proteins and energy production-associated enzymes, suggesting that ROS contributes to SI-

PCD by reducing cellular activities [55].  

PCD processes are involved in self-pollen rejection in both S-RNase-based SI and poppy 

SI (Figure 1); although these two types of SI-PCD arose independently during evolution, they 

share common cellular physiology. Whether this is a coincidence or of evolutionary 

significance remains an intriguing question.  
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Notably, co-expression of cognate poppy PrpS-PrsS in the self-compatible model plant 

Arabidopsis resulted in self-incompatible Arabidopsis “SI” lines, demonstrating that 

heterologous PrpS-PrsS can function in Arabidopsis, and providing new opportunities to 

investigate poppy SI-PCD in a model plant [56]. Moreover, ectopic PrpS-PrsS expression in 

Arabidopsis roots induces root growth arrest and an SI-like PCD response [57]. Using 

genetically encoded reporters and sensors in Arabidopsis “SI” pollen, the dynamic cellular 

changes of cytosolic calcium concentration, pH level, cytoskeleton integrity, clathrin-mediated 

endocytosis, and vacuolar morphology occurring in SI-induced PCD were studied in 

unprecedented detail [58]. Recently, the glycosylphosphatidylinositol (GPI) inositol deacylase 

HIGHLANDER1/AtPGAP1 was identified as a critical regulator of the poppy SI response in a 

forward genetics screen for SI-PCD suppressors in Arabidopsis “SI” lines [59]. AtPGAP1 

mutation results in a “three-footed” configuration of GPI-anchored proteins (GPI-APs), which 

does not affect the targeting of GPI-APs to the plasma membrane [59,60], but affects their 

cleavage and release from membranes in vivo [59]. These results suggest that functional PrsS-

PrpS interaction requires one or several cleavable GPI-APs, the identification of which provides 

interesting directions for future research.  

 

PCD regulating plant fertility by floral organ senescence 

Flower receptivity is temporally restricted to a tightly controlled, species-specific window, 

which can last mere hours in some species, and span months in others. If pollination does not 

occur within this window, floral organs start to senesce and irrevocably lose their reproductive 

potential (Figure 1) [61]. 

Investigating the senescing non-pollinated stigma tissue in Arabidopsis, cellular and 

transcriptional hallmarks of PCD processes were discovered in degenerating stigmatic papilla 

cells [14]. Via transcriptional profiling, the NAC TFs ORESARA1 (ORE1) and KIRA1 

(KIR1) were found to promote senescence-induced papilla PCD. Simultaneous KIR1 and 

ORE1 loss of function resulted in a two- to four-fold extension of stigma life span. However, 
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flower fertility was only moderately extended, suggesting that stigma viability is only one of 

the factors determining receptivity in Arabidopsis [14].  

Maize stigmata, or silk strands, have long been known to undergo a senescence process 

characterized by tissue collapse in the silk base at the junction to the ovary [62]. Profiling 

senescence-induced transcriptome changes in the silk base, various differentially expressed TFs 

were identified, including several orthologs of KIR1, dubbed KIR1-LIKEs (KILs) [63]. Among 

them, KIL1/NAC36 is sufficient to induce cell death when inducibly expressed in maize, 

tobacco, and Arabidopsis, suggesting that PCD regulatory networks are functionally conserved 

between dicots and monocots. While overexpressing KIL1 in senescent silks yielded early onset 

of silk degeneration and a reduced fertile window, KIL1 mutation delayed silk senescence and 

extended fertility—demonstrating this gene’s central role in modulating silk senescence and 

fertility in maize [63].  

Cell death in stigmata also occurs after pollination, appearing to interact with SI 

mechanisms in Brassica species. In Brassica rapa, compatible pollination accelerates stigma 

senescence and papilla cell death in an ethylene-dependent manner, and ethylene treatments 

were sufficient to induce stigma senescence independent of pollination [64]. Interestingly, 

ethylene- or age-induced stigma senescence correlated with a breakdown of SI, suggesting that 

SI mechanisms are lost or suppressed in ageing flowers, as well as young flowers in ageing 

plants [64,65].  

 

PCD during double fertilization 

On the stigma, compatible pollen grains germinate a tip-growing pollen tube to transport the 

immotile sperm cells to the female gametophytes. Guided by sporophytic and female 

gametophytic cues, the pollen tubes grow through the stigma, style, and ovary to reach the 

ovules harboring the female gametophytes to accomplish double fertilization [66]. In 

Arabidopsis, the gametophytic synergid cells attract a pollen tube to the micropyle by secreting 

cysteine-rich peptides, AtLUREs and XIUQIUs [67,68]. Pollen tube reception is precisely and 

tightly controlled by a series of signaling events between the pollen tube and the receptive 
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synergid to coordinate pollen tube growth arrest, disintegration of the receptive synergid, pollen 

tube burst to release the sperm cells, and finally the demise of the remaining persistent synergid 

[69]. Hence, the pollen tube cell and both synergid cells perish during the fertilization process 

(Figure 1), but if PCD pathways known from canonical PCD systems (e.g. xylem, tapetum, or 

root cap [70]) operate in this context remains unclear. 

When the pollen tube enters the micropyle, receptive synergid-expressed receptors, 

including the receptor-like kinase FERONIA (FER) and the GPI-AP LORELEI, sense pollen 

tube arrival and halt its growth [71-73]. During this process, FER mediates ROS accumulation 

in a Ca2+-dependent manner in the synergid cells to induce pollen tube rupture [74]. Recently, 

the synergid-expressed MILDEW RESISTANCE LOCUS O (MLO) protein NORTIA was 

found to bypass FER signaling, acting as a secondary booster to promote pollen tube burst [75]. 

The receptive synergid degenerates concomitantly with pollen tube rupture, allowing the 

released sperm cells to access the egg and central cells [76,77]. Death of the receptive synergid 

is regulated by the interaction of two REPRODUCTIVE MERISTEM (REM) TFs, 

VALKYRIE (VAL)/VERDANDI (VDD) and MADS-box complex SEEDSTICK-

SEPALLATA3 [78]. Vacuolar acidification mediated by AP1G and V-ATPases was observed 

during receptive synergid degeneration [79]. While the receptive synergid degenerates, the 

persistent synergid remains alive until successful fertilization. Upon double fertilization, the 

persistent synergid is removed to cease the attraction of additional pollen tubes. Interestingly, 

this removal is not achieved by PCD, but by a cell fusion event followed by specific degradation 

of the persistent synergid nucleus in the central cell cytoplasm [80]. Ethylene has been 

implicated in persistent synergid removal based on the observation that the persistent synergid 

maintains its integrity longer in ethylene-insensitive mutant ein3 eil1 [81]. However, an 

ethylene-deficient ACC oxidase (ACO) quintuple mutant shows no PCD-related phenotype in 

synergid cells [82], suggesting that EIN3 and EIL1 might regulate synergid cell degeneration 

in an ethylene-independent way. Interestingly, the receptor-like kinases FER, ANJEA, and 

HERCULES RECEPTOR KINASE 1 that control pollen tube rupture through interaction with 

the ovular peptide ligand RAPID ALKALINIZATION FACTOR 34 (RALF34) [83], also 
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prevent the arrival of multiple pollen tubes at the ovule  [84]. These kinases interact with the 

pollen tube-expressed RALF6, 7, 16, 36, and 37 at the ovary septum, establishing a pollen tube 

block that prevents the micropylar attraction of excess pollen tubes. With pollen tube rupture, 

RALF signaling at the septum stops and allows the surviving persistent synergid to attract a 

second pollen tube as a backup should fertilization by the first pollen tube fail [84].  

Recently, MITOGEN-ACTIVATED PROTEIN KINASE 4 (MPK4) was implicated in 

preventing premature synergid cell death via the resistance protein SUMM2 [85]. The mpk4 

mutants show premature synergid cell death accompanied by ROS accumulation, which can be 

reverted by ROS scavengers and SUMM2 mutation. Without SUMM2, synergid cells fail to 

die upon pollen tube arrival, with the pollen tube surviving and continuing to grow [85]. 

These results suggest parallels between immunity-related and synergid cell death during plant 

reproduction. 

 

Concluding remarks 

A multitude of cellular disintegration events is involved in successful reproductive development 

in plants. Several mechanisms are in place to kill cells in a targeted fashion, and a key question 

is in how far there are core PCD executers at work in reproductive PCD, and if they are shared 

with PCD events occurring during vegetative development  [70]. Systematic comparative 

research will be necessary to shed a light on this still little understood but fascinating aspect of 

plant biology. 
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Abstract 

Post-translational attachment of a glycosylphosphatidylinositol (GPI) residue to proteins serves 

as an anchor in the extracellular portion of the plasma membrane. More than 300 different 

proteins have been classified as GPI-anchored proteins (GPI-APs) in Arabidopsis thaliana, and 

many play essential roles in regulating various biological processes. GPI-APs are 

biosynthesized in the endoplasmic reticulum (ER) and transported to the plasma membrane 

(PM) via the Golgi apparatus. During transport, nascent GPI-APs undergo structure remodeling 

crucial for efficient folding and sorting. Upon arrival on the cell surface, some mature GPI-APs 

are cleaved by GPI-specific phospholipases and released from the membrane. As 

HLD1/AtPGAP1, identified from a self-incompatibility (SI) suppressor screen, functions as a 

GPI-inositol deacylase and that this GPI-remodeling is essential for SI, here, we review the 

journey of GPI-APs, from their biosynthesis and remodeling to transport and cleavage in the 

extracellular space in mammals, yeast, and plants. We also highlight the function of several 

exemplary GPI-APs focusing on the role of GPI-anchored arabinogalactan proteins in plants. 
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The structure of GPI-APs 

Approximately 1% of plant proteins are predicted to be post-translationally modified with a 

GPI anchor that tethers GPI-anchored proteins (GPI-APs) to the outer leaflet of the PM, where 

they function as critical regulators of many biological processes (Yeats et al., 2018). The GPI 

moiety of GPI-APs consists of the conserved core glycan, phosphatidylinositol (PI), and glycan 

sidechains (Kinoshita, 2020) (Figure 1). The structure of core glycan is EtNP-Man3-Man2-

Man1-GlN (EtNP, ethanolamine-phosphate; Man, mannose; GlcN, glucosamine) (Figure 1), 

which is conserved in a wide variety of eukaryotes (Orlean and Menon, 2007; Kinoshita and 

Fujita, 2016). Depending on the species, there is a certain variability in GPI anchor precursors 

and mature GPI-APs. In the yeast Saccharomyces cerevisiae, the structure of the complete GPI 

anchor precursor is Man4-(EtNP)Man3-(EtNP)Man2-(EtNP)Man1-GlcN-(acyl)PI, in which 

the Man4 is indispensable for transfer of EtNP to the Man3 (Grimme et al., 2001). The more 

Man(s) linked to the Man4 via α1,2- or α1,3-mannosyltransferases was found in the Golgi 

apparatus in the glycan moiety of yeast GPI-APs (Pittet and Conzelmann, 2007). Mature GPI-

APs exist with two lipid moieties, i.e., diacylglycerol or ceramide, and both contain a long 

C26:0 fatty acid at the sn-2 position (Fankhauser et al., 1993; Sipos et al., 1997). In mammals, 

GPI anchor biosynthesis starts from conventional diacyl-PI, such as 1-stearoyl(C18:0)-2-

arachidonoyl(C20:4)-PI. The complete GPI precursor consists of (EtNP)Man3-(EtNP)Man2-

(EtNP)Man1-GlcN-(acyl)PI (Orlean and Menon, 2007) and in some mammalian GPI-APs, 

where the Man4 is linked to the Man3 via α1,2-mannosyltransferases (Taron et al., 2004). A 

saturated acyl-chain (stearic acid) exists in most mature GPI-APs at the sn-2 position of the 

lipid moiety (Kinoshita et al., 2008). In contrast, there is an unsaturated fatty acid at the sn-2 

position for free PI and complete precursor (Fujita and Kinoshita, 2010). This specific fatty 

chain structure of GPI-APs is elaborated by fatty acid remodeling with the replacement of 

unsaturated sn-2 chains to stearic acid in the Golgi apparatus (Maeda et al., 2007). The GPI-AP 

in humans contains a lipid structure, where there is an unsaturated fatty acid in the sn-2 position, 

and the acyl-chain, located on the 2-position of inositol, is often cleaved soon after GPI 

attachment to proteins (Rudd et al., 1997).  
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Although the structure of GPI anchors in yeast and mammals has been well studied, one 

of the few known GPI structures in plants was determined on an arabinogalactan protein (AGP) 

isolated from suspension-cultured pear (Pyrus communis) cells (Oxley and Bacic, 1999). The 

structure of this GPI anchor is with a specific β-1,4-galactosyl sidechain on the Man1. There is 

a phosphoceramide, composed of phytosphingosine and tetracosanoic acid, instead of the 

common glycerolipid (Oxley and Bacic, 1999; Desnoyer and Palanivelu, 2020; Silva et al., 

2020). This structure was also found in another AGP isolated from suspension-cultured cells of 

rose (Rosa sp.), which included a ceramide with tetracosanoic acid and 4-hydroxysphinganine 

as the GPI lipid component (Svetek et al., 1999). 

 

 

Figure 1. The conserved structure of a GPI-AP  

The common core glycan of a GPI anchor, which consists of ethanolamine-phosphate (EtNP) attached to 

the protein, three mannoses (Man), glucosamine (GlcN), phosphatidylinositol (PI), is conserved in a wide 

variety of eukaryotes. The GPI is linked to the C-terminus by an amide bond generated between the C-

terminal carboxyl group and an amino group of the terminal EtNP (Homan et al., 1988). In plants, the GPI 

anchor has a β-1,4-galactosyl substituent (yellow with dash line) on the Man1 residue based on the PcAGP1 

purified from suspension-culture cells (Oxley and Bacic 1999). The entire GPI-AP is tethered to the outer 

leaflet of PM by inserting the hydrocarbon chains of PI. Backbone adapted from (Kinoshita 2020). 
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Biosynthesis of the GPI anchor 

The GPI anchor is biosynthesized and then attached to target proteins in the ER. GPI anchor 

biosynthesis is a sequential addition of sugars and ethanolamine to PI, composed of at least ten 

reactions (Figure 2; Table 1). The mammal pathway is initiated on the cytoplasmic side of the 

ER, where N-acetylglucosamine (GlcNAc) is transferred to a PI moiety (step 1). This step is 

mediated by GlcNAc transferase (GPI-GnT), a protein complex consisting of seven subunits, 

i.e., PIGA (Miyata et al., 1993), PIGC (Inoue et al., 1996), PIGH (Kamitani et al., 1993), PIGP 

(Watanabe et al., 2000), PIGQ (Watanabe et al., 1998), PIGY (Murakami et al., 2005), and 

DPM2 (Watanabe et al., 2000). Next, GlcNAc-PI is enzymatically de-N-acetylated by PIGL, 

an ER-resident GPI deacetylase, to generate GlcN-PI (Nakamura et al., 1997; Watanabe et al., 

1999) (step 2). Recently, CLPTM1L, an ER-resident multipass membrane protein, was 

identified as the significant lipid scramblase involved in cytosol-to-lumen translocation of 

GlcN-PI across the ER membrane for efficient GPI biosynthesis during step 3 (Wang et al., 

2022). After translocating to the luminal side, GlcN-PI is acylated by the acyltransferase PIGW, 

a multipass transmembrane protein, at the 2-position of the inositol ring to generate GlcN-

(acyl)PI (step 4). GlcN-(acyl)PI in mammals mediates lipid remodeling that exchanges the 

deacyl-PI moiety to diradyl-PI, a mixture of 1-alkyl-2-acyl-PI and diacyl-PI (Loizides-Mangold 

et al., 2012).  

Afterward, a GPI-mannosyltransferase (GPI-MT) I complex, including the catalytic 

subunit PIGM and the structural subunit PIGX, transfers Man1 to GlcN-(acyl)PI, thus 

generating Man-GlcN-(acyl)PI (Maeda et al., 2001; Ashida et al., 2005) (step 5). Man2 is 

sequentially transferred to generate Man-Man-GlcN-(acyl)PI by GPI-MT II, PIGV (Kang et al., 

2005) (step 6). Then, the GPI-EtNP transferase (GPI-ET) I, PIGN, mediates the movement of 

first EtNP to the 2-position of Man1 to yield Man-(EtNP)Man-GlcN-(acyl)PI (Hong et al., 1999) 

(step 7). Man3 is then transferred by PIGB, a GPI-MT III, to produce Man-Man-(EtNP)Man-

GlcN-(acyl)PI (Takahashi et al., 1996) (step 8). Then, the so-called bridging EtNP, linking the 

GPI anchor to the target proteins, is transferred to the 6-position of Man3 by PIGO (Hong et 

al., 2000) (step 9), and next EtNP is added to Man2 by PIGG (Shishioh et al., 2005) (step 10). 
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PIGO and PIGG are stabilized by association with PIGF, consisting of the catalytic subunits 

GPI-ET II and GPI-ET III, respectively (Inoue et al., 1993; Hong et al., 2000; Shishioh et al., 

2005). The final product, (EtNP)Man-(EtNP)Man-(EtNP)Man-GlcN-(acyl)PI, is the core GPI 

precursor competent for attachment to proteins. 

In Arabidopsis, SETH1 and SETH2 were identified as the homologs of PIG-C and PIG-

A, respectively (step 1). Disrupting SETH1 and SETH2 results in a lack of GPI-APs at the PM, 

which blocks pollen function (reduced pollen tube germination and growth) and transmission 

of mutant alleles through the male germline, suggesting an indispensable role for GPI anchor 

biosynthesis in pollen tube wall deposition or metabolism (Lalanne et al., 2004). Furthermore, 

seth1-2 and seth2 mutant alleles are homozygous lethal (Lalanne et al., 2004; Lin et al., 2022). 

The homolog of PIGW and PIGM in Arabidopsis is PEANUT5 (PNT5) (step 4) and PNT1 (step 

5), respectively. Both pnt5 and pnt1 mutants showed strongly reduced accumulation of GPI-

APs and lethal seedlings (Gillmor et al., 2005). The homolog of PIGB in Arabidopsis is 

ABNORMAL POLLEN TUBE GUIDANCE1 (APTG1) (step 8), an integral membrane protein 

located in the ER, whose loss-of-function mutant aptg1 is embryo lethal and displays the PM 

mislocalization of COBL10, a GPI-AP (Dai et al., 2014). The lethality in GPI biosynthetic null 

mutant plants underscores the importance of GPI-APs to plant development. 

Figure 2. GPI-AP biosynthesis 

A scheme of key events (step 1-11) in nascent GPI-APs biosynthesis based on mammals (indicated in 

brackets) and plants (indicated in green).  
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Table 1. The identified proteins of GPI-anchoring pathway shared in mammals, yeast and 

Arabidopsis 

Step Reaction Mammals Yeast 
Arabidopsis 

Gene locus 

Genes in 

Arabidopsis 

1 GlcNAc-PI synthesis PIG-A Gpi3 At3g45100 SETH2 

  PIG-C Gpi2 At2g34980 SETH1 

  PIG-P Gpi19 At1g61280   

    At2g39445  

  PIG-Q Gpi1 At3g57170  

  DPM2 unknown At1g74340   

2 GlcNAc-PI de-N-acetylation PIG-L Gpi12 At3g58130   

    At2g27340  

3 GPI flipping unknown unknown unknown  

4 Inositol acylation PIG-W Gwt1 At4g17910  PNT5 

5 ⍺1,4 mannosyltransfer PIG-M Gpi14 At5g22130  PNT1 

  PIG-X Pbn1 At5g46850  

6 Etn-P transfer to Man-1 PIG-N Mcd4  At3g01380  

7 ⍺1,6 mannosyltransfer PIG-V Gpi18 At1g11880  

8 ⍺1,2 mannosyltransfer PIG-B Gpi10 At5g14850 APTG1 

9 Etn-P transfer to Man-3 PIG-O Gpi13 At5g17250  

  PIG-F Gpi11  At1g16040  

10 Etn-P transfer to Man-2 hGpi7 Gpi7 At2g22530   

11 GPI transamidase PIG-F Gpi11 At1g16040  

  PIG-K Gpi8 At1g08750 AtGPI8 

  GAA1 Gaa1 At5g19130  

  PIG-S Gpi17 At3g07180 AtPIG-S 

  PIG-T Gpi16 At3g07140  

  PIG-U Gab1 At1g63110  

12 Inositol deacylation PGAP1 Bst1 At3g27325 HLD1/AtPGAP1 

13 Remove Etn-P from Man-2 PGAP5 unknown At1g53710  

14 sn-2 deacylation PERLD1/PGAP3a  Per1 At1g16560  AtPGAP3A 

  PGAP3b unknown At5g62130 AtPGAP3B 

15 
 A saturated chain transfer 

into sn-2 position  
PGAP2  unknown  unknown  

16 sn-2 C26 acylation PGAP4 Gup1 At1g57600 

BRITTLE 

CULM16 (BC16, 

in rice) 
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The processes of GPI-AP biosynthesis (steps 1-10) and transfer (step 11) were also shown in Figure 2A. 

Step 12 to step 16 indicate remodeling modification of nascent immature GPI-AP (also in Figure 4). Seven 

genes (APTG1, AtPGI8, AtPIG-S, HLD1/AtPGAP1, AtPGAP3A, AtPGAP3B and BC16) were added based 

on the tables from (Orlean and Menon 2007; Luschnig and Seifert 2011). 

 

Attachment of the GPI anchor to its target protein 

Once the core GPI precursor has been synthesized, the target proprotein will be transferred to 

the amino group on the bridging EtNP of the GPI precursor by the GPI transamidase (GPI-T) 

complex (step 11). The proprotein has an N-terminal sequence of an ER-resident signal and a 

C-terminal sequence of a GPI-anchoring signal (GAS) (Maxwell et al., 1995). The C-terminal 

GAS region consists of four consecutive elements in mammals (Figure 3). During 

transamidation, the GPI-T recognizes the GAS and mediates two concomitant reactions: 1) the 

cleavage of the GAS region between the ω and ω + 1 amino acids, generating a substrate–

enzyme intermediate linked by a thioester bond between the ω amino acid carboxyl group and 

a catalytic cysteine side chain of the enzyme; 2) the subsequent covalent attachment of the GPI 

precursor to ω site by the thioester bond (Zacks and Garg, 2006) (Figure 3). The GPI-T complex 

consists of five subunits, i.e., PIGK/GPI8 (Yu et al., 1997), GPAA1/GAA1 (Hiroi et al., 1998), 

PIGS/GPI17 & PIGT/GPI16 (Ohishi et al., 2001), and PIGU/GAB1 (Hong et al., 2003) (Figure 

2; Table 1). PIGK/GPI8, a transmembrane protein with homology to caspase-like cysteine 

proteases, catalyzes the proteolytic cleavage of the C-terminal peptide to form a carbonyl 

intermediate and mediates the crosslink of the ω-site amino acid to the thioester bond (Yu et al., 

1997). Then, GPAA1/GAA1, a multipass transmembrane protein with homology to M28 family 

peptide-forming enzymes, forms a peptide bond between the ω site and the bridging EtNP of 

the GPI precursor (Eisenhaber et al., 2014). The GPI-T complex is stabilized by the link of 

PIGT/GPI16 and PIGK via an intermolecular disulfide bond in the ER luminal domain (Ohishi 

et al., 2003). The PIGS/GPI17 and PIGU/GAB1 are predicted to play crucial roles in GPI-T 

activity, even though their function is still unknown in mammals. 

In plants, the GAS region contains similar motifs as mammals: 11 polar and flexible 

residues, followed by the omega region of 4 small residues containing ω-1, ω, ω+1, ω+2, and a 
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spacer region of 6 moderately polar residues, finally, a C-terminal hydrophobic region of 

variable length from 9 to 24 residues (Eisenhaber et al., 2003). In Arabidopsis, all homologs of 

the subunits of the GPI-T complex have been identified (Luschnig and Seifert, 2011) (Figure 2; 

Table 1). Among them, AtGPI8 is the homolog of PIGK/GPI8 in plants. Its loss-of-function 

mutant, atpig8-1, shows a reduced accumulation of GPI-APs, and phenotypic analysis of the 

mutants suggests that GPI-APs are essential for many plant developmental processes, like root 

and shoot growth, stomata formation, apical dominance, transition to flowering, and male 

gametophyte viability (Bundy et al., 2016). The homolog of PIGS/GPI17 in plant, AtPIGS, was 

found recently (Desnoyer et al., 2020). A mutation in AtPIGS (pigs-1) disrupted synergid 

localization of LORELEI (LRE), a putative GPI-AP important for pollen tube reception by the 

female gametophyte. The crucial role of AtPIGS in male gametophytes was also revealed by 

observing the defect of pollen tube emergence and growth in the pistil in the pigs-1 mutant 

plants (Desnoyer et al., 2020). 

Figure 3. Model of the signal sequence in a nascent GPI-AP 

The proprotein has an N-terminal sequence of an ER-resident signal and a C-terminal sequence of a GPI-

anchoring signal (GAS). In mammals, the GAS region consists of ~11 flexible residues from ω-11 to ω-2, 

followed by an omega-site region containing around four small residues, a spacer region with around six 

polar residues, and finally a hydrophobic tail of variable length in the C-terminal region. During 

transamidation mediated by the GPI-T complex, the cleavage of the GAS region occurs between ω and ω + 

1, which generates a mature GPI-AP. Model adapted from (Eisenhaber et al. 2003; Desnoyer and Palanivelu 

2020). 

  



 

43 

 

Remodeling of the GPI anchor 

Once the target proprotein is covalently attached to the GPI precursor, the lipid and glycan 

residues of the GPI moiety in the nascent GPI-AP undergo structural remodeling before 

transport to the Golgi apparatus (Figure 4; Table 1). The first reaction involved is inositol 

deacylation, which removes the acyl chain linked to the inositol ring mediated by PGAP1 in 

the ER (Tanaka et al., 2004; Liu et al., 2018) (step 12). Dysfunction of PGAP1 in mammals 

results in a "three-footed" configuration of GPI-APs preventing cleavage and release of GPI-

APs from the PM, which results in a slower transport of GPI-APs from the ER to the Golgi 

apparatus (Tanaka et al., 2004; Murakami et al., 2014). After the inositol deacylation, the 

sidechain EtNP located on Man2 is excised by PGAP5/MPPE1 (Fujita et al., 2009), a 

phosphodiesterase distributed in the ER exit sites (step 13). In the yeast Saccharomyces 

cerevisiae, the bst1Δ (PGAP1 homolog) and ted1Δ (PGAP5 homolog) mutants showed a slower 

transport of GPI-APs from the ER to the Golgi apparatus than the wild type (Castillon et al., 

2009; Bernat-Silvestre et al., 2021), suggesting both remodeling steps (inositol deacylation by 

PGAP1 and removal of EtNP side chain by PGAP5) are essential for the efficient transport of 

GPI-APs from the ER to the Golgi apparatus. It is unclear why efficacy is vital in eukaryotes. 

In the Golgi apparatus, fatty acid remodeling is carried out by PGAP3 (a GPI-specific 

phospholipase) and PGAP2 (a multiple transmembrane Golgi protein) to achieve the particular 

lipid profile of mature GPI-APs (Tashima et al., 2006; Maeda et al., 2007). In the first step of 

fatty acid remodeling, PGAP3 removes an unsaturated fatty acid at the sn-2 position to generate 

the lyso-form intermediate of GPI-APs (Maeda et al., 2007) (step 14). PGAP2 mediates the re-

acylation by transferring a saturated chain to this lyso-form intermediate (Tashima et al., 2006) 

(step 15). In addition, Man1 in mammals is unusually modified by adding GalNAc on N-

glycans via a β-1,4-linkage mediated by the GalNAc transferase PGAP4/TMEM246 in the 

Golgi apparatus (step 16) (Hirata et al., 2018). Recently, a GM1 ganglioside synthase, β-1,3-

Galactosyltransferase 4, was identified to move a Gal residue to the GalNAc side chain of the 

GPI moiety. However, the function of this GPI-glycan side chain modification remains unclear 

(Wang et al., 2020). 
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In plants, the 'three-footed' configuration of GPI-APs caused by the mutation of 

HLD1/AtPGAP1 results in the suppression of self-incompatibility-induced programmed cell 

death response in Papaver rhoeas and Arabidopsis thaliana (step 12) (Lin et al., 2022). In 

Arabidopsis, a recent study proved that the loss-of-function atpgap3a mutant delayed the 

trafficking of GPI-APs to the cell surface (step 14) (Bernat-Silvestre et al., 2022). Interestingly, 

AtPGAP3B (At1g16560), but not AtPGAP3A (At5g62130), was able to complement the yeast 

per1 mutant in the ionic and temperature stress assays, suggesting that AtPGAP3A and 

AtPGAP3B may have different functions in plants (Bernat-Silvestre et al., 2022). 

Figure 4. Remodeling and transport of GPI-AP: from nascent to mature 

Transport of GPI-APs from the ER via the Golgi apparatus to the PM with remodeling. In mammals, nascent 

GPI-APs undergo two remodeling reactions in the ER, inositol-deacylation (acyl chain indicated by 

magenta line) by PGAP1 (HLD1 in Arabidopsis) (step 12) and removal of EtNP side chain from Man2 by 

PGAP5 (step 13). The ER-Golgi transport of GPI-APs is mediated by COPII-coated vesicle. In the Golgi 

apparatus, fatty acid remodeling (unsaturated fatty acid indicated by the green line) is carried out by PGAP3 

(step 14) and PGAP2 (step 15) to achieve the lipid profile of mature GPI-APs. Some GPI-APs are modified 

by adding a Gal residue to the GalNAc side chain by PGAP4 (step 16). The mature GPI-APs are transferred 

to PM through the trans-Golgi network (TGN). Graph adapted from (Kinoshita 2020). 
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Transport of GPI-APs from the ER to the PM 

After the remodeling of the GPI moiety in the ER, the GPI-AP is recognized by a 

transmembrane cargo receptor for packaging the protein into a COPII-coated ER-to-Golgi 

transport vesicle at the ER exit site (Fujita et al., 2009; Fujita et al., 2011) (Figure 4). In 

mammals, the cargo receptor is a complex consisting of four p24 proteins, i.e., p24α2, p24β1, 

p24γ2, and p24δ1 (Takida et al., 2008; Bonnon et al., 2010). Based on sequence homology, p24 

proteins are classified into four subfamilies, i.e., α, β, γ, and δ (Dominguez et al., 1998; Strating 

et al., 2009). In plants, there are only p24β and p24γ subfamilies in p24 proteins, which include 

two members in the p24β subfamily and nine members in the p24γ subfamily (Montesinos et 

al., 2012; Montesinos et al., 2013). p24 proteins are type I transmembrane proteins consisting 

of an N-terminal Golgi dynamic domain, an α-helical coiled-coil domain, a transmembrane 

domain, and a short C-terminal cytoplasmic domain (Strating and Martens, 2009). The α-helical 

in the juxta-membrane region of p24γ2 was identified to be involved in the binding and 

transport of GPI-APs (Theiler et al., 2014). Interestingly, the interaction between p24 and GPI-

APs in mammals occurs around neutral pH in the ER, while acidic conditions in the Golgi cause 

dissociation (Fujita et al., 2011). Motifs existing on the short cytoplasmic tails of p24 proteins 

are recognized by Sec24 proteins of the COPII coat (Bonnon et al., 2010). There are five core 

components in the COPII coat, i.e., Sar1, Sec23, Sec24, Sec13, and Sec31, which is primarily 

conserved at the amino acid sequence level across eukaryotes and is the minimal machinery of 

the formation of vesicles in vitro (De Craene et al., 2014; Chung et al., 2016). Sec24C and 

Sec24D, two special isoforms of Sec24, directly recognize the p24 family proteins to mediate 

the ER-to-Golgi transport of GPI-APs (Bonnon et al., 2010). 

Upon arrival in the Golgi apparatus, GPI-APs dissociate from the p24 complex under 

acidic pH conditions (Fujita et al., 2011) to undergo fatty acid remodeling (Maeda et al., 2007); 

some GPI-APs are modified at the GalNAc side chain (Hirata et al., 2018; Wang et al., 2020). 

After being fully remodeled in the Golgi apparatus, GPI-APs are transferred to the outer leaflet 

of the PM via the trans-Golgi network (TGN) by secretory vesicles in mammalian cells (Muñiz 

et al., 2016). In polarized mammalian cells, such as neurons or epithelial cells, GPI-APs are 
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polarly sorted to the axon or the apical domain of the PM (Ledesma et al., 1998; Hua et al., 

2006). The apical membrane is enriched with saturated lipids like sphingolipids and cholesterol 

(Ledesma et al., 1998), and GPI-APs in the Golgi cluster and associate through the two saturated 

fatty acids with sphingolipids and cholesterol for vesicle budding at the TGN (Simons and 

Ikonen, 1997; Surma et al., 2012). Additionally, another mechanism for polar sorting has been 

reported in mammals: GPI-APs have the intrinsic property to form oligomers of high molecular 

weight (Paladino et al., 2004), depending on cholesterol in polarized epithelial cells and fatty 

acid remodeling in nonpolarized cells (Seong et al., 2013). This oligomerization might cause 

GPI-AP separation from other secretory proteins and stabilize small lipid domains, favoring 

vesicle budding from the TGN (Paladino et al., 2004). In contrast to this detailed information 

about mammalian systems, the mechanisms concerning the Golgi-to-PM transportation of GPI-

APs in plants remain to be elucidated. 

 

Cleavage of the GPI anchor and release of GPI-APs from the PM 

A unique feature of the GPI anchor is its ability to be cleaved by specific phospholipases leading 

to the release of GPI-APs from the outer leaflet of the PM. Since the discovery of GPI-APs, 

several mechanisms of cleavage by (glycosyl) phosphatidylinositol-specific phospholipase C 

or D [(G)PI-PLC or GPI-PLD] have been detected (Müller, 2018). (G)PI-PLC and GPI-PLD 

cleave the GPI anchor at different sides of the phosphodiester bond within the PI moiety, which 

causes the liberation of GPI-AP along with the phosphoinositolglycan or inositolglycan moiety 

of the GPI anchor, respectively (Ferguson and Williams, 1988; Udenfriend and Kodukula, 

1995). PI-PLC is a secreted protein in some bacteria, such as Bacillus thuringiensis, Bacillus 

cereus, Staphylococcus aureus and Clostridium novii, and PI-PLC functions to hydrolyze 

mammalian GPI anchors by adding the natural and endogenous substrate PI (Ferguson and 

Williams, 1988; Cross, 1990). PI-PLCs are often utilized as a powerful tool to determine 

whether candidate proteins are GPI-anchored as GPI-APs with an acyl chain linked to inositol 

in the ER are resistant to PI-PLC cleavage (Hirose et al., 1992; Tanaka et al., 2004; Lin et al., 

2022).  
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In human liver cells, GPI-PLC activity was detected in soluble cytoplasmic fractions and 

plasma membranes (Rhee et al., 1989; Stinson and Hamilton, 1994). RECK serves as a GPI-

anchored inhibitor of matrix metalloproteinases, such as MMP-9 and ADAM10, facilitating 

tumor invasion and metastasis (Takahashi et al., 1998; Muraguchi et al., 2007). GED2 (also 

named GDPD5), a glycerophosphodiesterase with six transmembrane domains and an 

extracellular phosphodiester domain (Corda et al., 2014), has RECK-specific GPI-PLC activity, 

which triggers motor neuron differentiation by cleaving RECK and shutting down Notch 

signaling into the neighbor neuronal progenitor cells (Sabharwal et al., 2011; Park et al., 2013). 

Another glycerophosphodiesterase, GED3 (also named GDPD2), mediates the shedding of the 

urokinase receptor (uPAR) from the cell surface by its GPI-PLC activity, which induces the 

program of osteoblast differentiation in mice (Corda et al., 2014; Van Veen et al., 2017). 

GPI-PLD was initially identified as an abundant protein in human serum (Davitz et al., 

1987; Low and Prasad, 1988) and then implicated in many cellular processes such as adhesion, 

differentiation, proliferation, survival and oncogenesis in mammals (Deeg and Davitz, 1995; 

Flores-Borja et al., 2004; Fujihara and Ikawa, 2016). In vivo, GPI-PLD is active against a wide 

variety of GPI-APs, such as CRIPTO-1 (a GPI-anchored co-receptor for Nodal signaling), 

uPAR, carcinoembryonic antigen (CEA), and prostasin (Fujihara and Ikawa, 2016). A recent 

study on GPI-PLD knockout mice showed that loss-of-function GPI-PLD in hepatocytes 

improved glucose intolerance and hepatic steatosis under a high-fat and high-sucrose diet 

through a reduction of diacylglycerol (Masuda et al., 2019). GPI-PLD also can cleave the GPI 

anchor of a variety of GPI-APs as test substrates by separating the phosphatidate residue from 

the inositolglycan-protein moiety in vitro (Low and Huang, 1991). In addition to GPI-PLD, 

several endogenous GPI-cleaving enzymes (GPIases) in mammals have been reported. 

PGAP6/TMEM8A, a GPI-specific phospholipase A2 expressed on the surface of some cells, 

mediates the shedding of CRIPTO and plays a critical role in an early stage of embryogenesis 

(Lee et al., 2016). The cleavage of a complex of two GPI-APs, LY6 K and TEX101, required 

for sperm migration into the oviduct, by angiotensin-converting enzyme (ACE) is critical for 

spermatozoa to become fertilization competent (Fujihara et al., 2013; Fujihara et al., 2014). 
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GPI-APs function in plants 

Based on the genomic and proteomic analysis, more than 300 GPI-APs have been identified in 

Arabidopsis (Borner et al., 2002; Borner et al., 2003; Zhou, 2019), a surprisingly large number 

compared to about 150 GPI-APs in mammals and 50 GPI-APs in yeast (Conzelmann et al., 

1988). These GPI-APs are mainly from four protein families in plants: the arabinogalactan 

protein (AGP) family, the COBRA family, the LORELEI family, and the receptor-like protein 

(RLP) family. COBRA family proteins play fundamental roles in regulating the deposition of 

cellulose into the cell wall (Schindelman et al., 2001), and lack of COBRA protein activities 

causes plant growth defects, like dwarfing and fewer tillers in rice (Dai et al., 2011), as well as 

disrupted mucilage production in the seed coat and the loss of pollen tube guidance in 

Arabidopsis (Li et al., 2013; Ben-Tov et al., 2015). Proteins from the LORELEI family interact 

with receptor-like kinases (RLKs), like FERONIA (FER), located on the cell surface, which is 

indispensable for the regulation of cell wall integrity during pollen tube tip growth, pollen tube 

reception, and early seed development (Capron et al., 2008; Tsukamoto et al., 2010; Liu et al., 

2016; Feng et al., 2019; Ge et al., 2019). 

AGPs are heavily glycosylated proteins that belong to cell wall hydroxyproline-rich 

glycoproteins and are abundantly modified by arabinogalactan polysaccharides at their 

hydroxyproline residues, which make them one of the most complex and diverse glycoprotein 

families in plants (Showalter and Basu, 2016; Palacio-López et al., 2019; Silva et al., 2020). 

Approximately half of the AGPs in plants are predicted to be GPI-anchored, delivering them to 

the outer leaflet of the PM or the cell wall (Borner et al., 2002; Borner et al., 2003). AGPs are 

typically classified into several sub-families: classical AGPs, arabinogalactan (AG) peptides, 

Lysine-rich AGPs, fasciclin (FAS)-like AGPs (FLAs), and other chimeric AGPs (Ma and Zhao, 

2010; Ma et al., 2017; Silva et al., 2020). Classical AGPs are characterized by several features, 

i.e., an N-terminal hydrophobic signal sequence and a central region rich in 

proline/hydroxyproline, alanine, serine, and threonine residues, followed by a C-terminal signal 

for the attachment of a GPI anchor (Schultz et al., 1998; Schultz et al., 2000). AG peptides 

consist of only 10-15 amino acids with a similar structure to classical AGPs (Schultz et al., 
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2000). Lysine-rich AGPs possess a Lys-rich domain with approximately 16 amino acid residues 

(Schultz et al., 2002; Sun et al., 2005). More is known about FLAs, which contain one or two 

FAS-like cell adhesion domains and AGP domains (Johnson et al., 2003). There are at least 21 

FLAs in plants, and 14 of them have a C-terminal signal for adding a GPI anchor (Schultz et 

al., 2002; Johnson et al., 2003). FLAs contain a single FAS domain, like FLA11 and FLA12, 

which play critical roles in the integrity and elasticity of the plant cell wall matrix as there are 

alterations in stem biomechanics as well as the molecular composition and architecture of the 

stem cell walls in fla11/fla12 double mutant plants (MacMillan et al., 2010), and FLA3 is 

essential for microspore development since the plants with disruption of FLA3 have abnormal 

pollen grains and fertility defects (Li et al., 2010). FLA4/SOS5, consisting of two FAS domains 

and two AGP domains, is involved in maintaining proper cell expansion under salt-stressed 

conditions (Shi et al., 2003), and FLA4 functions in PM with the help of its amino-proximal 

FAS1 domain and GPI anchor (Xue et al., 2017). With similar domains to FLA4/SOS5, FLA1 

is essential for early lateral root development and shoot development in tissue culture prior to 

cell-type specification (Johnson et al., 2011).  

 

Conclusions 

The biosynthesis and the role of GPI-AP in multiple cellular functions are relatively well 

characterized in mammals. In plants like Arabidopsis, however, the role of GPI-AP remains 

largely unknown, even though there are more than 300 GPI-AP- encoding genes predicted in 

the genome. While the GPI-anchored proteomes of plants appear to be distinct from other 

eukaryotes, research into the genes involved in the GPI-AP pathway in animals will provide 

directions to identify new candidate homologs in plants. Integrating animal and plant GPI 

biology will fill some gaps in our understanding of plant GPI biology and the roles of GPI-APs 

in plants. As genetic evidence indicates the crucial contribution of GPI-APs to many aspects of 

growth, development, and reproduction, research focusing on defining what aspects of GPI-

APs function are unique to plants will provide valuable insight into the roles of the plant GPI 

pathway. 
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Summary 

Glycosylphosphatidylinositol anchored proteins (GPI-APs) are tethered to the outer leaflet of 

the plasma membrane where they function as key regulators of a plethora of biological 

processes in eukaryotes. Self-incompatibility (SI) plays a pivotal role regulating fertilization in 

higher plants through recognition and rejection of ‘self’ pollen. Here we used Arabidopsis 

thaliana lines engineered to be self-incompatible by expression of Papaver rhoeas SI 

determinants for an SI suppressor screen. We identify HLD1/AtPGAP1, an ortholog of the 

human GPI-inositol deacylase PGAP1, as a critical component required for the SI response. 

Besides a delay in flowering time, no developmental defects were observed in hld1/atpgap1 

knockout plants, but SI was completely abolished. We demonstrate that HLD1/AtPGAP1 

functions as a GPI-inositol deacylase and that this GPI-remodeling activity is essential for SI. 

Using GFP–SKU5 as a representative GPI-AP, we show that the HLD1/AtPGAP1 mutation 

does not affect GPI-AP production and targeting but affects their cleavage and release from 

membranes in vivo. Our data not only implicate GPI-APs in SI, providing new directions to 

investigate SI mechanisms, but also identify a key functional role for GPI-AP remodeling by 

inositol deacylation in planta. 
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Introduction 

Addition of a glycosylphosphatidylinositol (GPI) residue to proteins is a highly conserved post-

translational modification that plays crucial roles in the biosynthesis and targeting of GPI-

anchored proteins (GPI-APs) to the outer leaflet plasma membrane in eukaryotes 1,2. Over 250 

GPI-APs exist in Arabidopsis thaliana 3,4. Several GPI-APs have been shown to be key 

regulators of cell signaling, growth, morphogenesis, reproduction and pathogenesis in yeast, 

mammals, and plants 5-7. GPI-AP biosynthesis, remodeling, and export are well-characterized 

in yeast and animal cells 8,9. The GPI anchor is synthesized and transferred to target proteins in 

the endoplasmic reticulum (ER) 1. Knockouts of Phosphatidylinositol glycan anchor 

biosynthesis (PIG) genes in mouse and Arabidopsis demonstrate that GPI-anchor synthesis is 

essential for animal and plant viability, male fertility, early embryo and tissue development 

6,10,11. Once the GPI anchor is attached to a target protein, remodeling takes place. In animals, 

the first step involves the removal of an acyl chain on the GPI inositol, by post-GPI attachment 

to proteins 1 (PGAP1), a GPI-inositol deacylase 12. After further processing, GPI-APs are 

transported to the outer leaflet of the plasma membrane 5,8, where they are retained or released 

by cleavage 13. Although homologs of PGAP1 have been identified in plant genomes 6,14,15, 

there are no functional data about the biological in planta impact of this GPI remodeling and 

maturation step in plants. 

Self-incompatibility (SI) regulates the rejection of ‘self’ pollen, preventing inbreeding and 

promoting genetic diversity. Generally, SI is genetically controlled by a polymorphic multi-

allelic S-locus, with each S-haplotype encoding a pair of S-determinants 16. Pistils discriminate 

between “self” and “non-self” pollen using allele-specific interactions between these two S-

determinants. In field poppy (Papaver rhoeas), the female S-determinant PrsS is specifically 

expressed in the stigma 17, whereas the male S-determinant PrpS is specifically expressed in 

pollen 18. Briefly, PrpS is a small, novel transmembrane protein 18 and PrsS is a small secreted 

protein of the cysteine-rich peptide (CRP) family of proteins that include LUREs and rapid 

alkalinization factors (RALFs) 19. Cognate PrpS-PrsS interaction triggers a signaling network 

resulting in pollen tube growth arrest and programmed cell death (PCD) of ‘self’-pollen 20. 
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Recently, we showed that cognate PrpS and PrsS co-expressed in the self-compatible model 

plant Arabidopsis rendered Arabidopsis effectively self-incompatible (designated as At-SI 

lines), with no self-seed set, demonstrating that Papaver S-determinants are sufficient to confer 

functional SI in Arabidopsis 21,22.  

Here we used the Arabidopsis At-SI lines as the basis for a forward genetic mutant screen 

to identify new genes involved in controlling Papaver SI. We identified 12 mutant alleles of 

highlander1 (hld1) exhibiting suppressed SI. We mapped all hld1 alleles to AtPGAP1, a 

functional ortholog of the mammalian PGAP1 gene encoding a protein involved in the 

deacylation of GPI-APs 15. Our study of hld1/atpgap1 plants and the AtPGAP1 mutation 

reveals a crucial role of GPI-APs and GPI-remodeling of GPI-APs by AtPGAP1 in the Papaver 

SI response.  

 

Results 

Identification of SI-defective highlander1 mutants  

To discover novel players of the Papaver SI process, we performed an ethyl methanesulfonate- 

(EMS-) based forward genetic screen on ~50,000 At-SI M1 individuals for suppressors of SI 

(Figure S1A, STAR Methods). Initially, we identified 40 mutants showing wild-type siliques. 

After excluding mutants with mutations in the PrpS1/PrsS1 transgenes, or changes in PrpS1–

GFP expression, we confirmed in total twelve independent self-compatible SI-repressor 

mutants with restored normal self-seed set (Figure 1A; Figure S1B-C) and named them 

highlander1 (hld1-3/5/6/7/17/18/19/24/25/30/37/39), after the immortal warrior in the 1980s 

film of the same name. Pollinating hld1 pollen onto At-SI stigmas resulted in significantly 

longer siliques (Figure 1B, p<0.001) and higher seed set (Figure S1D, p<0.001) than those 

resulted from the At-SI parent line self-pollination. This loss of SI was not observed in the 

reciprocal cross (Figure 1B, p=0.1458, N.S.; Figure S1D, p=0.0909, N.S.). Furthermore, after 

the first backcross (BC) to the At-SI parent line, all the heterozygous hld1 BC1 generation plants 

were self-compatible (Table S1, n= 167). This demonstrates that mutation in the hld1 mutants 
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affect the male gametophyte (pollen) and that the 50% of the pollen grains carrying the hld1 

mutant alleles are sufficient for full seed set. 

 

Whole Genome Sequencing (WGS) identified AtPGAP1 as the causal gene 

for all the hld1 mutant alleles 

To reveal the molecular identity of the hld1 mutants, we re-sequenced the genome of the self-

compatible population of six independent mutants after two backcrosses. SHOREmap analysis 

23 revealed six different nonsynonymous mutations in a single gene, At3g27325 (recently 

described as AtPGAP1 by 15; Figure S2A; Table S2). Analysis of the segregating populations 

revealed 100% linkage between the AtPGAP1 mutation and suppression of SI (Table S3, 

n=298). Genotyping of the remaining hld1 mutants identified six additional independent mutant 

alleles of the same gene (Table S2), suggesting that the screen had a high level of saturation 

and that AtPGAP1 was the single causal locus for SI suppression in all the mutants identified. 

The identification of a single causal locus in our suppressor screen was surprising and suggests 

that other genes involved in SI might either act redundantly, or play important roles for plant 

viability or fertility.  

 

CRISPR-Cas9 confirms that AtPGAP1 is the causal gene for the hld1 

phenotype 

To confirm AtPGAP1 as the causal gene for SI suppression, we generated two independent 

CRISPR-Cas9 knockout mutants (atpgap1-c1 and atpgap1-c2, Figure S2B) using Arabidopsis 

NTP303pro:PrpS1–GFP (At-PrpS1) as the background. Pollinating At-SI stigmas with At-PrpS1 

pollen resulted in a SI phenotype with no seed set. However, At-SI stigmas pollinated with At-

PrpS1/atpgap1-c1 or At-PrpS1/atpgap1-c2 pollen displayed normal siliques and seed set 

(Figure 1C, Figure S2C). This demonstrates that targeted mutation of AtPGAP1 is sufficient 

to prevent SI. Consistent with this, the F1 population of an ♀At-SI x ♂At-PrpS1/atpgap1+/- cross 

comprised 99.5% atpgap1+/- mutant plants (n=358; Figure 1D), showing that in heterozygous 

mutants it is almost exclusively atpgap1 mutant pollen grains, but not their wild-type siblings, 
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that overcome SI. When introgressed into the At-SI background line, atpgap1-c1 and atpgap1-

c2 were both sufficient to cause breakdown of SI, comparable to the EMS mutagenesis-derived 

hld1 alleles (Figure S2D, E). CRISPR-Cas9-generated mutations of AtPGAP1 phenocopy the 

EMS-generated hld1 mutant phenotype, confirming that AtPGAP1 is the causal gene for hld1-

mediated SI suppression.  

 

PGAP1 is also required for pollen SI in Papaver 

To test whether PGAP1 also functions in the original Papaver-SI context, we investigated if 

the Papaver rhoeas PGAP1 ortholog PrPGAP1 is needed for an authentic Papaver pollen SI 

response. As a transgenic approach with this species is not possible, we used an antisense 

oligonucleotide approach 18,24. Treatment of P. rhoeas pollen with PrPGAP1 antisense 

oligonucleotides significantly alleviated SI-induced pollen tube growth inhibition (Figure 1E; 

p<0.0001) and pollen death from >85% to ~45% (Figure 1F; p<0.0001), whereas no significant 

effect was observed when treated with the sense oligonucleotide (Figure 1E, p=0.9216; Figure 

1F, p=0.3277). This demonstrates that PGAP1 does not just work in the transgenic Arabidopsis 

At-SI context, but that it is required for SI-induced pollen tube growth inhibition and cell death 

in Papaver. 
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Figure 1. Identification of hld1 as a male gametophytic mutant that overcomes SI 

(A) Mutants were screened for a defective SI phenotype, with normal siliques and seed set. Upper panel: 

Inflorescences from hld1-7 mutants had normal length siliques like Col-0 plants, in contrast to At-SI. Lower 

panel: Fluorescence imaging shows that PrpS1–GFP expression in hld1 mutant pollen is similar to 

expression in At-SI pollen.  

(B) Hld1 stigmas were pollinated with self-pollen (selfing) or At-SI pollen (♂At-SI x ♀), and At-SI stigmas 

were pollinated with hld1 pollen (♀At-SI x ♂). At-SI stigmas pollinated with At-SI pollen were SI controls 

for these pollinations. Silique length measurements showed that the hld1 mutants used as the male parent 

had significantly longer silique lengths than the At-SI parent line. Hld1 mutants used as the female parent 
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pollinated with At-SI pollen displayed a normal SI phenotype of short silique lengths. N=9-11. One-way 

ANOVA. ***: p<0.001. NS: not-significant, p>0.05.  

(C) At-SI or Col-0 stigmas were pollinated with At-PrpS1 pollen containing the CRISPR-Cas9-derived 

AtPGAP1 mutant allele (atpgap1-c1 or atpgap1-c2). Significant increases in silique lengths were observed 

when AtPGAP1 was mutated, in both heterozygous and homozygous mutants. N=12-16. One-way ANOVA. 

***: p<0.001. NS: not-significant, p>0.05.  

(D) Segregation analysis of the F1 population of ♀At-SIx♂At-PrpS1/atpgap1+/- showed that ~100% of the 

progenies are atpgap1 heterozygous mutants, demonstrating that when pollinated onto At-SI stigmas, only 

atpgap1- mutant pollen can bypass the SI response, resulting in successful fertilization and seed set. 

(E, F) Papaver rhoeas pollen was treated with an antisense oligonucleotide designed against PrPGAP1 

(PrPGAP1-AS), which alleviated SI-induced pollen tube growth inhibition (E; Results = median with 

interquartile range; n = the number of pollen tubes measured; one-way ANOVA) and death (F; Results = 

mean ± SD; n = 5 biological replicates, with ~100 pollen tubes counted for each sample in each replicate; 

two-way ANOVA.); the sense oligonucleotide (PrPGAP1-S) had no significant effect. ****: p<0.0001. NS: 

not-significant, p>0.05. PrGM acted as a negative control, and ~no pollen tube death was observed. 

See also Figure S1 and S2; Table S1, S2 and S3. 

 

AtPGAP1 regulates SI irrespective of the S-alleles involved 

Prevention of self-pollination by SI relies on a polymorphic S-locus involving S-specific self-

recognition. Although AtPGAP1 regulated the PrpS1-PrsS1-based SI response, it was not clear 

if AtPGAP1 could also regulate the SI-response involving other cognate S-alleles. We therefore 

examined if the AtPGAP1 mutation disrupted SI in plants expressing an alternative pair of 

cognate S-alleles, PrpS3 and PrsS3. Pollinating stigmas expressing the PrsS3 (At-PrsS3) with At-

PrpS3 pollen resulted in SI, with a significant reduction in silique length and almost no seed, 

compared with the control pollination ♀At-PrsS3 x ♂Col-0 (Figure 2A, B). In contrast, 

pollinating At-PrsS3 with At-PrpS3/atpgap1 pollen resulted in normal silique lengths and seed 

set (Figure 2A, B), showing that mutation of the AtPGAP1 gene abolishes the PrpS3-PrsS3-

based SI. These results demonstrate that AtPGAP1 regulates SI irrespective of the S-alleles 

involved.  
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AtPGAP1 regulates ectopic “SI-like PCD” in Arabidopsis roots 

We recently established that expression of PrpS1-PrsS1 in Arabidopsis roots triggers an ectopic 

“SI-like PCD” response in vegetative tissues, resulting in root growth inhibition and widespread 

cell death 25. We examined if AtPGAP1 is necessary for this ectopic “SI-like PCD” response 

outside the reproductive context. While addition of recombinant PrsS1 proteins to 

UBQ10pro:PrpS1 seedlings resulted in root growth arrest and cell death 25, treatment of 

UBQ10pro:PrpS1/atpgap1 seedling roots with PrsS1 showed no such effect (Figure 2C-E). This 

suppression of root growth inhibition and root cell death reveals that AtPGAP1 is not only 

required for SI, but also for the ectopic “SI-like PCD” response independent of the reproductive 

context.  
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Figure 2. AtPGAP1 regulates SI in an S-specific manner and regulates ectopic “SI” in roots.  

(A-B) At-PrpS3 pollen containing atpgap1-c1, atpgap1-c2, or hld1-7 mutant allele was pollinated onto At-

PrsS3 or Col-0 stigmas. Silique lengths (A) and seed set (B) were measured and showed that S3-specific 

inhibition was prevented in the mutant lines. N=10-20. One-way ANOVA. ***: p<0.001.   

(C) Treatment of UBQ10pro:PrpS1 seedlings with PrsS1 resulted in root growth inhibition; in contrast, when 

UBQ10pro:PrpS1/atpgap1 seedlings were given the same treatment, no inhibition was observed (upper 

panel). Mock treatment did not affect any of the seedling roots (lower panel). White lines indicate the 

position of root tips when treated. Bar = 0.5 cm.  

(D) Quantification of the increases in root length 24h after treatment; 12-20 seedlings from three 

independent experiments were measured for each treatment. Results = mean ± SD. One-way ANOVA with 

multiple comparison test. Different letters indicate p<0.05.  

(E) Treatment of UBQ10pro:PrpS1 seedlings with PrsS1 resulted in root cell death indicated by propidium 

iodide (PI) signals (white); when UBQ10pro:PrpS1/atpgap1 seedlings were treated with PrsS1 protein, 

minimal cell death was observed, comparable with what was observed in Col-0 seedlings. Bar = 100 μm. 

 

AtPGAP1 is a functional HsPGAP1 ortholog 

As At3g27325 had not been annotated as a PGAP1 ortholog at the time when we mapped the 

hld1 mutations to this locus, we investigated its possible orthology to genes in animals and 

fungi. Protein sequence analysis revealed that At3g27325 contains a PGAP1-like domain 

(PFAM domain ID: PF07819), and is a putative PGAP1 homolog 6,14. PGAP1 has been 

identified in mammals and its ortholog, Bypass of Sec Thirteen 1 (Bst1) in yeast; it encodes a 

GPI inositol-deacylase 12. We constructed a phylogenetic tree of 631 predicted PGAP1 protein 

homologs from >300 eukaryotic species (Figure 3A, B). Two major phylogenetic clades were 

identified for plants; in Arabidopsis, AtPGAP1 (At3g27325) and another PGAP1-like domain 

containing protein, At5g17670 were classified into different clades (Figure 3A). The 

divergence of these two clades can be traced back to an ancient whole genome duplication event 

occurring before the radiation of extant Viridiplantae (Figure 3A, B) 26. Comparison of the two 

homologs, AtPGAP1 and At5g17670 from A. thaliana with the Homo sapiens PGAP1, revealed 

that unlike AtPGAP1, which has a similar predicted secondary structure and a conserved ER 

localization 15 as HsPGAP1, At5g17670 is much smaller in size (Figure S3A), and predicted 
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to be a chloroplast-located protein (https://www.uniprot.org/). This suggests that AtPGAP1 is 

a homolog of HsPGAP1 14,15, while At5g17670 PGAP1 is not.  

 

AtPGAP1 functions as a GPI-inositol deacylase 

Mammalian PGAP1 is a GPI-inositol deacylase that removes the inositol acyl chain after the 

attachment of the GPI anchor to its target protein 12. HsPGAP1 is ubiquitously expressed in 

humans 27; we found AtPGAP1 expression in all the Arabidopsis tissues examined (Figure 

S3B-D) 28. A key feature of PGAP1 is a catalytic serine-containing motif, V***GHSMGG, in 

the PGAP1-like domain that is highly conserved across the eukaryotic kingdoms, and also 

present around serine 218 in AtPGAP1 (Figure 3C). Mutation of PGAP1 in mammals results 

in a “three-footed” structure of GPI-APs that retain an extra acyl chain in addition to the two 

membrane-anchored non-polar fatty acid tails 12. This configuration makes GPI-APs in the 

plasma membrane insensitive to cleavage by phosphoinositide-specific phospholipase C (PI-

PLC) and has been used to establish the GPI-inositol deacylase function of PGAP1 12. To 

establish the biochemical function of Arabidopsis AtPGAP1, we examined if a representative 

GPI-AP in the atpgap1 mutant background was resistant to PI-PLC treatment. To this end, we 

introduced the atpgap1 mutant into a line expressing GFP-tagged SKU5, an established 

Arabidopsis GPI-AP localizing to the plasma membrane and cell wall 29. A PI-PLC assay 

revealed that GFP–SKU5 was highly resistant to PI-PLC-mediated GPI cleavage in the atpgap1 

mutant (Figure 3D). This result recapitulates analogous findings obtained in mammalian pgap1 

knockouts 9,12,30, supporting the hypothesis that GFP–SKU5/atpgap1 is “three-footed” and 

insensitive to PI-PLC treatment 12. In summary, AtPGAP1 is an inositol deacylase and a 

functional ortholog of HsPGAP1, which independently confirms a recently published study 15.  

 

AtPGAP1 GPI-inositol deacylase function is required for SI 

To examine if AtPGAP1 inositol deacylase activity is required for the SI response, we mutated 

the conserved serine 218 in the catalytic core of the PGAP1-like domain 12 (Figure 3C) to 

alanine (S218A), and cloned it into the pFAST-Green plasmid vector 31. As a control we cloned 
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the wild-type AtPGAP1 cDNA (cAtPGAP1) into the same vector and transformed both 

constructs into the At-SI/hld1 background. In segregating T2 seeds from T1 heterozygous At-

SI/hld1/cAtPGAP1 control plants, in contrast to normal Mendelian segregation, only ~50% of 

the T2 seeds were GFP- (pFAST-)positive. This suggests that the cAtPGAP1 wild-type 

transgene was only transmitted via the female side, while its transmission via the male side was 

blocked by the restored SI-phenotype (Figure 3E; Table S4). This was further verified by the 

observation that the At-SI/hld1/cAtPGAP1 transgene was barely transmitted to the F1 seeds 

after pollination to the stigma of an At-PrsS1 plant (Figure 3E; Table S4). This shows that the 

wild-type cDNA of AtPGAP1 complements the hld1 mutant phenotype and restores SI. In 

contrast, selfed heterozygous T1 plants At-SI/hld1/cAtPGAP1(S218A) expressing the S218A 

mutant construct displayed normal Mendelian segregation, with ~75% GFP-positive T2 seeds 

(Figure 3E; Table S4), indicating that pollen carrying the S218A mutant allele failed to restore 

SI. Consistent with this observation, pollinating the At-PrsS1 background line or Col-0 wild-

type plants with pollen from heterozygous At-SI/hld1/cAtPGAP1(S218A) plants resulted in a 

full transmission rate, with ~50% of GFP-positive F1 seeds (Figure 3E; Table S4). Thus, 

unlike the wild-type AtPGAP1 that rescued the hld1 phenotype and restored SI, the inositol 

deacylase-defective S218A AtPGAP1 allele did not. This demonstrates that the AtPGAP1 

inositol deacylase activity is essential for SI, implicating a requirement for correctly remodeled 

GPI-APs in this process.  
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Figure 3. AtPGAP1 is a GPI inositol deacylase and this function is required for SI.  

(A, B) A phylogenetic tree of 631 predicted PGAP1 protein homologues from >300 eukaryotic species 

identified two major phylogenetic clades in plants; Two putative Arabidopsis homologs AtPGAP1 and 

At5g17670 classified into different clades (red triangles). Star indicates a genome duplication event. 

Detailed information of the 631 PGAP1-like domain-containing proteins used for this phylogeny tree is 

contained in Table S6.  

(C) Upper panel: cartoon of AtPGAP1 protein secondary structure. The PGAP1-like domain is indicated by 

the grey box. Black boxes indicate transmembrane domains. Middle panel: amino acid sequence alignment 

around the conserved lipase motif in the PGAP1-like domain in several higher plants, human and yeast. The 

grey box indicates the lipase motif with the catalytic site Serine 218 indicated (star). Bottom panel: amino 

acid motif logo shows that the lipase motif of the PGAP1-like domain is conserved across eukaryotic 

kingdoms. 

(D) PI-PLC assays used pelleted membrane proteins (P) separated from soluble (S) proteins after 

centrifugation. GFP–SKU5 (~120 kDa) was enriched in the pellet (P) fractions in both wild type and 

atpgap1 mutant in the mock (buffer control) treatment. After PI-PLC treatment, GFP–SKU5 was present in 

the soluble (S) fraction in WT samples, demonstrating cleavage by PI-PLC, while GFP–SKU5 from the 

atpgap1 mutants was found in the pellet, demonstrating that in the atpgap1 mutant this GPI-AP was resistant 

to PI-PLC treatment. This supports the idea that in the atpgap1 mutant a persistent inositol-linked acyl chain 

makes GPI-APs insensitive to cleavage by PI-PLC. Aquaporin (~26 kDa) is shown as a control for 

membrane extraction; loading control is stain-free signals of PROTEAN TGX Stain-Free Precast gels (Bio-

Rad). 

(E) Hld1 mutants were transformed with AtPGAP1pro:mCherry–cAtPGAP1 or AtPGAP1pro:mCherry–

cAtPGAP1(S218A) cloned in the pFAST-Green plasmid vector backbone, which expresses GFP in the seeds. 

So GFP signals report transgene transmission in the seeds in the F1 generation. Representative images of 

segregating seeds resulted from pollinations by pollen from T1 heterozygous plants onto self-stigmas (upper 

panel), At-PrsS1 stigmas (middle panel) or Col-0 stigmas (lower panel). Numbers indicate the ratio of GFP-

positive seeds (number of GFP seeds/total seeds). Bar = 5 mm. Unlike the wild-type HLD1 that rescued the 

hld1 phenotype and restored SI, the inositol deacylase-defective S218A HLD1 allele did not, therefore 

resulting in normal Mendelian segregation of GFP signals in the T2 seeds.  

See also Figure S3, Table S4 and S6. 
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Plasma-membrane localized GPI-APs are required for SI 

To assess if a lack of GPI-APs at the plasma membrane had the same SI-suppressing effect as 

faulty GPI-AP remodeling, we investigated established GPI-AP biosynthesis mutants in the SI 

context. SETH1 and SETH2 (orthologues of PIG-C and PIG-A) are subunits of the GPI-N-

acetylglucosaminyltransferase complex that transfers N-acetylglucosamine to 

phosphatidylinositol as the first step of GPI anchor biosynthesis 5. The respective knockout 

mutants are devoid of GPI-APs at the plasma membrane 5,30, and seth1-2 and seth2 mutant 

alleles are homozygous lethal 10. Pollen from heterozygous At-PrpS1/seth1-2+/- and At-

PrpS1/seth2+/- plants pollinated onto At-PrsS1 stigmas produced short siliques without seeds, so 

showing no SI-repression phenotype (Figure 4A, B). However, seth1-2 and seth2 are known 

to almost completely abolish pollen germination and tube growth (Figure 4C) 10, so pollination 

assays were not suitable to establish their involvement in SI. We therefore used an in vitro SI 

bioassay32 to examine the effect of these mutants on pollen viability. Addition of PrsS1 to pollen 

of At-PrpS1/seth1-2+/- or At-PrpS1/seth2+/- plants resulted in ~50% pollen grain death in contrast 

to > 98% death in At-PrpS1 pollen (Figure 4D-F), demonstrating that SI-induced cell death 

does not occur in SETH1 or SETH2 knockouts. This demonstrates that the SI response depends 

on at least two processes in the GPI-anchoring pathway: the first step of GPI anchor synthesis 

facilitated by SETH1/2, and the later GPI remodeling by the inositol deacylase, AtPGAP1, 

suggesting the presence of GPI-APs at the plasma membrane being indispensable for SI-PCD.  
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Figure 4. Evidence for involvement of the GPI-anchoring pathway in the regulation of SI-induced 

death of pollen.  

(A-C) GPI-anchoring pathway mutants, seth1-2 and seth2, were introduced into At-PrpS1 background and 

pollen from these plants was pollinated onto At-PrsS1 or Col-0 stigmas. Pollinating At-PrsS1 stigmas with 

At-PrpS1/seth1+/- or At-PrpS1/seth2+/- pollen resulted in short siliques (A) and no seed set (B). N=13-17. (C) 

Genotyping the F1 seedlings of ♀Col-0 x ♂At-PrpS1/seth1+/- and ♀Col-0 x ♂At-PrpS1/seth2+/- revealed 

that mutation of seth1 or seth2 abolished pollen fertilization.  
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(D-F) The seth1-2 and seth2 mutations were introduced into At-PrpS1 background, and pollen from these 

plants was treated with A. thaliana pollen germination medium (At-GM) buffer (D) or PrsS1 proteins (E). 

Samples were co-stained with FDA and PI 6h after treatment. Quantification of PI positive ratios (F) showed 

that all pollen samples were ~fully viable after treatment with At-GM, but after treatment with PrsS1 

proteins, in contrast to the ~95% death induced in At-PrpS1 pollen, only minimal (~5%) pollen death was 

observed for Col-0 or At-PrpS1/atpgap1-c1 pollen. Bar = 100 μm. Three biological replicates were carried 

out, with 100-200 pollen grains counted for each sample in each replicate. 

 

GFP–SKU5 targeting to the plasma membrane is not affected by lack of 

PGAP1  

We next asked the question whether non-remodeled GPI-APs in atpgap1 mutants were actually 

still correctly targeted to the plasma membrane. In mammals and yeast, GPI-inositol 

deacylation by PGAP1 12 is important for efficient sorting of GPI-APs to exit the ER 5,15,33. 

However, knockout of PGAP1 only delays, but does not prevent, transport of GPI-APs to the 

plasma membrane, so the functional significance of GPI deacylation remains unclear 9,34. 

Similar to the effect of PGAP1 knockout in animals 12,30, the AtPGAP1 mutation had no obvious 

effect on overall GFP–SKU5 protein expression levels (Figure S4A, B; Figure 5A, B). 

Confocal imaging of GFP–SKU5 signals in 4-day-old GFP–SKU5/WT and GFP–

SKU5/atpgap1 seedling roots and quantification showed that GFP–SKU5 was targeted to the 

plasma membrane at similar levels in the atpgap1 mutant (Figure 5A, B), suggesting that 

normal levels of this GPI-AP are targeted to the plasma membrane in the atpgap1 mutant 

(Figure 5B). Nevertheless, there was a significantly increased proportion of intracellular GFP–

SKU5 signal in the atpgap1 mutant (****, p<0.0001, Figure 5C), consistent with delayed 

transport of GPI-APs observed in pgap1 mutant mammalian and plant cells 9,15. Importantly, 

our data show that GFP–SKU5 is still able to reach the plasma membrane, as has been reported 

for other GPI-APs in mammalian and plant pgap1 mutants 9,15. 
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It is well established that lack of GPI-APs at the plasma membrane strongly affect plant 

development. Both seth1 and seth2 mutants are homozygous lethal, and the hypomorphic gpi8-

1 allele of AtGPI8, a PIG-K ortholog, exhibits reduced accumulation of GPI-APs and disturbed 

growth and stomata formation (Figure 5D) 35. In contrast, mutation of AtPGAP1 had no major 

effect on vegetative plant development (Figure 5D, E). However, we observed that flowering 

time was delayed in atpgap1 plants (Figure S4D), though less strongly than in gpi8-1 35. While 

the absence of major developmental phenotypes in atpgap1 plants is surprising, given 

observations in animals, they are in line with a recently published analysis of AtPGAP1 in 

Arabidopsis 15. 
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Figure 5. Mutation of AtPGAP1 does not affect the targeting of GFP–SKU5 and PrpS1 to the 

plasma membrane, and has no major effect on plant development.  

(A) Representative confocal images of GFP–SKU5 signals of 4-day-old GFP–SKU5/WT or GFP–

SKU5/atpgap1-c1 seedling root meristem epidermis. GFP–SKU5 signals were observed at the plasma 

membrane (PM) and endoplasmic reticulum (ER).  

(B) Quantification of GFP fluorescence at the PM showed no significant difference between WT and the 

atpgap1 mutant.  

(C) A significant increase (****, p<0.0001, student’s t-test) in the ER/PM GFP signal ratio was observed 

in the atpgap1 mutant.  

(D, E) The gpi8-1 mutant was established to have reduced accumulation of GPI-APs; this affects both 

stomata formation, and plant growth 35. This gpi8-1 was employed as a negative control here. (D) Cotyledon 

epidermis of 5-day-old seedlings was labelled with FM4-64. The gpi8-1 mutation resulted in clusters of 

stomata, which were not observed in Col-0, nor the atpgap1/hld1 mutants. (E) The gpi8-1 mutation resulted 

in a significant delay of plant development which was not observed in Col-0, nor the atpgap1/hld1 mutants.  

(F, G) Representative confocal images of PrpS1–GFP signals of seedling epidermis (F) and pollen tubes (G) 

from WT or atpgap1-c1 plants. The right hand box outlined in yellow shows a zoomed image of a part of 

the region including the plasma membrane indicated in the left hand image. No observable difference of the 

PrpS1–GFP signals could be seen in the WT and atpgap1. White bar, 10 μm; yellow bar, 1 μm.  

See also Figure S4. 

 

PrpS localization at the plasma membrane is not affected in atpgap1 mutants 

One reason why SI might be defective in atpgap1 mutants could be that PrpS cannot localize 

to the plasma membrane, as some GPI-APs have been shown to play a crucial role in the proper 

localization of other plasma membrane proteins 36,37. However, confocal imaging of PrpS–GFP 

in wild-type and atpgap1 mutant roots and pollen tubes showed that PrpS–GFP did reach the 

plasma membrane (Figure 5F, G). Similar to PrpS immunolocalization reported in Papaver 

pollen tubes 18, PrpS–GFP was localized to the endomembrane system as well as the plasma 

membrane; its localization was similar in wild-type and atpgap1 mutant pollen tubes (Figure 

5G). This provides evidence that lack of PGAP1 does not perceptibly affect the localization of 

PrpS, so is unlikely to be a reason for the failure of SI.  
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Inositol deacylation by AtPGAP1 is required for release of GFP–SKU5 

Besides their localization in the outer leaflet of the plasma membrane, many GPI-APs in 

mammals are cleaved and released into the extracellular space; this can be mediated by PLC 

activity and is important for many cellular processes in mammals, including adhesion, 

proliferation, survival and oncogenesis 9,13. We therefore examined a role for AtPGAP1 

mediated GPI-AP remodeling in planta. In wild-type Arabidopsis, we detected GFP–SKU5 in 

both membrane and soluble fractions (Figure 6A); this is consistent with a report that SKU5 

can be cleaved and released into the apoplast 29. In contrast, in the atpgap1 mutant, GFP–SKU5 

was exclusively detected in the membrane fraction (Figure 6A). Moreover, using Triton X-114, 

GFP–SKU5 was detected primarily in the aqueous phase in wild type, whereas most GFP–

SKU5 was present in the detergent phase in the atpgap1 mutant (Figure 6B). Thus, in the 

absence of AtPGAP1, GFP–SKU5 was more hydrophobic and was retained in the membrane. 

This provides evidence that cleavage and release of GFP–SKU5 (and likely other GPI-APs) 

from the membrane requires GPI inositol deacylation by AtPGAP1 in vivo. 
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Figure 6. Evidence and a model for a requirement of GPI-APs at the plasma membrane for SI. 

(A) Membrane (M) and soluble (S) fractions from WT and atpgap1 (atpgap1-c1) plants were extracted and 

localization of GFP–SKU5 (~120 kDa) proteins were analyzed on western blots. In the WT, GFP–SKU5 

was detected in both fractions, but in the atpgap1 mutant, GFP–SKU5 was only detected in the membrane 

fraction, consistent with defective cleavage. Aquaporin (~26 kDa) is shown as a control for membrane 

extraction; loading control shows signals from a PROTEAN TGX Stain-Free Precast gel (Bio-Rad). 

(B) Whole proteins were extracted using 2% Triton X-114 extraction buffer, partitioned into aqueous (A) 

and detergent (D) phases. Western blot analysis showed that GFP–SKU5 (~120 kDa) was primarily 
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enriched in the aqueous phase in the WT, but in the atpgap1 mutant it was primarily detected in the detergent 

phase, revealing that mutation of AtPGAP1 resulted in an increase of GFP–SKU5 hydrophobicity. 

Aquaporin (~26 kDa) is shown as a control for membrane extraction; loading control shows signals from a 

PROTEAN TGX Stain-Free Precast gel (Bio-Rad). 

(C) Col-0 and At-PrpS1 pollen grains were pretreated with the PLC inhibitor, U73122, or solvent (Mock) 

before subject to SI induction (PrsS1) or control treatment (AtGM) in vitro and samples were co-stained 

with FDA and PI 6h after treatment. Four independent experiments were carried out; 100-200 pollen grains 

were counted for each treatment. At-PrpS1 pollen treated with recombinant PrsS1 and mock solvent had high 

levels of death; treatment of At-PrpS1 pollen with recombinant PrsS1 and U73122 resulted in significant 

lower levels of death. This suggests that cleavage of GPI-APs by PLC is required for mediating SI-induced 

death of pollen.  

(D) GPI-anchoring is a post-translational modification involving several phases which have been 

established in mammals and yeast. First, biosynthesis of the GPI involves a series of events [steps 1-10]. 

Once the core GPI is assembled [step 10], the target precursor protein (blue sphere) is transferred to the GPI 

by a GPI transamidase complex [step 11]. The nascent immature GPI-AP then undergoes remodeling; the 

first of these is deacylation [step 12], involving PGAP1, which we identified in this study (indicated in pink). 

After this, several other PGAP genes (not shown) mediate further modification during the transport from 

ER to the Golgi and then to the plasma membrane. The genes involved in GPI biosynthesis identified in 

humans are indicated in black; genes identified in plants are indicated in green. Knockouts of genes early 

in the biosynthetic pathway in mammals result in lack of expression of GPI-APs at the plasma membrane; 

in plants homozygous knockouts of the orthologs of PIG-C and PIG-A, SETH1 and SETH2, are lethal. We 

show in this study that mutation of SETH1 or SETH2 in At-PrpS1 pollen alleviates SI-induced pollen death. 

By analogy to animal systems, it is likely that the seth1/2 mutants lack GPI-APs at the plasma membrane 

(grey outline). Our data implicate GPI-APs at the plasma membrane are required for the SI response, as the 

normal SI-PCD response is prevented in their absence. After generation of the nascent GPI-APs, the acyl 

chain linked to inositol is removed by the GPI-deacylase, PGAP1 [step 12]. In the atpgap1/hld1 mutant, 

this step does not occur. As a consequence, the GPI-APs retain their inositol-linked acyl chain (indicated in 

pink), giving a 3-footed configuration responsible for retaining the GPI-AP in the plasma membrane in 

mammalian cells. Here we provide evidence that this is also the case in plants. We show that knockout of 

PGAP1 completely prevents SI, resulting in full fertility. This demonstrates that inositol deacylation, 

required for maturation of GPI-APs, is critical for the SI response. We propose that during an incompatible 

SI induction when the ligand PrsS interacts with plasma-membrane localized PrpS, this S-specific 

interaction may require interaction (direct or indirect) with (unknown) GPI-APs. Cartoon adapted from 9.  

See also Figure S5. 
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AtPGAP1 regulates SI possibly by affecting PLC-mediated release of GPI-

APs   

As cleavage of membrane-bound GPI-APs is prevented by the “three-footed” configuration in 

mammalian and yeast PGAP1 mutants 9,12,30, it is conceivable that the prevention of SI by the 

AtPGAP1 mutation is caused by failure to cleave GPI-APs at the plasma membrane. 

Mammalian pgap1 cell lines lacking a GPI inositol deacylase have GPI-APs that are resistant 

to PLC-mediated cleavage in vitro 12. Although extracellular PI-PLCs were proposed by 

mammalian and plant researchers to allow cleavage of GPI-APs at the plasma membrane 38-40, 

the actual PLCs have not yet been identified. However, in Trypanosomes, a GPI-PLC at the 

external face of the plasma membrane has been identified as responsible for cleavage of the 

GPI-anchor of a variable surface glycoprotein 41. We therefore investigated whether PLC 

inhibitors might prevent SI, using the in vitro SI-bioassay. We could not test their effect on SI-

induced pollen tube growth inhibition as pollen tube growth requires PLC activity 42,43, so we 

examined if they prevented SI-induced death of pollen. At-PrpS1 pollen pretreated with U73122 

had significantly alleviated SI-induced cell death (a reduction of ~40% at 10 M, p<0.001; and 

~63% at 25 M, p<0.0001; Figure 6C). Pretreatment with ET-18-OCH3 and C48/80 also 

showed similar alleviation of SI-induced death of incompatible pollen (Figure S5). The 

reduction in death by PLC inhibitors shows that a PLC/PLC-like activity is required for SI-

induced pollen death, suggesting a possible role for cleavage of GPI-APs by PLC/PLC-like 

enzyme during SI. As SI is prevented by the “three-footed” GPI-AP configuration resulting 

from the AtPGAP1 mutation, our evidence is not only consistent with the idea that GPI-APs 

play a key role in SI, but that the prevention of their release from the plasma membrane is likely 

to be responsible for the breakdown of SI in the atpgap1 mutant plants.  

 

Discussion 

Over 250 GPI-APs have been predicted in Arabidopsis 4,44; despite recent advances in our 

knowledge of GPI-APs in plants, information on their functional roles remains limited. Here 

we identified a plant PGAP1 orthologue as essential for the Papaver SI-response. Although 
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GPI-APs are involved in many important developmental processes in eukaryotes 31,35,45,46, the 

functional role of GPI remodeling at a whole-organism phenotypic level remains unclear. Our 

findings reveal that prevention of GPI-AP deacylation of restores self-fertility in an SI line. 

This points to a pivotal role for correctly remodeled GPI-anchored proteins in incompatible 

pollen recognition and/or rejection in Papaver SI. These data provide an important 

demonstration of the functional importance of GPI-remodeling and inositol deacylation in 

planta. Our findings open up new avenues to explore the role of GPI-AP modifications in plant 

cells. While the specific GPI-APs involved and the mechanistic consequences of their 

remodeling remain to be elucidated, our characterization of the impact of loss of this GPI-

remodeling factor on SI provides valuable insights into the roles of the plant GPI pathway and 

raises several interesting questions. 

 

Key differences and similarities between PGAP1 function in plants and 

animals 

In animals, little is known about the physiological functions of PGAP1 apart from its 

biochemical role in deacylation in the GPI-anchoring pathway 12 and the pathological 

consequences of PGAP1 mutations 30,34,45,46. PGAP1 knock-out mice display serious 

developmental defects 34 and humans with a null mutation in PGAP1 suffer from intellectual 

disabilities and encephalopathy 30,34,45,46. Thus, retention of an extra acyl chain in GPI anchors 

causes severe developmental defects in mammals. A recent report identified a PGAP1 

orthologue (AtPGAP1/At3g27325) in A. thaliana 15 and provided evidence that it functions as 

a GPI inositol-deacylase in plant cells, though it did not provide any data relating to biological 

function in a whole-plant context. Both this study and ours show that, in contrast to mammalian 

PGAP1 mutants, Arabidopsis hld1/atpgap1 mutant plants display largely normal development 

15. Why there is this major difference between plants and mammals is an interesting question 

to be addressed in the future. The various hld1/atpgap1 mutant alleles isolated from our SI 

suppressor screen provide a valuable resource to investigate this question. 
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We found that in our atgap1 knockout plants, the GPI-AP reporter GFP–SKU5 was 

present at the plasma membrane at levels comparable to the wild type. This is similar to the 

situation in animal pgap1 knockout cells where, although transport of GPI-APs was delayed, 

plasma membrane levels of GPI-APs were not significantly decreased 9,12. Although it was 

recently reported that GPI-APs accumulated in the ER in an atpgap1 knockout 15, this ER 

retention was less extreme in our study. This difference is likely to be due to the use of the 

strong 35S promoter, as over-expression will exacerbate ER retention, which in turn may 

explain the strong ER-localized signal observed in the earlier study 15. Our approach, using 

stable transformants with a native promoter is likely to be nearer to the endogenous expression 

levels. Nevertheless, both studies show that GPI-APs can successfully reach the plasma 

membrane in the absence of AtPGAP1 function.  

 

Loss of AtPGAP1 does not cause a deficiency of GPI-APs or PrpS at the 

plasma membrane 

Our identification of AtPGAP1 implicates involvement of GPI-APs in the SI response. Many 

GPI-APs, for example, the widely studied GPI-AP LORELEI (LRE) and LORELEI-LIKE GPI-

APs (LLGs) LLG1/2/3, play central roles in plant growth and development 47,6 and their 

presence at the plasma membrane is critical for their function in regulating normal development. 

The absence of a severe developmental phenotype in the atpgap1 mutants suggests that 

critically important GPI-APs are largely correctly expressed, localized, and functional in the 

absence of AtPGAP1. Thus, loss of PGAP1 function does not affect the targeting of crucial 

GPI-APs required for normal development. This provides strong evidence that GPI-AP 

targeting to the plasma membrane is not likely to be the defect underlying SI breakdown in 

atpgap1 mutants (Figure 6D). Another theoretical possibility is that the lack of GPI-APs affect 

PrpS localization, as it is well established in both animal and plants that some GPI-APs act as 

chaperones and can play a crucial role in the correct localization of plasma membrane proteins 

36,37. For example, in Arabidopsis, the absence of the GPI-AP LLG1 affects plasma membrane 

localization of the Receptor-like Kinases (RLKs) FERONIA (FER) and FLAGELLIN-
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SENSING 2 (FLS2) 36,37. Although PrpS is a pollen plasma membrane-localized protein, it is 

clearly not a GPI-AP, so cannot be a substrate of AtPGAP1 48. However, a possible explanation 

of why SI is defective is that PrpS is not localized to the plasma membrane in the atpgap1 

mutants because a crucial GPI-AP that acts as a chaperone is missing. As our data show that 

PrpS–GFP reaches the plasma membrane and has a very similar localization in wild-type and 

atpgap1 mutant pollen tubes and root cells, the loss of the SI phenotype is unlikely to be due to 

the incorrect localization of PrpS. Thus, it seems that neither GPI-AP nor PrpS localization is 

defective in the atpgap1 mutant plants (Figure 6D).  

 

Implication of a potential role for GPI-APs in cell-cell signaling in Papaver 

SI 

GPI-APs also play a key role in cell-cell signaling as co-receptors, including enhancing 

receptor-ligand interactions through association with partner receptor-like kinases (RLKs) and 

their ligands 36,37. Plant malectin-like receptor kinases, also known as Catharanthus roseus 

RLK 1-like proteins (CrRLK1Ls), play critical roles in many interactions 49 and their interaction 

with GPI-APs in regulating plant reproduction, including pollen tube reception by the female 

gametophyte 47,50-52 has been intensely studied. For example LRE functions as a co-receptor for 

the CrRLK1L, FER 36, interacting with the ligand, RALF1. Pollen-specific-expressed LLG2/3 

interacts with FER homologs ANXUR1/2 and Buddha’s Paper Seal 1/2 (BUPS1/2), and 

responds to RALF4/19 peptide signals to regulate pollen tube growth 53. Thus, these RLKs and 

GPI-APs form a receptor-coreceptor complex to perceive RALF peptide signals. While PrpS is 

not a GPI-AP or a RLK, it interacts with its S-specific ligand, PrsS to mediate the SI signaling 

pathway 20. Thus, its activity and interaction with PrsS or other proteins at the extracellular face 

of the plasma membrane might be regulated by GPI-APs (Figure 6D). Through comparison 

with what is known about well characterized GPI-APs, our data here raise the possibility that 

GPI-APs may be involved in PrpS interaction with its ligand PrsS.  
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As the ectopic “SI-like PCD” response in Arabidopsis roots 25 also requires AtPGAP1, it 

appears that broadly expressed GPI-APs, rather than those specifically involved in reproduction, 

are involved in SI. Interestingly, SKU5, which regulates directional root growth, is a member 

of a gene family containing pollen-expressed SKS11/12, which control pollen tube growth 54. 

As well as playing a key role in cell-cell signaling during reproduction and development, GPI-

APs also participate in pathogen responses 37,47,55. An important component of innate immunity 

in plants is the interaction of RLKs with ligands to activate signaling to defense mechanisms 

that restrict pathogen invasion 56. For example, FLS2 is a leucine-rich repeat RLK that 

recognizes Pathogen-Associated Molecular Patterns (PAMPs), e.g. flagellin 57. The GPI-AP 

LLG1 plays a key role in these interactions, by constitutively associating with PAMP RLKs in 

the presence of flagellin. In this way, LLG1 plays an important role in plant innate immunity, 

functioning as a key component of PAMP-recognition immune complexes, modulating their 

ability to regulate disease responses 37. As the LLG1 clearly participates in several signaling 

pathways, this raises the possibility that some GPI-APs, receptors and signaling ligands have 

some common evolutionary origin.  

Although the genetic basis of the Papaver and Brassica SI systems are quite different, they 

both utilize highly polymorphic plasma-membrane localized S-determinants (PrpS and SRK) 

that interact with highly polymorphic ligands (PrsS and SCR/SP11), which results in the 

recognition and rejection of “self” pollen. PrsS and SCR/SP11are cysteine-rich peptides, which 

are thought to be distantly related to the defensins utilized in plant innate immunity. Like the 

plant innate immune system, Papaver SI triggers a signaling pathway leading to PCD. While 

the components involved differ, there are distinct broad similarities between SI and the plant 

immune response 58,59, which raises the intriguing scenario of possible evolutionary parallels 

between SI systems and plant innate immunity systems. This has been proposed several times 

60-63. Our findings here, showing that GPI-APs play a critical role in regulating Papaver SI, hint 

of further evidence for this functional diversification of key components involved in cell-cell 

recognition and signaling pathways regulating growth/development and that innate immunity 

in plants may also be utilized by these SI systems. Furthermore, as the Brassica SRK is a 
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receptor kinase, it raises the possibility that GPI-APs may potentially be also involved in 

regulating this SI system. Thus, our study raises unanswered questions leading to several new 

avenues of research to be explored in the future. 

 

How might PGAP1 work in Papaver SI? 

It has been proposed that the lack of GPI deacylation disturbs GPI anchor-mediated signal 

transduction in animals 34; here we show that prevention of deacylation of GPI-APs in the 

atpgap1 mutants affects SI, which utilizes signaling to reject incompatible pollen. Cleavage and 

release of GPI-APs from the plasma membrane is prevented by the “three-footed” configuration 

in mammalian pgap1 mutants 9,12,30; our data suggest that cleavage of GPI-APs may play an 

important functional role in the SI context. Our observations on GFP–SKU5 suggest that GPI-

APs still reach the plasma membrane in atpgap1 mutants but cannot be released into the 

extracellular space owing to their “three-tailed” configuration. Furthermore, our data on 

alleviation of SI by PLC inhibitors are consistent with a model in which prevention of SI by the 

AtPGAP1 mutation is caused by a failure to cleave GPI-APs at the plasma membrane (Figure 

6D). How this cleavage affects GPI-APs and their function in plants will be an intriguing aspect 

for future research. It is tempting to speculate that cleavage of GPI-APs by PLC-like enzymes 

is required for PrpS-PrsS function in the SI process (Figure 6D). As such, our findings pave 

the way for both the identification and characterization of particular GPI-APs as well as putative 

PLC-like enzymes in plants involved in the SI response.  

In conclusion, our study opens new avenues for research into the involvement and 

regulation of GPI anchoring in SI, as well as the investigation of the functional implications of 

GPI-remodeling in a plethora of GPI-APs in plant signaling processes in general.  

Material and methods  

Plant material and growth conditions  

Arabidopsis thaliana plants were grown as described in25. Briefly, chlorine gas sterilized seeds 

were sown out on LRC2 plates (2.15 g.L-1 MS basal salts (Duchefa Biochemie), 0.1g.L-1 MES, 
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pH adjusted to 5.7 with KOH, 1.0 % Plant Tissue Culture Agar NEOGEN), and kept at 4 oC for 

three days before transfer to a growth chamber for vertical growth with continuous light emitted 

(white fluorescent lamps, intensity 120 µmol.m2.s-1), at 22 oC. Seedlings were transferred to 

Jiffy pots in soil and grown under glasshouse conditions of 16h light/8h dark regime at 22 oC. 

Papaver rhoeas plants raised from seed of known SI genotypes derived from the Suttons 

' Shirley Single Mixed' cultivar were used as experimental material for obtaining mRNA for the 

cloning of P. rhoeas PrPGAP1 gene and for pollen used for the antisense/sense oligonucleotide 

experiments. P. rhoeas plants were field grown. Fresh, dry pollen was collected from newly 

opened flowers and stored over silica gel at -20 oC, until needed. 

 

EMS mutagenesis and mutant screening of plant material 

The self-incompatible Arabidopsis thaliana (At-SI) lines provide an easy macroscopic readout 

of SI-PCD, as self-pollinated At-SI lines are largely sterile and do not form elongated siliques.  

T2 seeds of At-SI lines were collected and sown on LRC2 plates containing BASTA (10 µg.ml-

1). Single insertion transgenic At-SI lines were obtained by selecting lines showing ~75% of 

BASTA resistance. Homozygous lines were obtained by selecting lines whose T3 seeds showed 

100% BASTA resistance. As only ~50 seeds could be harvested from an At-SI plant, selected 

At-SI lines were propagated for two further generations to collect enough seeds for EMS 

mutagenesis. EMS mutagenesis was carried out as described in64. M1 At-SI seeds after EMS 

mutagenesis were sown in Jiffy pots, germinated and grown in greenhouse. The first screen was 

carried out ~10 days after flowering. Mutants showing longer siliques were selected. For M1 

plants that did not show this phenotype, the primary inflorescences were cut back and a second 

screen was carried out ~2 weeks later. In total, ~50,000 M1 plants were screened and 40 mutants 

were identified. After eliminating those with transgene mutations, altered PrpS1–GFP 

expression levels, or pseudo-fertilization, 12 mutants remained; they were named highlander1s 

(hld1s).  
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To eliminate the effect of the mosaic nature of the M1 genetic background, M1 hld1 

mutants (male) were backcrossed with the parent At-SI line (female) to obtain the backcross1 

(BC1) generation of hld1 mutants. To reduce the number of background single-nucleotide 

polymorphisms (SNPs) caused by EMS mutagenesis, BC1 hld1 mutants were backcrossed 

again with the parent At-SI line to obtain the BC2 generation (see Figure S1).  

 

WGS, backcrosses and SNP analysis to identify the causal gene for the hld1 

mutants 

As the hlds were gametophytic mutations, after backcrossing with the non-mutagenised parent, 

any unlinked SNP generated by the EMS mutagenesis segregated 1:3 in the pool of mutant 

individuals of the F1 population of the second backcross (BC2), whereas the causative SNP 

segregated 1:166. Calculating the SNP ratio in the BC2 population allowed us to identify the 

causal mutation region. For each of the hld1 mutant lines (hld1-3/5/7/19/24/25), leaf disc 

samples from 50 self-compatible BC2 plants were pooled, followed by DNA extraction using 

a CTAB-based protocol65, and whole genome re-sequencing (WGS) using Illumina next 

generation sequencing (NGS) platform. The At-SI line was also sequenced as the background 

control. SNPs were identified using SHOREmap23. Analysis of all the SNPs of the six hld1 

mutants revealed six different nonsynonymous mutations in a single gene, At3g27325. 

At3g27325 is the only gene whose mutation was found in all the six mutants analyzed, therefore 

was analyzed further as a promising candidate gene. 

 

Cloning, transgenic and T-DNA lines 

All the expression vectors were generated using Greengate cloning67, Gibson assembly (New 

England BioLabs), or Gateway cloning (Invitrogen). High-fidelity Phusion DNA polymerase 

(New England BioLabs) was used for all the DNA fragment amplification. All the clones were 

verified through Sanger sequencing.  
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The expression clone pFASTGreen-AtPGAPpro:mCherry–cAtPGAP1 and pFASTGreen-

AtPGAP1pro:mCherry–cAtPGAP1(S218A) was generated using Greengate cloning, during 

which entry clones pGG-A-AtPGAP1pro-B, pGG-B-mCherry-C, pGG-C-cAtPGAP1-D or 

pGG-cAtPGAP1(S218A)-D, pGG-D-linker-E, pGG-E-G7T-F, and pGG-F-linker-G were 

cloned into Greengate destination vectors pFAST-GK-AG25. The Greengate entry clone pGG-

B-mCherry-C, pGG-D-linker-E, pGG-E-G7T-F, and pGG-F-linker-G were obtained from PSB 

Plasmid Vector Collection (https://gatewayvectors.vib.be/collection). The Greengate entry 

clone pGG-A-AtPGAP1pro-B was obtained through Gibson assembly. The 2755 bps upstream 

of At3g27325.2 translational start site was amplified as the AtPGAP1 promoter (AtPGAP1pro) 

sequence. As there is a BsaI restriction site within the AtPGAP1pro sequence, two AtPGAP1pro 

fragments were separately amplified using primer sets 665/666 and 667/668 (detailed primer 

information can be found in Supplemental Table S5), respectively, with Col-0 Arabidopsis 

gDNA as the template to mutate the BsaI site, and assembled into BsaI linearized pGGA000 

entry vector backbone using Gibson assembly. To make the Greengate entry clone pGG-C-

cAtPGAP1-D, AtPGAP1 cDNA (cAtPGAP1) was amplified and cloned into pJET1.2 using 

CloneJET PCR Cloning Kit (ThermoFisher).  

There are three different AtPGAP1 splice variants according to TAIR 

(https://www.arabidopsis.org) annotation. The coding region of AtPGAP1.1 was amplified in 

this experiment. As there are 3 BsaI restriction sites within the coding region of cAtPGAP1.1, 

cAtPGAP1.1 was amplified through a two-step protocol. Four cAtPGAP1.1 fragments were 

amplified using primer sets 732/675, 676/677, 678/679, and 680/683 with Arabidopsis seedling 

cDNA as the template. These four DNA fragments were assembled into cAtPGAP1.1 using 

overlap PCR. The resulting PCR products were cloned into pJET plasmid vector backbone to 

obtain the Greengate entry clone pGG-C-cAtPGAP1-D. To make the Greengate entry clone 

pGG-C-cAtPGAP1(S218A)-D, two cAtPGAP1(S218A) fragments were amplified using 

primer sets 732/834, 833/683 with pGG-C-cAtPGAP1-D as the template. Mutations in the 

primers were designed to change Serine 218 to Alanine. These two PCR fragments were 

assembled into cAtPGAP1(S218A) using overlap PCR, after which the resulting PCR products 
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were cloned into pJET plasmid vector backbone to obtain the Greengate entry clone pGG-C-

cAtPGAP1(S218A)-D. The expression vectors were transformed into GV3101 Agrobacterium 

tumefaciens competent cells. The floral-dipping method was adopted to stably transform 

homozygous At-SI/hld1-7 Arabidopsis plants to obtain At-SI/hld1/cAtPGAP1 and At-

SI/hld1/cAtPGAP1(S218A) lines. 

To generate new AtPGAP1 mutant alleles, 4 gRNAs (Table S5) were designed using 

CRISPOR68 and cloned into BbsI linearized Greengate entry vectors pGG-A-AtU6-26-B, pGG-

B-AtU6-26-C, pGG-C-AtU6-26-D, and pGG-D-AtU6-26-E respectively via Gibson assembly. 

The resulting Greengate entry modules were assembled into pFASTGK-pUbi-Cas9-AG 

together with pGG-E-linker-G to generate expression vector pFASTGK-CRISPR-AtPGAP1. 

This was transformed into At-PrpS1 background line via Agrobacterium-mediated floral-

dipping, as the non-mutagenized parent line At-SI is self-incompatible and unfeasible for 

transformation. Atpgap1-c1 and atpgap1-c2 alleles were screened from T2 Cas9-free seedlings 

and used for further experiments. At-PrpS3/atpgap1 and UBQ10pro:PrpS1/atpgap1 were 

generated by crossing At-PrpS3 
22 or UBQ10pro:PrpS1 

25 with atpgap1 (atpgap1-c1, atpgap1-c2, 

and hld1-7 in the WT background).  

The expression clones UBQ10pro:PrpS1–GFP were generated using Gateway cloning, by 

recombining entry vectors pEN-L4-UBQ10pro-R1, pEN-L1-PrpS1-L2 25 and pEN-R2-GFP-R3 

into Gateway destination vector pB7m34GW using LR Clonase II plus enzyme (Invitrogen). 

The expression vectors were transformed into GV3101 Agrobacterium tumefaciens competent 

cells and transformed to wild-type Col-0 Arabidopsis plants. AtPGAP1 mutant allele was 

introduced into UBQ10pro:PrpS1–GFP line by conventional crossing.  

Seeds of T-DNA lines, seth1-2 (SAIL_674_B03) and seth2 (SALK_039599) were 

obtained from The Nottingham Arabidopsis Stock Center. We introduced seth1-2 and seth2 

mutant alleles10 into the At-PrpS1 background by crossing and generated heterozygous At-

PrpS1/seth1-2+/- and At-PrpS1/seth2+/- lines. Primers used for genotyping these two T-DNA 

mutants can be found in Table S5. Genotyping of plants was carried out using Phire Plant Direct 

PCR Kit (Thermo Scientific) according to the manufacturer’s instructions. 
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Cloning of PrPGAP1 

To clone the P. rhoeas PrPGAP1 gene, a degenerate primer set 961/965 was designed based 

on the highly conserved region revealed by sequence alignment of A. thaliana, Papaver 

somniferum, and Oryza sativa PGAP1 genes. PCR using P. rhoeas DNA as template resulted 

in a DNA product of ~3300 base pairs, which was subsequently cloned into the pJET1.2 cloning 

vector (ThermoFisher). Sanger sequencing and subsequent sequence alignment analysis 

showed >90% identity between the PGAP1 coding regions of P. somniferum and P. rhoeas. 

Therefore, instead of 5’ and 3’ Rapid Amplification of cDNA Ends (RACE) experiments, we 

cloned the PrPGAP1 directly, using primer sets (1098/1088, 1086/1093, 1103/1111, 1112/1106, 

see Table S5), which were designed according to mRNA sequence of P. somniferum PGAP1. 

The cDNA sequences of two PrPGAP1 alleles (PrPGAP1a and PrPGAP1b) were obtained and 

have been deposited in the GenBank database under the accession number MZ781963 and 

MZ781964.   

 

Triton X-114 assay, PI-PLC assays, and Western blots 

Three-day-old A. thaliana seedlings were collected into a 2 mL tube with 3 steel beads (3 mm) 

and frozen in liquid N2. Frozen samples were homogenized using a grinding mill (Retsch MM 

400) at 20 Hz for 3 x 40 s. For Triton X-114 assays, 2% Triton X-114 extraction buffer [100mM 

Tris-HCl pH=7.5, 150mM NaCl, 2mM EDTA, 10% glycerol, 2% Triton X-114 (Sigma-

Aldrich), 1x cOmplete protease inhibitor (Roche)] was added to the homogenized samples. 

Triton X-114 was pre-processed as described in 69 before being added to extraction buffer. 

Samples were centrifuged at 21,000g at 4 oC, and the supernatant retained. Protein 

concentrations were determined using Bradford (Bio-Rad) assay. To separate the detergent and 

aqueous phases, samples were incubated at 37 oC for 10 mins followed by centrifugation at 

21,000g for 10 mins70. The aqueous upper phase was transferred to a new tube. Proteins from 

the detergent and aqueous phases were precipitated using MeOH/CHCl3
71 and dissolved in 1x 

loading buffer.  
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PI-PLC assays were modified from protocols published by71,72. In brief, membrane protein 

extraction buffer [100 mM Tris-HCl pH 7.5, 25% (w/w) sucrose, 5% (v/v) glycerol, 5 mM 

EDTA, 5 mM KCl, 2x cOmplete protease inhibitor (Roche)] was added to the homogenized 

samples. Samples were centrifuged (600 g, 3 mins) and supernatants were kept as whole protein 

extracts. For the membrane fraction, supernatants were diluted with equal volume of water and 

centrifuged at 21,000g (2 h., 4 oC) and pellets resuspended in PI-PLC treatment solution [10 

mM Tris-HCl pH 7.5, 5% (v/v) glycerol]. PI-PLC (ThermoFisher) was added to a final 

concentration of 2 units.mL-1. For the mock control, 50% glycerol was added. Samples were 

incubated at 37 oC for 1.5 h, followed by centrifugation (21,000g for 2 h., 4 oC). The upper 

phase was transferred to a new tube and precipitated using MeOH/CHCl3
71; the pellet was 

dissolved in 1x loading buffer.  

SDS-PAGE and Western blot were carried out as described in21 with minor modifications. 

Proteins were separated using 4-20% Mini-PROTEAN TGX Stain-Free Precast gels (Bio-Rad). 

Stain-free signals were used as “loading controls”. Primary antibodies were incubated with 

membranes overnight at 4 oC in the PBS buffer containing 0.1% Tween-20 and 5% skimmed 

milk powder. Anti–GFP (Takara), and anti-Aquaporins (Agrisera) were used at 1:1000 dilution, 

and anti-α-Tubulin (Sigma-Aldrich) were used at 1:4000 dilution. Secondary HRP-conjugated 

anti-Mouse (GEHEALTH) and anti-Rabbit (GEHEALTH) antibodies were incubated with 

membrane for 1 h at room temperature (RT, ~22 oC) with a 1:5000 dilution in the PBS buffer 

containing 0.1% Tween-20 and 5% skimmed milk powder. WesternBright ECL HRP substrate 

(ADVANSTA) was used for detection.  

 

A. thaliana seedling treatment with recombinant PrsS proteins 

Recombinant PrsS protein treatment was performed as described in25. Briefly, PrsS proteins 

were dialysed in 1/5 LRC2 liquid medium at 4 oC and 10 μl PrsS proteins (10 ng.µl-1) added 

onto root tips of 4-day-old seedling on LRC2 plates. The plates were kept horizontal for 30 min 

before being placed back vertically in the growth chamber for 24 h before root length 

measurement. PrsS1 protein provided the “SI” treatment for the transgenic A. thaliana lines 
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(UBQ10pro:PrpS1), with matching/cognate S-alleles in the seedling and protein; treatment with 

LRC2 liquid medium or recombinant PrsS3 proteins provided the controls. 

 

Arabidopsis pollen SI in vitro bioassay 

A. thaliana pollen was placed onto an 8-well chambered coverglass (Thermo Scientific Nunc 

Lab-Tek) and A. thaliana pollen germination medium [AtGM; 15% (w/v) sucrose, 0.01% (w/v) 

H3BO3, 5 mM KCl, 1 mM MgSO4, 2.5 mM CaCl2, 2.5 mM Ca(NO3)2, and 10% PEG3350, 

pH=7.0 adjusted using KOH] modified from73 containing 10 ng.µl-1 recombinant PrsS proteins 

(SI treatment) was added. For controls, the PrsS proteins were omitted from the At-GM solution. 

Pollen grains were incubated at RT (~22 oC) for 6h and then fluorescein diacetate (FDA, 2 

μg.ml-1) and propidium iodide (PI, 5 μg.ml-1) were added. Samples were examined using 

fluorescence microscopy (for setting up details, see the following Imaging section). For each 

sample, 100-200 pollen grains/tubes were scored for the number of FDA-positive (live) and PI-

positive (dead).  

For treatment with PLC inhibitors (U73122, ET-18-OCH3, C48/8074,75), a similar 

procedure was used. A. thaliana pollen was added to AtGM and pretreated with each PLC 

inhibitor for 1h prior to the induction of SI (addition of 10 ng.µl-1 recombinant PrsS1 protein). 

For the control, mock treatment, the equivalent volume of solvent was used.  

 

Papaver rhoeas pollen SI bioassay with antisense oligonucleotide treatment 

in-vitro 

As a transgenic approach with Papaver rhoeas is not possible, we used an alternative approach 

to knockdown PrPGAP1 by incubating P. rhoeas pollen with phosphorothioated antisense 

oligonucleotide designed against PrPGAP118,24. P. rhoeas pollen was hydrated for 0.5 h and 

incubated with poppy pollen growth medium (PrGM) containing 3 µM phosphorothioated 

oligonucleotides (Antisense-PrPGAP1 or Sense-PrPGAP1, designed using Sfold76, Table S5) 

and 0.5% (v/v) cytofectin (T201007H, Genlantis) for 2 h at RT before SI induction. Pollen 

viability were assessed using FDA (2 μg.ml-1) and PI (5 μg.ml-1) 10 h after SI treatment. Pollen 
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tube lengths were measured using Fiji (https://fiji.sc/)77. Due to the limit of the imaging field 

size, pollen tubes which were longer than 600 μm (very rarely observed) were all recorded as 

600 μm.  

PGAP1 Phylogeny analysis 

PGAP1 domain-containing proteins comprising 631 proteins across three eukaryotic kingdoms 

(Table S6), were downloaded from Pfam (http://pfam.xfam.org/family/PGAP1). Multiple 

sequence alignment was performed using MAFFT (version 7.187). IQ-TREE (version 1.7-beta7) 

was used for the maximum-likelihood tree inference with 1000 bootstrap replicates (under the 

model of ‘JTT+R’, -alrt 1000 -bb 1000). 

Imaging, image analysis and figure preparation 

For PI staining A. thaliana seedling roots were mounted in 1/5 LRC2 medium containing 5 

μg.ml-1 PI imaged (ex 561 nm, em 580-700 nm) with a PlanApochromat 20x objective (n/a 0.8) 

using a Zeiss LSM710 microscope.   

For the in-vitro pollen SI bioassays, A. thaliana or P. rhoeas pollen was co-stained using FDA 

(2 μg.ml-1; ex 561 nm, em 580-550 nm) and PI (5 μg.ml-1; ex 488 nm, em 500-700 nm) and 

imaged with a Fluostar VISIR 25x/0.95 objective using a Leica SP8 confocal laser scanning 

system with a HyD detector. GFP–SKU5 in A. thaliana seedling roots was imaged with a HCPL 

APO CS2 40x/1.10 objective using a Leica SP8 confocal laser scanning system with a HyD 

detector (ex 488 nm, em 500-550 nm). All images were processed and analyzed using Fiji 

(https://fiji.sc/)77.  

Quantification and Statistical analysis 

The statistical details of experiments can be found in the corresponding Figure legends. The 

results of statistical tests can be found in the corresponding Results section. Statistical tests 

were carried out using GraphPad Prism 8.0 for Windows. 

 

Supplemental data 

Supplemental Figures and Tables are also available at: 

https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O 

https://fiji.sc/
http://pfam.xfam.org/family/PGAP1
https://fiji.sc/
https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O
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Figure S1. Identification of SI defective hld1 mutants. Related to Figure 1, Table S1. 

(A) Co-expression of PrpS
1
 and PrsS

1
 in the Col-0 background rendered self-compatible Arabidopsis 

thaliana plants self-incompatible. The resulting SI A. thaliana plants were used as the parent line in an 

EMS-based forward genetic screen looking for SC mutants, which were named highlanders (hlds). Hld 

mutants identified in the M1 population were back-crossed with parent At-SI line to obtain the backcross 1 

(BC1) generation. To reduce the number of background non-causal SNPs, BC1 plants were back-crossed 

again with the parent At-SI line to obtain the BC2 generation. Fifty BC2 plants were pooled for WGS to 

identify the causal mutation. Seeds collected from BC2 selfing (BC2F1) were used for the identification of 

homozygous hld mutants. Note that the silique images have been duplicated to demonstrate the workflow. 

 

(B) Mutants were screened for a defective SI phenotype showing normal silique lengths after selfing. 

Representative images of mature inflorescences from Col-0, At-SI, and hld1-3/5/19/24/25 mutant plants 

show that all these heterozygous mutants displayed no other obvious developmental phenotype in 

comparison with Col-0 and normal length siliques.  

 

(C) All At-SI pollen grains showed a PrpS
1
–GFP signal (indicating homozygosity), while Col-0 pollen 

grains showed just background fluorescence. No gross alteration in the PrpS
1
–GFP signal was observed in 

any of the hld1 mutants compared to the parental At-SI line. Bar = 100 μm. 

 

(D) Hld1 stigmas were pollinated with self-pollen (selfing) or At-SI pollen (♂At-SI x ♀), and At-SI stigmas 

were pollinated with hld1 pollen (♀At-SI x ♂). When the hld1 mutants were used as the male parent, the 

resulting siliques showed significantly higher seed-set than those when the At-SI line was used. Hld1 

mutants used as the female parent pollinated with At-SI pollen displayed a normal SI phenotype of minimal 

seed set. N=9-11. One-way ANOVA. ***: p<0.001. NS: not-significant, p>0.05.  
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Figure S2. Identification and confirmation of AtPGAP1 as the causal gene of the hld1 mutants. 

Related to Figure 1, Table S2, S3. 

(A) As the hlds were gametophytic mutations, after backcrossing with the unmutagenised parent, any 

unlinked SNP generated by the EMS mutagenesis segregated 1:3 in the pool of mutant individuals of the 

F1 population of the second backcross (BC2), whereas the causative SNP segregated 1:1. Thus, calculating 

the SNP ratio in the self-compatible BC2 population allowed us to identify the causal mutation region. 

Analysis of the SNPs in the 6 hld1 mutants uncovered six different nonsynonymous mutations of the gene, 

At3g27325/AtPGAP1, in each of the 6 hld1 mutants. This suggests that AtPGAP1 is the causal gene 

responsible for the SC phenotype in all the 6 hld1 mutants.  

 

(B) Hld1-3/5/6/7/17/18/19/24/25/30/37/39 (upper row) were identified from the EMS screen; Atpgap1-c1 

and atpgap1-c2 (bottom rows) are the CRISPR/Cas9 generated mutants. Detailed positional information of 

each mutant can be found in Table S2. Yellow boxes indicate the exons of AtPGAP1.1, blue arrows and 

texts indicate gRNAs, red nucleotides indicate insertions, pink dashes indicate deletions.  

 

(C) At-PrpS
1
 pollen containing the CRISPR/Cas9-derived AtPGAP1 mutant allele (atpgap1-c1 or atpgap1-

c2) were pollinated onto At-SI or Col-0 stigmas. Significant increases in the number of seeds per silique 

were observed when AtPGAP1 was mutated, in both heterozygous and homozygous mutants. N=12-16. 

One-way ANOVA with multiple comparisons. ***: p<0.001. NS: p>0.1772.  

 

(D, E) Introduction of the atpgap1-c1 or atpgap1-c2 mutant allele into the At-SI background resulted in SC 

mutants that had silique lengths (D) and seed-set levels (E) similar to the EMS mutagenesis generated hld1 

mutants after selfing. N = 30 siliques from 3 independent plants, 10 each. One-way ANOVA with multiple 

comparisons. ***: p<0.001.  
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Figure S3. AtPGAP1 is a HsPGAP1 orthologue, and expressed in various plant tissues. Related to 

Figure 3. 

(A) Comparison of the two homologs, AtPGAP1/HLD1 and At5g17670 from A. thaliana with Homo sapiens 

PGAP1, revealed that AtPGAP1 has a slightly higher amino acid sequence similarity to HsPGAP1 (23.3%) 

than At5g17670 (20.1%). Importantly, AtPGAP1 shares a similar secondary protein structure to HsPGAP1 

while At5g17670 does not. Grey boxes represent the PGAP1-like domain. Black boxes represent predicted 

transmembrane domains. This suggests that AtPGAP1 is likely to be the HsPGAP1 ortholog in Arabidopsis. 

 

(B-C) The transcript (B) and protein (C) expression of the Arabidopsis AtPGAP1 gene across 30 different 

tissues was investigated using publicly available transcriptome and proteomics data 

(http://athena.proteomics.wzw.tum.de/). TPM: transcripts per million. iBAQ: intensity-based absolute 

quantification. Abbreviations: Sepal (SP); Petal (PT); Stamen (ST); Carpel (CP); Silique (SQ); Embryo 

(EB); Seed (SD); Seed imbibed (SDIMB); Pollen (P); Node (ND); Internode (IND); Cauline leaf (CLLF); 

Leaf distal (LFD); Leaf proximal (LFP); Leaf petiole (LFPT); Senescent leaf (SCLF); Root (RT); Flower 

pedicle (FLPD); Flower (FL); Silique septum (SQSP); Silique valves (SQV); Egg-cell like callus (RKD2); 

Callus (CIM); Cell culture early (CC3); Cell culture late (CC10); Cotyledons (CT); Hypocotyl (HY) ; Root 

tip (RTTP); Root upper zone (RTUZ); Shoot tip (SAMCT).  

 

(D) The AtPGAP1 expression pattern was examined using a pAtPGAP1::GUS transgenic line. AtPGAP1 

was expressed in all the plant tissues examined. From left to right: 5-day-old seedling; 8-day-old seedling; 

mature leaf; flower bud; stage 13 flower. Representative images from at least three independent lines. Bar 

= 1 cm.  

  

http://athena.proteomics.wzw.tum.de/
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Figure S4. Effects of AtPGAP1 mutation on GFP–SKU5 expression and plant development. Related 

to Figure 5.   

(A-B) We examined the protein expression level of GFP–SKU5 (~120 kDa) using Western blot (A) in F3 

seedlings derived from 16 F2 double homozygous siblings of the cross ♀atpgap1 (Col-0 background) x 

♂GFP–SKU5 (Wassilewskija background). Tubulin (~48 kDa) was employed as the internal control. 

Quantification of the Western blot signals (B) revealed that the GFP–SKU5 protein expression level was 

not altered by the AtPGAP1 mutation (p=0.7995). 

(C) Representative confocal images (maximum Z projections) of GFP–SKU5 show similar GFP signals in 

4-day-old GFP–SKU5/WT and GFP–SKU5/atpgap1 seedlings.  

(D) Col-0 and homozygous atpgap1/hld1 seeds were sown and grown under exactly the same conditions. 

Thirty-four-day-old Col-0 plants displayed extended inflorescences with flowers, but plants of the same age 

with the homozygous atpgap1/hld1 mutation did not yet have inflorescences. Flowering of atpgap1/hld1 

mutants was delayed for ~7 days. This was observed in 3 independent experiments with eight plants of each 

genotype were grown for each genotype.  
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Figure S5. The PLC inhibitor treatment reduces SI-induced pollen death. Related to Figure 6. 

Col-0 and At-PrpS
1
 pollen grains were pretreated with different concentrations of the PLC inhibitors, ET-

18-OCH3, C48/80, or solvent (Mock) before subject to SI induction (PrsS
1
) or control treatment (AtGM). 

The samples were co-stained with FDA and PI 6h after treatment. Four independent experiments were 

carried out. In each experiment, 100-200 pollen grains were counted for each of the sample. At-PrpS
1 
pollen 

treated with solvent (Mock) and recombinant PrsS
1
 had high levels of death; PLC inhibitors, ET-18-OCH3 

and C48/80, alleviated death in a dose-dependent manner. This suggests that cleavage of GPI-APs by PLC 

is required for mediating SI-induced death of pollen. 
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Table S1. Screening of the BC1 population. Related to Figure 1. 

Mutant line Total BC1  
plants checked 

Number of  
SC plants 

Number of  
SI plants  

SC  
phenotype 

hld1-3 28 28 0 100% 
hld1-5 21 21 0 100% 
hld1-7 32 32 0 100% 
hld1-19 24 24 0 100% 
hld1-24 35 35 0 100% 
hld1-25 27 27 0 100% 

 

After back-crossing (BC) using M1 mutant pollen with unmutagenized At-SI stigma, the resulting BC1 

seeds were sown. The siliques of the BC1 plants were scored for either a self-compatible (SC) phenotype, 

showing long siliques and normal seed set, or a self-incompatible (SI) phenotype with short siliques and 

~no seed set. Examination of all 167 BC1 plants revealed that none of them showed the SI phenotype, with 

100% of the BC1 plants having a SC phenotype, indicating genuine revertant mutants were identified. 

This fits our prediction that all the BC1 plants should be self-compatible, as in the back-cross using 

M1 mutant pollen on an unmutagenized At-SI stigma, WT pollen would undergo SI-PCD triggered by a 

normal PrpS1-PrsS1 interaction, so only pollen carrying a hld1 mutation (defective in SI) would be able to 

fertilize successfully and produce seeds. As the hld1 SC phenotype existed in all the heterozygous BC1 hld1 

mutant lines examined (n= 167), this demonstrates that the hld1 mutants are gametophytic. 
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Table S2. Identification of 12 At3g27325 mutant alleles. Related to Figure 1, Figure S2, Table S2, 

and S3 

Mutant alleles identified through WGS. 

 

 

 

 

 

 

 

Mutant alleles identified through Sanger sequencing. 

mutant  
Mutation at the 

DNA level 

Mutation in  

protein level 

hld1-6 G1700A W335* 

hld1-17 C234CT K80* 

hld1-18 C5181T Q918* 

hld1-30 G3223A Splice site change 

hld1-37 G3913A Splice site change 

hld1-39 G4145A Splice site change 

 

Six different At3g27325 mutant alleles were identified for the hld1 mutants through WGS. * indicates stop 

codon. Genotyping of the At3g27325 DNA region of the remaining hld1 mutants using Sanger sequencing 

identified 6 additional At3g27325 mutant alleles. It is worth to notice that for hld1-17, instead of a point 

mutation, a thymine insertion was identified, which is rarely observed in EMS mutagenesis screens.  

As our screen revealed 12 independent mutant alleles of HLD1, but no other mutants, it is likely that 

other genes involved in SI signaling act redundantly or are key to pollen fertilization, thus cannot be 

identified by forward genetic screens. 

  

mutant  
Mutation at the 

DNA level 

Mutation at the  

protein level 

hld1-3 G3695A W679* 

hld1-5 G4342A W846* 

hld1-7 G222A W74* 

hld1-19 G2574A W475* 

hld1-24 C5274T Q949* 

hld1-25 G3825A Splice site change 
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Table S3. Segregation analysis of the BC2F1 population. Related to Figure 1, Figure S2, and Table 

S2. 

mutant phenotype genotype 
number of 

plants 

hld1-3 SC 
At3g27325

+/-
 or At3g27325

-

/-
 

7 

 SI Not found 0 

hld1-5 SC 
At3g27325

+/-
 or At3g27325

-

/-
 

7 

 SI Not found 0 

hld1-7 SC 
At3g27325

+/-
 or At3g27325

-

/-
 

197 

 SI At3g27325
+/+

 4 

hld1-19 SC 
At3g27325

+/-
 or At3g27325

-

/-
 

54 

 SI At3g27325
+/+

 1 

hld1-24 SC 
At3g27325

+/-
 or At3g27325

-

/-
 

26 

 SI At3g27325
+/+

 2 

hld1-25 Not checked  

 

Back-cross 2 (BC2) plants were allowed to self, generating a BC2 F1 population. The At-SI parent line we 

selected for the EMS mutagenesis screen was leaky, and not 100% SI, otherwise, the screen would have 

been impossible. This meant that very few self-incompatible plants could be found in the BC2 F1 population. 

Resultant progeny were scored for either a self-compatible (SC) phenotype, showing long siliques and 

normal seed set, or a self-incompatible (SI) phenotype with short siliques and ~no seed set. We also scored 

the genotype (At3g27325+/+, At3g27325+/-, or At3g27325-/-) of the resulting BC2 F1 population using 

Sanger sequencing. This identified 100% linkage between the At3g27325 mutation and the self-fertile (SC) 

phenotype. This indicates that At3g27325 is highly likely to be the hld1 causal gene. 
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Table S4. AtPGAP1 GPI-inositol deacylase function is required for SI. Related to Figure 3. 

 

Hld1 mutants were transformed with AtPGAP1
pro

:mCherry–cAtPGAP1 or AtPGAP1
pro

:mCherry–

cAtPGAP1(S218A) cloned in the pFAST-Green plasmid vector backbone. The pollen of T1 heterozygous 

plants was used to pollinate self-stigmas, At-PrsS
1
 or Col-0 stigmas. Pollen transmission was examined by 

checking the GFP signals resulting from the pFAST-Green vector backbone in the seeds. The ratios of GFP 

positive seeds resulting from each pollination are shown in the table. The actual numbers of GFP positive 

seeds and total seeds in each pollination are indicated in brackets.  

For T2 seeds of heterozygous At-SI/hld1/cAtPGAP1 lines, a ~50% of GFP positive ratio was observed, 

whereas a ratio of ~75% was observed for At-SI/hld1/cAtPGAP1(S218A) lines (see also Figure 3E). We 

reasoned that for the heterozygous T1 At-SI/hld1/cAtPGAP1 lines, expression of cAtPGAP1 in the hld1 

mutant pollen rescued the hld1 mutant phenotype, resulting in SI-induced pollen death, and thus prevented 

pollen containing the cAtPGAP1 transgene from achieving fertilization, which led to the reduction of GFP 

positive T2 seeds ratio from theoretical 75% to ~50%. However, for the heterozygous T1 At-

SI/hld1/cAtPGAP1(S218A) lines, the S218A mutation could not rescue the hld1 mutant deficiency, resulting 

in normal Mendelian segregation of GFP signals in the T2 seeds. Consistent with this interpretation, there 

was a significant reduction in the GFP positive seeds ratio when At-SI/hld1/cAtPGAP1 pollen was pollinated 

onto At-PrsS
1
 stigmas compared with that of ♀Col-0 x ♂At-SI/hld1/cAtPGAP1 (see also Figure 3E). 

However, this difference of GFP positive seeds ratio was not observed for At-SI/hld1/cAtPGAP1(S218A) 

lines (see also Figure 3E). These data show that the HLD1 WT allele rescued the hld1 mutant phenotype, 

but not the S218A mutant allele. 

  

Line  Selfing ♀At-PrsS
1
 ♀Col-0 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1
+/-

 line 4 46.8%(109/233) - - 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1

+/-
 line 11 48.1%(115/239) 4.7%(25/532) 67.1%(457/681) 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1
+/-

 line 16 48.5%(113/233) 2.6%(16/604) 73.2%(510/697) 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1

+/-
 line 19 50.2%(139/277) 1.9%(8/432) 74.0%(273/369) 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1
+/-

 line 21 56.5%(210/372) - - 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1

+/-
 line 24 52.9%(156/295) - - 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)
+/-

 line 1 75.6%(198/262) - - 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)

+/-
 line 2 75.3%(226/300) - - 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)
+/-

 line 6 72.2%(156/216) 49.1%(112/228) 50.1%(305/602) 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)

+/-
 line 8 77.1%(269/349) - - 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)
+/-

 line 12 76.1%(249/327) - - 
At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)

+/-
 line 16 76.0%(187/246) 58.2%(102/175) 49.5%(103/208) 

At-SI/hld1-7/pAtPGAP1::mCherry-cAtPGAP1(S218A)
+/-

 line 23 80.5%(186/231) 52.4%(204/389) 51.1%(218/427) 
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Table S5. Primers used in the Chapter 3 

Primer Seqeuence (5'->3') 

665_F-op-BsaI-A-pHLD1L ATAGAAGTGAAGCTTGGTCTCAACCTttgaacagtataacgcatatatatatatacttctaggcc 

666_R-pHLD1-mB GCAATGGCTCGGTCTgTCATCCAGTCATGG 

667_F-pHLD1-mB CCATGACTGGATGAcAGACCGAGCCATTGC 

668_R-op-BsaI-B-pHLD1L ATAGGGCGAGAATTCGGTCTCATGTTTTTCAAGCTTTCAAGAGTACTAGAGTGAAAGTGCTCTTGTTTCC 

675_R-HLD1-mB2 GGATAAGAGCATTGATTGAGATGAcACCTCCACGGC 

676_F-HLD1-mB2 GCCGTGGAGGTgTCATCTCAATCAATGCTCTTATCC 

677_R-HLD1-mB3 CCAACAAATAACAGATCAACGAcACCACTGTGAAGC 

678_F-HLD1-mB3 GCTTCACAGTGGTgTCGTTGATCTGTTATTTGTTGG 

679_R-HLD1-mB4 GCTTGACTCGGGTCTgGAGTTCAGTATTCCATGG 

680_F-HLD1-mB4 CCATGGAATACTGAACTCcAGACCCGAGTCAAGC 

683_R-op-BsaI-D-HLD1_ns ATAGGGCGAGAATTCGGTCTCACTGAGTTTCTGTGTATTCTGCTTTTAGTACGGAAACG 

732_F-op-BsaI-C-cHLD1.1 ATAGAAGTGAAGCTTGGTCTCAGGCTATGCGTGATGTAAGATTTGCTATGAGCATTCG 

817_HLD1-gRNA1 AGAGTCGAAGTAGTGATTGGTGACGGATGATACAACTCCGTTTTAGAGCTAGAAATAGCA 

818_HLD1-gRNA2 AGAGTCGAAGTAGTGATTGAATCTGATAGAGCGTTTCAGGTTTTAGAGCTAGAAATAGCA 

819_HLD1-gRNA3 AGAGTCGAAGTAGTGATTGTGGTAATTTACTGGACGCAGGTTTTAGAGCTAGAAATAGCA 

820_HLD1-gRNA4 AGAGTCGAAGTAGTGATTGGATGGCTGCAATGCCAGAGGGTTTTAGAGCTAGAAATAGCA 

833_HLD1-S218A-F GTGATCTTGGTTGGGCATGCTATGGGTGGTTTTGTTGC 

834_HLD1-S218A-R GCAACAAAACCACCCATAGCATGCCCAACCAAGATCAC 

LB_SAIL gccttttcagaaatggataaatagcc 

Lp_seth1-2 AGTTGATGGCCTCACATTTTG 

Rp_seth1-2 TGCAACCCAAAGTTGAATTTC 

LB_SALK ATTTTGCCGATTTCGGAACC 

Lp_seth2 GAGTCGAAATGCTAGGTGCAG 

Rp-seth2 CACTTATTCCTGGCGAGTCTG 

961_HLD1-DF2a TTRGTTGGNCATTCYATGGGTGG 

965_HLD1-DR2a AAAGAACTGNCCNACTGCCAT 

1086_PsHLD1-F5 GTTGGTCATTCTATGGGTGG 

1088_PsHLD1-R2 GTAGCTTGGACCTCATATCC 

1093_PsHLD1-R7 GAACTGACCAACTGCCATGG 

1098_PsHLD1-F6 CTTAGTAGTTTCTTCCTTAAACG 

1103_PsHLD1-F11 GGTAGGCCTCCACCAGCAGC 

1106_PsHLD1-R10 AAATTTACAACATAACTTGTACC 

1111_PsHLD1-R14 ACTGCGGTAACAAGAGTTGG 

1112_PsHLD1-F13 TGCCATGGTGCATACTTTCC 

Antisense-PrHLD1 ggtaTGGGAATGTATGttgG (lower case indicates phosphorothioation) 

Sense-PrHLD1 ccaaCATACATTCCCAtacC (lower case indicates phosphorothioation) 
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Abstract 

Glycosylphosphatidylinositol (GPI) anchoring offers an alternative to transmembrane domains 

for targeting GPI-anchored proteins (GPI-APs) to the outer leaflet of the plasma membrane. 

The GPI anchor is biosynthesized and transferred to target proteins in the endoplasmic 

reticulum. Then, the nascent GPI-APs are remodeled and exported via the endoplasmic 

reticulum and Golgi apparatus. The disruption in GPI-AP biosynthesis generally results in 

embryonic lethality in Arabidopsis (A.) thaliana. Previously, GPI-AP remodeling by the 

inositol deacylase HLD1/PGAP1 is required for the Papaver (P.) rhoeas self-incompatibility-

induced programmed cell death (SI-PCD) response, a genetically controlled system utilized to 

prevent inbreeding. Here, we used A. thaliana T-DNA mutants having defects in different GPI-

AP biosynthesis or remodeling steps to specify the involvement of novel GPI-pathway 

components in SI-PCD. We found that the absence of GPI-APs is detrimental to SI-PCD and 

plant fertilization. To identify the particular GPI-AP(s) involved in SI-PCD, we set up an 

innovative multiplex CRISPR/Cas9 approach combined with an in vitro SI bioassay rendering 

a high-throughput screen, which revealed several tentative GPI-AP candidate genes that might 

be involved in the SI-PCD response. 
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Introduction  

The GPI anchor is a glycolipid residue and plays a pivotal role in post-translational modification, 

targeting proteins to the outer leaflet of the plasma membrane (PM) facing the extracellular 

space. The GPI anchoring pathway in yeast (Saccharomyces cerevisiae) and mammals is 

controlled by approximately 30 genes, involved in multiple steps of assembling and remodeling 

GPI-APs in the endoplasmic reticulum (ER) and Golgi apparatus (Maeda and Kinoshita, 2011; 

Yeats et al., 2018). In plants, approximately 1% of all proteins are predicted to be modified by 

a GPI anchor and function in many contexts, including cell wall biosynthesis (Brady et al., 2007) 

and pollen tube-female gametophyte interaction during fertilization (Capron et al., 2008; 

Tsukamoto et al., 2010; Duan et al., 2014). Most loss-of-function mutants involved in the GPI 

anchoring pathway reported so far displayed lethality, hampering the investigation of GPI-APs 

in many developmental contexts (Lalanne et al., 2004; Gillmor et al., 2005; Dai et al., 2014; 

Bellai-Dussault et al., 2019; Desnoyer and Palanivelu, 2020).  

SI is a genetic mechanism that many flowering plants use to prevent inbreeding and 

promote genetic diversity. We have demonstrated that co-expression of cognate PrsS (P. rhoeas 

stigma S determinant)-PrpS (P. rhoeas pollen S determinant) in A. thaliana (hereafter, 

Arabidopsis) confers functional SI with pollen tube growth arrest and PCD in Arabidopsis 

(designated as At-SI lines) (de Graaf et al., 2012; Lin et al., 2015). As described in Chapter 3, 

we identified the GPI-inositol-deacylase HLD1/AtPGAP1 as a critical component required for 

the SI-PCD response by performing a forward genetic SI suppressor mutant screen with At-SI 

plants (Lin et al., 2022). Mutation of HLD1/AtPGAP1 prevents cleavage and release of GPI-

AP(s) from the PM in plants. Additionally, we confirmed with seth mutants, devoid of GPI-

APs at the PM, that GPI-APs are indeed required for SI-PCD. These results first implicate the 

involvement of GPI-AP(s) in the SI-PCD response. However, which GPI-AP(s) in particular 

are necessary for SI-PCD and by which mechanism they function remains to be discovered.  

Here, we investigated the involvement of several GPI-machinery components in SI-PCD 

using Arabidopsis T-DNA mutant lines with perturbed GPI-AP biosynthesis and remodeling. 

We found several GPI-pathway mutants that mimicked the SI-defective phenotype of the hld1 
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mutant. Meanwhile, incompatible pollen pretreated with β-Yariv reagent, an inhibitor of 

arabinogalactan proteins (AGPs), showed an alleviated SI-PCD response. As approximately 

half of the AGPs in Arabidopsis are GPI-anchored (Borner et al., 2003), this alleviation 

suggested that the particular type of GPI-AP(s) required for SI-PCD might be GPI-anchored 

AGPs. Intrigued by these results, we set up a multiplex CRISPR/Cas9 screen combined with 

an in vitro SI bioassay to narrow the number of APG candidates involved in SI-PCD. Our 

preliminary results showed that several AGPs might play a role in the SI-PCD response. 

 

Results 

The weak GPI-deficient mutants render residual male transmission 

Previous analysis of mutations in SETH1, SETH2, PNT1, and APTG1 showed a critical role of 

GPI-APs for male fertility but not female fertility (Lalanne et al., 2004; Gillmor et al., 2005; 

Dai et al., 2014). The seth1-2 and seth2 mutants lack the GPI-APs at the PM and almost block 

pollen transmission completely, which hinders the identification of particular GPI-AP(s) 

involved in SI-PCD. Therefore, we ordered other mutant alleles involved in the GPI 

biosynthesis (seth1-3, pnt5-2, pnt1-3, aptg1, and gpi8-1) or the GPI remodeling (pgap5, pgap3a, 

pgap3b, and pgap4) that are known to be weak alleles, which would allow us to generate mutant 

pollen for pollination assays. The positions of T-DNA insertions are shown in Figure S1. 

Firstly, we checked the male transmission of GPI-deficient mutant alleles using a 

maximum pollination assay by pollinating Col-0 stigma with pollen of heterozygous GPI-

deficient mutants. One hundred percent of transmission efficiency (TE) indicates normal 

transmission of a mutant allele through the male gametophyte (Howden et al., 1998). In contrast 

to almost no transmission (TE <= 1.30%) of the strong seth1-2 or seth2 mutant alleles through 

the pollen, we found a variety of reduced male TE in other GPI-deficient mutants from 4% in 

pgap4 to close to 100% in pgap5 and pgap3b. These data indicate that at least some GPI-

deficient pollen grains could achieve fertilization in the presence of wild-type pollen generated 

by the heterozygous pollen parent. To minimize the competition these wild-type pollen siblings 

exerted, we conducted a series of limited pollination experiments using up to 35 pollen grains, 
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thus less than the number of available ovules per flower, for each assay. The data showed that 

neither seth1-2 nor seth2 was transmitted through a limited number of pollen grains (TE is 1.03% 

and 0, respectively), which is consistent with the previous study (Lalanne et al., 2004) and 

indicated that the failure of male transmission was not dependent on the competition with wild-

type pollen. However, we found the TE in the limited pollination was much higher than with 

excessive pollen grains from other GPI-deficient mutants (Table 1), indicating that pollen with 

these GPI-deficient mutations had a competitive disadvantage compared with the wild-type 

pollen for fertilization. This defect in male transmission may result from disrupting the protein 

target and the absence of the GPI-APs at the PM (or cell surface) required for reproductive 

growth, such as pollen germination and pollen tube growth. Even though it is unknown which 

GPI-APs are essential for this phenotype and their mode of action, these weak GPI-deficient 

mutants with different residual pollen TE render an opportunity to investigate the role of GPI-

AP(s) in the reproductive growth and the SI-PCD process. 
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Table 1. Genetic transmission analysis of heterozygous GPI-deficient mutants 

♂At-PrpS1/ 

F1 genotype of ♀Col-0 x (Max pollination) F1 genotype of ♀Col-0 x (Limited pollination) 

Heterozygous 

progeny 

WT 

progeny 
Pollen TE 

Heterozygous 

progeny 

WT 

progeny 
Pollen TE 

seth1-2
+/-

 2 152 1.30%;  2 194 1.03% 

seth1-3
+/-

 64 80 80.00% 81 79 102.53% 

seth2
+/-

 0 144 0.00% 0 152 0.00% 

pnt5-2
+/-

 35 109 32.10% 44 106 41.51% 

pnt1-3
+/-

 66  78 84.60% 71 98 72.45% 

aptg1
+/-

 11  121 9.10% 34 125 27.20% 

gpi8-1
+/-

 68 94 72.30% 82 74 110.81% 

atpgap1-c1+/- 41 149 34.80% 52 58 89.70% 

pgap5
+/-

 72 72 100.00% - - - 

pgap3b
+/-

 26 118 22.00% 55 117 47.01% 

pgap3a
+/-

 78 79 98.73% - - - 

pgap4
+/-

 6 138 4.30% 29 142 20.42% 

The genotype of F1 seedlings of ♀Col-0 x ♂At-PrpS1/GPI-deficient
+/-

 were analyzed by a PCR-based 

method described in “Materials and Methods”. The different male transmissions revealed various effects 

on fertilization by the mutations of GPI genes. The pollen transmission efficiency (TE) was calculated 

according to Howden’s report (Howden et al., 1998), i.e., pollen TE = the number of heterozygous / WT 

progeny x 100%. The number of pollen grains pollinated on one stigma is less than 35 in each limited 

pollination.  

 

Weak GPI-deficient mutants do not alleviate SI-induced short siliques and 

reduced seed set 

To investigate the role of the GPI pathway in the SI-PCD context, the different GPI-deficient 

mutants were introduced into the At-PrpS1 background. Firstly, pollen from heterozygous or 

homozygous At-PrpS1/GPI-deficient mutant plants was applied to At-PrsS1 or Col-0 stigmas. 
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Pollinating Col-0 stigmas with pollen from At-PrpS1 and At-PrpS1/GPI-deficient mutants 

(seth1-2+/-, seth1-3+/-, seth2+/-, pnt5-2+/-, pnt1-3+/-, aptg1+/-, gpi8-1+/-, pgap5-/-, pgap5-cr-/-, 

pgap3a+/-, pgap3b+/-, and pgap4+/-) plants brought about normally developing siliques and full 

seed set. However, pollinating At-PrsS1 stigmas with pollen from these plants resulted in SI-

PCD, significantly reducing silique length and almost no seed set (Figure 1A and 1B). These 

results indicated no SI-suppression phenotype in contrast to the cross ♀At-PrsS1 x ♂At-

PrpS1/atpgap1, which displayed restored silique length and full seed set. These data suggested 

that the GPI-deficient mutants with residual pollen transmission cannot achieve fertilization in 

the SI-PCD context. To further detect which step of pollen growth is affected, we examined the 

growth of pollen tubes in pistils of At-PrsS1 and Col-0 at 18 h after pollination (HAP) using 

aniline blue staining. The growth of pollen tubes from At-PrpS1/GPI-deficient mutant plants in 

the Col-0 pistil was indistinguishable from that of AtPrpS1 and AtPrpS1/atpgap1 plants (Figure 

1C and 1E). However, even though pollen grains of At-PrpS1/GPI-deficient mutant plants in 

the AtPrsS1 stigma geminated and grew through the stigmatic papilla region, their pollen tube 

elongation was drastically reduced after reaching the pistil transmitting tract, compared to that 

of AtPrpS1/atpgap1 pollen tube, which showed normal pollen tube growth on At-PrsS1 stigmas 

(Figure 1C-E). These data indicate At-PrpS1/GPI-deficient mutant pollen grains that germinated 

cannot reach the micropyle to achieve fertilization in the AtPrsS1 stigma under the SI-PCD 

response. However, since 50% of pollen grains harbor the mutant alleles and part of mutated 

pollen without the ability to transmit in AtPrpS1/GPI-deficient+/- mutants, this abolishment of 

fertilization might potentially mask their roles in the SI-PCD context. 
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Figure 1. Weak GPI-deficient mutants do not alleviate SI-induced short siliques and reduced seed set 

(A-B) The weak GPI-deficient mutants (seth1-3+/-, seth2+/-, pnt5-2+/-, pnt1-3+/-, aptg1+/-, gpi8-1+/-, pgap5-

/-, pgap5-cr-/-, pgap3a+/-, pgap3b+/-, and pgap4+/-) were transferred into the At-PrpS1 background and pollen 

of mutant plants was pollinated onto stigmas of At-PrsS1 and Col-0. The length of siliques (A) and the 

number of seeds (B) were quantified after ~14 days of pollination. Pollination of At-PrsS1 stigmas with At-

PrpS1/atpgap-c1
+/- 

and At-PrpS1/atpgap-c1-/- results in long siliques and normal seed set comparable to that 

with Col-0 stigma. However, pollen from other At-PrpS1/GPI-deficient mutant plants pollinated onto At-

PrsS1 stigmas brought out short siliques and no seed set similar to that of At-PrpS1 pollen. n = 10-26.  

(C-D) Stigmas of At-PrsS1 and Col-0 were pollinated with pollen from WT and GPI-deficient mutant plants 

in the At-PrpS1 background. Pollen tubes were fixed and stained with aniline blue after 18 h of pollination. 

Pollinating At-PrsS1 stigmas with At-PrpS1/ GPI-deficient+/- pollen results in growth arrest of pollen tubes 

(C), in contrast to that with At-PrpS1/atpag1 pollen, which showed normal pollen tube growth similar to 

that on Col-0 stigma (D). A double yellow arrow between yellow lines indicates the pollen tube length 

measured from the top of the style to the front of the longest pollen tube in the first pistil. The positions of 

the longest pollen tubes are indicated with yellow arrows. Bar, 200 μm. 

(E) Quantification of average lengths of pollen tube in pistils. n = 4-8 

 

The proportion of pollen showing SI suppression varies among the different 

GPI-deficient mutants 

To circumvent the problem that GPI-anchor deficiency interferes with pollen tube germination, 

growth, or fertilization, we applied an in vitro SI bioassay to test the viability of pollen 

independent of their abilities to germinate or to fertilize the female gametophyte. Quantification 

of dead pollen grains taking up propidium iodide (PI) showed that almost all pollen was fully 

viable after incubation in At-GM (A. thaliana germination medium) for 6 h (Figure 2A and C), 

indicating that the mutation of GPI genes did not affect pollen viability. Addition of 

recombinant PrsS1 protein to the pollen of At-PrpS1/seth1-3+/-, At-PrpS1/pnt1-3+/- and At-

PrpS1/gpi8-1+/- plants caused close to ~98% death in At-PrpS1 pollen, which is comparable to 

that in At-PrpS1/pgag5-/- and At-PrpS1/pgap3a+/- pollen (Figure 2B and 2D), indicating that 

mutations of these genes did not suppress the SI-PCD response. However, pollen from At-

PrpS1/pnt5-2+/-, At-PrpS1/aptg1+/-, At-PrpS1/pgap3b+/- and At-PrpS1/pgap4+/- plants treated 
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with PrsS1 showed an apparent increase in viability, with only 70% to 80% PI-positive pollen 

grains, which was similar to that in At-PrpS1/atpgap1+/-pollen (Figure 2B and 2D), indicating 

that mutations of these alleles alleviated SI-induced pollen death. These data provide evidence 

that the SI-PCD response hinges on GPI-AP biosynthesis and remodeling processes.  
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Figure 2. In vitro pollen of weak GPI-deficient mutants shows SI-suppression phenotype  

(A-B) Pollen from weak GPI-deficient mutants in the At-PrpS1 background was treated with AtGM buffer 

(A) or PrsS1 proteins (B). Samples were co-stained with FDA (fluorescein diacetate, visualizing viable 

pollen) and PI (propidium iodide, indicating dead pollen) for 6 h after the treatment. Bar, 50 μm.  

(C-D) Quantification of PI-positive ratios showed that all pollen samples were ~fully viable after treatment 

with AtGM (C), but treatment with PrsS1 proteins exhibited varying degrees of SI-induced pollen death 

from high cell death (> 91%; pollen from WT, seth1-3
+/-

, pnt1-3
+/-

, gpi8-1
+/-

, pgap5
-/-

 and pgap3a
+/- 

in the 

At-PrpS1 background) to minimal pollen death (~3%; pollen of At-PrpS1/atpgap1-c1
-/-

) (D). 3-6 biological 

replicates were carried out, with 100–200 pollen grains counted for each sample in each replicate. Two-way 

ANOVA with multiple comparison tests. Different letters indicate p < 0.05. 

 

Correlating pollen transmission rates and SI complementation in GPI-

deficient mutants confirms involvement of the GPI pathway in both 

processes 

To confirm the relevance of GPI anchoring for fertilization and SI, we evaluated the correlation 

of transmission rates and SI complementation rates based on the results of the limited 

pollination assay and the in vitro SI assay described above. Using the pollen of heterozygous 

GPI-deficient mutants, we found a strong positive correlation between the suppression of 

transmission and the suppression of SI-induced pollen death (Figure 3; Spearman's correlation 

coefficient (R) = 0.87, Pearson's correlation coefficient (r) = 0.95). This correlation indicates 

that mutant alleles causing a strong reduction in pollen transmission also strongly affect SI-

induced pollen cell death, suggesting that properly modified GPI-APs are essential for both 

pollen fertility and SI-PCD.  
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Figure 3. The correlations between the GPI-APs required for fertilization and the SI-PCD response  

(A) The correlations were evaluated based on the data from the in vitro SI bioassay (Figure 2) and limited 

pollination (Table 1) using the pollen from (AtPrpS1/) GPI-deficient+/- mutant plants. The genotypes of 

pollen are indicated. Pollen transmission rate = the number of heterozygous / all progeny x 100%.  

(B) The Spearman’s (R) and Pearson’s (r) correlation coefficients and their p values. 

 

plcl mutants do not show SI-suppression phenotype 

Chapter 3 showed that the GPI-AP reporter protein GFP-SKU5 was highly resistant to PI-PLC-

mediated cleavage in the atpgap1 mutant. In addition, using PLC inhibitors, we showed that 

cleavage and release of GPI-AP(s) by one or several putative PLC-like (PLCL) enzymes is 

required for SI-induced pollen death (Chapter 3 Figure 6C & S5). Here, we investigated which 

particular PLCL enzyme(s) might mediate GPI-AP cleavage during SI-PCD. In Arabidopsis, 

there are 30 PLCL proteins characterized by the InterPro domain IPR017946 (Van Bel et al., 

2022) (Figure S2), and only some of them have been functionally described (Otterhag et al., 

2001; Saunders et al., 2002; Tasma et al., 2008). Firstly, we selected PLCL3 (At3G19310) based 

on its pollen-specific solid mRNA expression and ordered a corresponding T-DNA insertion 

line (SALK_128054, hereafter plcl3). We tested if pollen tube growth was compromised in 

plcl3 mutants. Application of plcl3 mutant pollen onto the stigmas of male sterility 1 (ms1) 

plants (Ito et al., 2007) at 0.5 h, 1 h, and 2 h, we could show that pollen tube growth of plcl3 

mutants was comparable to that of WT pollen (Figure 4A and 4B), indicating that the mutation 

of PLCL3 did not affect pollen tube growth. 

Next, we induced the PLCL3 mutation into the At-PrpS1 background to investigate the role 

of the phosphodiesterase PLCL3 in the SI-PCD context by an in vitro SI bioassay. Pollen grains 

of At-PrpS1/plcl3+/- and At-PrpS1/plcl3-/- treated with PrsS1 protein showed similar high SI-

induced cell death (> 94%) to that of the At-PrpS1 background (Figure 4C). These results 

suggested that PLCL3 is optional for SI-PCD or that redundantly acting PLCLs can take over 

in the absence of PLCL3.  
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Among eukaryote PLCs, three putative GPI-PLCs were identified in Arabidopsis based on 

the GPI-PLC found in Trypanosoma brucei (Fox et al., 1986; Hanrahan et al., 2009), and we 

named them sequentially, i.e. GPI-PLC1_At4g34920, GPI-PLC2_At4g34930, and GPI-

PLC3_At4g38690. To test their involvement in SI-PCD, we generated CRISPR-based mutant 

alleles directly in the At-PrpS1 background. After establishment, double mutants (gpi-plc_1/2) 

and triple mutants (gpi-plc_1/2/3) were subjected to an in vitro SI bioassay. In both double and 

triple mutants, > 92% of the pollen grains died upon PrsS1 addition, comparable to ~98% pollen 

death in At-PrpS1 pollen (Figure 4D). These results indicate that the mutations of these three 

related PLCLs were insufficient to suppress SI-PCD. Also, a combined quadruple mutant of 

plcl3 and the three gpi-plc alleles did not affect SI-induced cell death (Figure 4E). Thus, either 

PLCL enzymes are not crucial for SI-PCD, or additional PLCL family members or other 

phosphodiesterases might be involved in cleaving GPI-APs in the SI-PCD context. 
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Figure 4. The mutation of PLCLs does not suppress the SI response. 

(A-B) Pollen of the WT and plcl3 plants was pollinated onto the ms1 stigma. Pollen tubes were fixed and 

stained with Aniline blue at 0.5 h, 1 h, and 2 h after pollination (HAP). There was no pollen tube at 0.5 

HAP. Pollination with WT and plcl3 pollen showed indistinguishable pollen tube growth. The positions of 

the longest pollen tubes are indicated with yellow arrows (A). Bar, 200 μm. Quantification of average 

lengths of pollen tube in pistils (B). n = 11-15 
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(C-E) The plcl3 and gpi-plc_1/2/3 mutants were induced into the At-PrpS1 background, and the pollen from 

these mutant plants was treated with At-GM buffer and PrsS1 proteins. Samples were co-stained with FDA 

and PI for 6 h after the treatment. Quantification of PI-positive ratios from plcl3 (C), gpi-plc_1/2/3 (D), and 

plcl3gpi-plc_1/2/3 (E) pollen showed that similar high SI-induced cell death to that of At-PrpS1 pollen. 3-8 

biological repeats were performed, with 100-200 pollen grains counted for each sample in each repeat. 

 

The function of AGPs is required for the SI-PCD response 

The fact that the loss of AtPGAP1 was sufficient to inhibit SI-PCD suggests that one or several 

GPI-APs targeted by AtPGAP1 are involved in SI-PCD. However, which of the over 250 

predicted GPI-APs are relevant in the context of SI-PCD remains a crucial question to be 

answered. Arabidopsis GPI-APs are divided into four families, the arabinogalactan protein 

(AGP) family, the LORELEI family, the COBRA family, and some GPI-anchored receptor-

like proteins (RLPs). Due to redundancy within these large gene families, genetic approaches 

are challenging. However, chemical inhibitors as an alternative are scarce; only AGP family 

members can be inhibited by the β-Yariv reagent, a chemical compound that specifically binds 

to the β-(1→3)-linked D-galactopyranosyl backbone of AGPs (YARIV et al., 1962; Kitazawa 

et al., 2013). Approximately half of the 151 AGPs in Arabidopsis are GPI-anchored (Borner et 

al., 2003; Ma et al., 2017). 

Hence, we tested whether the β-Yariv reagent was sufficient to affect SI-PCD in an in vitro 

SI assay. At-PrpS1 pollen incubated in At-GM and pretreated with α-Yariv, a regent that does 

not bind to AGPs and is used as a negative control (Basile and Ganjian, 2004), showed high SI-

induced cell death (> 90%) (Figure 5A). However, pretreatment with the β-Yariv reagent, 

showed significantly alleviated SI-PCD in a dose-dependent manner (a reduction of ~24% at 

250 ug/ml, p < 0.0001; ~47% at 500 ug/ml, p < 0.0001; ~65% at 1000 ug/ml, p < 0.0001; Figure 

5A). These results indicated that AGP activity might be required for the SI-PCD response, and 

it is tempting to speculate that GPI-anchored AGPs are involved in SI-PCD. 
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The function of AGPs machinery in the SI-PCD context 

To further test the function of AGPs in SI-PCD, we selected six genes 

(AtGLCAT14E_At3g15350, AtGLCAT14F_At4g27480, AtGLCAT14G_At1g53100, 

AtGALT31B_At3g14960, AtGALT31C_At1g53290, and AtGALT31D_At2g26100) that have 

been involved AGP biosynthesis (Dilokpimol et al., 2014; Zhang et al., 2020; Lopez-Hernandez 

et al., 2020) and these genes show high gene expression levels in pollen or pollen tube. 

AtGLCAT14E, AtGLCAT14F, and AtGLCAT14G are glucuronosyltransferases that belong to 

the glycosyltransferase 14 (GT14) family and add glucuronic acid to the β-1,6‐ and β-1,3-

galactose chains of AGPs. AtGALT31B, AtGALT31C, and AtGALT31D are 

galactosyltransferases in the GT31 family and add the first galactose (Gal) onto the hydroxyl 

group of hydroxyproline (Hyp) residues in the AGP backbone (Silva et al., 2020). 

We established AGP biosynthesis mutants by knocking out these genes using two 

CRISPR/Cas9 constructs in the At-PrpS1 background. We established double mutants (galt31-

b/c and galt31-c/d) and a triple mutant (glcat14-e/f/g) in the At-PrpS1 background for the in 

vitro SI assay. Pollen samples from Col-0, AtPrpS1, and these mutant plants were ~fully viable 

after incubation in At-GM buffer (Figure 5B). After treatment with recombinant PrsS1 protein, 

we observed normal rates of SI-PCD, indicating that these mutations were not sufficient to 

suppress the SI-PCD response in pollen. These mutants were fully fertile and did not show 

developmental defects. We did not check if AGP synthesis was effectively abolished in these 

mutants. Higher-order mutants may be necessary to fully abrogate AGP biosynthesis in pollen.  
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Figure 5. Evidence for a requirement of AGPs activity for the SI-PCD response 

(A) Pollen grains from Col-0 and At-PrpS1 were pretreated with AGPs inhibitor, β-Yariv reagent (α-Yariv, 

as a negative control), or solvent (Mock) before being subject to SI induction (PrsS1) or control treatment 

(At-GM) in vitro, followed with co-staining with FDA and PI. At-PrpS1 pollen treated with recombinant 

PrsS1 proteins and mock solvent, as well as α-Yariv, had high levels of cell death (> 90%). Treatment of 

At-PrpS1 pollen with PrsS1 proteins and β-Yariv inhibitor gave rise to significantly lower levels of cell death. 

These results reminded us that the activities of AGPs at the PM are a requisite for mediating SI-induced 

pollen death.  Four independent experiments were carried out; 100-200 pollen grains were counted for 

each treatment. Two-way ANOVA, ****p < 0.0001. ns, not significant. 

(B) The pollen from the mutant plants of AGP biosynthesis was treated with At-GM buffer or PrsS1 proteins. 

Samples were co-stained with FDA and PI. Quantification of pollen death (PI positive) ratios showed that 

all pollen samples were ~fully viable after treatment with At-GM buffer. However, after treatment with 

PrsS1 proteins, high levels of pollen death were observed for WT and mutants of AGP biosynthesis in the 

At-PrpS1 background. Two independent experiments were carried out; 100-200 pollen grains were counted 

in each treatment. ns, not significant. 

 

CRISPR/Cas9-mediated screen on the AGPs required for the SI-PCD 

response 

Approximately half of the 151 AGPs in Arabidopsis are GPI-anchored (Borner et al., 2003; Ma 

et al., 2017). They are divided into different sub-families: classical AGPs, AG-peptides, Lys-

rich AGPs, fasciclin-like AGPs (FLA), phytocyanin-like AGPs (PAG), xylogen-like AGPs 
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(XYLPs) with non-specific lipid transfer protein (nsLTP) domains, and finally there are 

additional chimeric AGPs that do not belong to any of the mentioned groups (Silva et al., 2020). 

To identify GPI-APs required for the SI-PCD response, we selected 68 AGPs genes for the 

multiplexed CRISPR-based screen from different AGP sub-families, which have high 

expression in pollen or pollen tube (Table S1). We built up 30 CRISPR/Cas9 multiplex 

expression constructs (with at least two different gRNAs per gene, and up to 12 gRNAs per 

construct) in the At-PrpS1 backgorund (Table S1; Figure 6). Cas9 expression was controlled 

either by the ubiquitously active pRPS5A promoter (Weijers et al., 2001; Tsutsui and 

Higashiyama, 2017) or by the pollen-specifically expressed pLAT52 promoter from tomato 

(Twell et al., 1990) with the aim to achieve pollen-specific mutagenesis by CRISPR-TSKO 

(Decaestecker et al., 2019; Bollier et al., 2021). 

Figure 6. The workflow of a combinational CRISPR screen combined with an in vitro SI-bioassay.  

To identify the candidate GPI-AP(s) involved in SI-PCD, the multiplex CRISPR vectors are constructed 

containing up to 12 gRNAs with a ubiquitous promoter (RPS5A) or a pollen-specific promoter (LAT52). 

After transforming, the resulting T1 FAST-positive seeds are selected and grown into flowering plants, and 

then their pollen is subjected to an in vitro SI bio-assay. The promising T1 plants showing an alleviation of 

SI-induced pollen death will be subject to further confirmation in the next generation of T2. After in vitro 

SI bio-assay confirmation, the target loci of the gRNAs contained in CRISPR-free T2 seedlings will be 

analyzed using amplicon sequencing. This screen will allow us to identify which mutated GPI-AP gene(s) 

are causing the defect in SI-PCD. 
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We selected transgenic T1 seeds using fluorescence-accumulating seed technology (FAST) 

(Shimada et al., 2010). The resulting T1 seeds were grown into flowering plants, and their 

pollen was subjected to an in vitro SI bioassay. We performed two independent in vitro SI 

bioassays to screen 18 constructs with 24 independent T1 plants and 30 constructs with 16 

independent T1 plants, respectively. (Figure 7A and 7B). In each experiment, At-PrpS1 pollen 

grains treated with recombinant PrsS1 proteins resulted in almost 100% of SI-induced pollen 

death (indicated by the PI-positive ratio). With the same treatment, T1 transgenic lines in the 

background of At-PrpS1 showing a straightforward alleviation of SI-induced pollen death, such 

as 1-5_FL1-line10/11/17/18 and 2-6_FL2-line12/14/15/16 (Figure 7A), 2-9_XY1-line1/3/5/8 

and 1-10_XY2-line3/6/7/8 (Figure 7B), would be selected for further confirmation in the next 

generation. These encouraging preliminary results showing that several GPI-APs might be 

indeed involved in the SI-PCD response pave a solid foundation for characterizing the particular 

GPI-AP(s) required for SI-PCD. 
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Figure 7. Heatmap of alleviation of SI-induced pollen death in the T1 multiplex CRISPR mutants.    

(A-B) Two independent in vitro SI bioassays were performed to screen 18 constructs with up to 24 

transgenic T1 lines per construct (A) and 30 constructs with up to 16 transgenic T1 lines per construct (B), 

respectively. We named these constructs sequentially, e.g., 1-1_CL1, the first number "1" represents the 

ubiquitous promoter RPS5A ("2" in other constructs indicates the pollen-specific promoter LAT52); the 

second number represents the different order of constructs; the following two alphabets "CL" represents the 

classical AGP subfamilies; the last number represents different gRNAs (Table S1). In each experiment, At-

PrpS1 pollen grains treated with recombinant PrsS1 proteins, which resulted in almost 100% of SI-induced 

pollen death (indicated by the PI-positive ratio), were used as a positive control. Pollen samples were stained 
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with PI for 6 h after the treatment to quantify pollen death ratios. In heatmaps, the ratios were indicated in 

each cell with different intensities of blue color, in which more intensity showed more alleviation of SI-

induced pollen death. 

 

Discussion 

Around 30 genes have been identified to be involved in the biosynthesis and remodeling of 

GPI-APs, and most of them share homology between plants, mammals, and yeast (Chapter 2 

Table 1). Most of these genes have single-copy orthologs in Arabidopsis (Luschnig and Seifert, 

2011). Loss of function mutants for some of these genes show embryo/seedling lethality 

(Lalanne et al., 2004; Gillmor et al., 2005; Dai et al., 2014; Bundy et al., 2016), which 

experimentally supported the importance of these enzymes involved in GPI anchor biosynthesis. 

In Chapter 3, we identified a PGAP1 ortholog in Arabidopsis (HLD1/AtPGAP1) as essential 

for the Papaver SI-PCD response from ethyl methanesulfonate (EMS)-based forward genetic 

single-line screen of ~ 50,000 M1 individuals (Lin et al., 2022). We were surprised that all 

identified SI-suppressor mutants mapped to HLD1/AtPGAP1. Here, we systematically 

analyzed the GPI-anchoring pathway in the SI-PCD context by inducing GPI-pathway mutants 

into the SI-induction background expressing At-PrpS1. Furthermore, we mutated putative PLCL 

genes and performed a multiplex CRISPR screen to identify particular GPI-APs involved in SI. 

In unicellular and multicellular organisms, PI-PLC is used to characterize GPI-APs 

biochemically by its capability of releasing GPI-APs from the outer leaflet of the PM (Low, 

1989; Tanaka et al., 2004). In Trypanosoma brucei, a GPI-PLC was found to be involved in the 

cleavage of the GPI-anchor of a variable surface glycoprotein, and investigation of the 

subcellular localization of this GPI-targeting PLC has shown the localization at the outer face 

of the plasma membrane (Hanrahan et al., 2009; Sunter et al., 2013). In plants, it has been 

proposed that specific plasma membrane phospholipases may allow cleavage and subsequent 

release of AGPs into the cell wall (Schultz et al., 1998; Ellis et al., 2010; Showalter and Basu, 

2016; Ma and Hottiger, 2016). Even though the responsible enzymes have yet to be identified, 

these reports support the role of extracellular PLC activities in plants. Recently, Arabidopsis 

PLCL1, an extracellular protein, has been shown to play an essential role in fumonisin B1-
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induced cell death (Smith et al., 2021). Many PLC-like genes in Arabidopsis contain signal 

peptides and are predicted to be targeted to the apoplast. Our data in Chapter 3 suggest a 

possible role for the cleavage of GPI-AP(s) by the extracellular PLC-like enzyme(s) during the 

SI-PCD response. To confirm this hypothesis, we attempted to identify the PLC-like gene(s) 

responsible for the cleavage and release of the GPI-AP(s) in the SI-PCD context. Even though 

the different plcl knockouts in this study did not suppress the SI-induced pollen death, it could 

take longer to identify the PLC enzymes involved in SI-PCD due to the high functional 

redundancy of PLCs in plants. 

Approximately half of 151 AGPs in Arabidopsis are predicted to be tethered to the PM by 

a GPI anchor (Borner et al., 2003; Ma et al., 2017). The roles of AGPs have long been related 

to plant reproduction and implicated in different steps of the reproductive process (Cheung et 

al., 1995; Wu et al., 2001; Pereira et al., 2016b). For example, AGP4 (also named JAGGER) 

mediates the removal of persistent synergid cells after successful fertilization to avoid polytube, 

and jagger mutants attract multiple pollen tubes (Pereira et al., 2016a). AGP6 and AGP11, co-

expressed and co-localized in pollen grains and pollen tubes, are crucial for pollen grain 

development and germination (Coimbra et al., 2009; Coimbra et al., 2010; Costa et al., 2013). 

AGP18, encoding a subclass of lysine-rich AGPs, is essential for the initiation of female 

gametogenesis both at the sporophytic and gametophytic levels (Yang and Showalter, 2007; 

Zhang et al., 2011a; Zhang et al., 2011b). For the fasciclin-like (FLA) AGP sub-family, FLA3 

specifically expresses in pollen grains and pollen tubes. It is involved in microscope 

development potentially through the regulation of cellulose deposition (Li et al., 2010). Other 

AGPs, like AGP1, AGP9, AGP12, AGP15, and AGP23, were identified as expressed explicitly 

in the reproductive structure and tissues, which indicates their possible roles in several 

reproductive processes (Pereira et al., 2014). Our finding showed that inhibition of AGPs 

function by β-Yariv regent could significantly alleviate the SI-induced pollen death, suggesting 

the involvement of AGPs in incompatible self-pollen rejection by probably participating in the 

interaction of At-PrpS and At-PrsS in Arabidopsis. We cannot exclude that non-GPI anchored 
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AGPs are involved in SI-PCD and that it remains speculation that GPI-anchored AGPs are 

involved – until we have identified the actual proteins involved. 

The recombinant PrsS proteins produced by E.coli (Foote et al., 1994) can effectively 

induce the SI-PCD response in vitro, which results in pollen death or root growth arrest in poppy 

and Arabidopsis (de Graaf et al., 2012; Wilkins et al., 2015; Lin et al., 2020; Lin et al., 2022). 

The in vitro SI-bioassay enables us to set up an innovative multiplex CRISPR/Cas9 screen to 

identify particular GPI-APs involved in SI-PCD. In general, several approaches can 

simultaneously target different genes, thus enhancing the gene-targeting capacity of the 

screening system and allowing the systematic study of gene families or metabolic pathways 

(Xie et al., 2015; McCarty et al., 2020). First, individual genes can be mutated via pooled co-

transformation of CRISPR/Cas9 libraries containing different individual gRNAs (Meng et al., 

2017; Bai et al., 2020). As integrating T-DNAs is a random process, a population of mutant 

plants containing various combinations of indel mutations can be generated. In a second 

strategy, the co-expression of several gRNAs from different genes can be achieved in one 

binary vector (Zhang et al., 2016; Bollier et al., 2021; Stuttmann et al., 2021). This method 

requires generating large gRNA libraries, in which all gRNA combinations need to be cloned 

using multiplexed cloning strategies (Čermák et al., 2017; Jacobs et al., 2017). Here, we adapted 

the second approach combined with in vitro SI-bioassay to screen up to 12 genes in a single 

plasmid. In the screen using T1 plants, we found that some mutant plants from 3 sub-families 

of AGPs, i.e., classical AGPs, FLAs, and XYLPs, showed the alleviation of SI-induced pollen 

death (Figure 7). These results will expand our knowledge regarding the function of AGPs in 

plant sexual reproduction, whose molecular mechanism of action is still elusive. 
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Material and methods 

Plant material and growth conditions 

All transgenic and mutant lines used in this chapter were in Arabidopsis Columbia-0 (Col-0) 

ecotype background. For plants growing in optimal in vitro conditions, seeds sterilized by 

chlorine gas were sown out on LRC2 plates (2.15 g.L-1 Murashige and Skoog basal salts 

(Duchefa Biochemie), 0.1g.L-1 MES, pH 5.7 (KOH), and 1.0 % Plant Tissue Culture Agar 

NEOGEN), and kept at 4 oC in the dark for three days subsequently transferred for vertical 

growth in a growth chamber with continuous light emitted (white fluorescent lamps, intensity 

120 µmol.m2.s-1), at 22 oC. For plants growing in soil, seeds were sown out in plant trays or 

small round pots filled with wet Jiffy soil and kept at 4 oC in the dark for three days, 

subsequently exposed to greenhouse conditions under a 16h light/8h dark regime at 22 oC.  

 

Plasmid constructions, transgenic and T-DNA lines 

All the expression vectors were generated using Greengate cloning (Lampropoulos et al., 2013), 

Gibson assembly (New England BioLabs), or Gateway cloning (Invitrogen). High-fidelity 

Phusion DNA polymerase (New England BioLabs) was used for all the DNA fragment 

amplification. All the vectors were verified by restriction-enzyme-based digestion and 

sequencing. 

To generate PLCLs triple mutants, two gRNAs per gene (Table S2) were designed using 

CRISPOR (Concordet and Haeussler, 2018) and cloned into BbsI linearized Greengate entry 

vectors pGG-A-AtU6-26-B, pGG-B-AtU6-26-C, pGG-C-AtU6-26-D, pGG-D-AtU6-26-E, 

pGG-E-AtU6-26-F, and pGG-F-AtU6-26-G respectively via Gibson assembly. To generate 

AGP biosynthesis mutants, three gRNAs per gene (Table S2) were designed using CRISPOR 

and cloned into BbsI linearized Greengate entry vectors pGG-A-AtU6-26-B, pGG-B-AtU6-26-

C, and pGG-C-AtU6-26-D respectively via Gibson assembly. The resulting Greengate entry 

modules were assembled into pFASTGK-pUbi-Cas9-AG together with pGG-D-linker-G (if 

needed) to generate expression vector pFASTGK-CRISPR-PLCLs, pFASTGK-CRISPR-

GLCAT14E/F/G, and pFASTGK-CRISPR-GALT31B/C/D. To generate AGPs mutants in the 
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SI-PCD context, we selected 68 AGPs genes and designed two gRNAs per gene (60 genes from 

five subfamilies, i.e., Classical AGPs, AG-peptide, FLAs, PAGs, and XLYPs) or four gRNAs 

per gene (eight genes from other subfamilies) (Table S1) using Benchling 

(https://benchling.com). For the CRISPR multiplex construction, two gRNAs were paired using 

PCR and then cloned into BbsI linearized Greengate entry vectors pGG-A-AtU6-26-B, pGG-

B-AtU6-26-C, pGG-C-AtU6-26-D, pGG-D-AtU6-26-E, pGG-E-AtU6-26-F, and pGG-F-

AtU6-26-G respectively via Gibson assembly. The resulting Greengate entry modules were 

assembled into pFASTRK-pRPS5AP-Cas9-AG and pFASTRK-pLAT52-Cas9-AG to generate 

expression vectors. All above expression vectors were transformed into competent 

Agrobacterium tumefaciens cells (GV3101 pMP90) using electroporation (with settings: 400 

Ω, 2500 V, 2 mm, 25 μF), and these bacteria were used for a modified floral dip (Clough and 

Bent, 1998) into At-PrpS1 plants, as the non-mutagenized parent line At-SI is self-incompatible 

and impractical for transformation. Seeds of T-DNA mutants of GPI machinery genes (Figure 

S1) were obtained from the Nottingham Arabidopsis Stock Center. The positions of T-DNA 

insertions were checked by a PCR-based method using left border primers of the T-DNA, 

LB_SAIL or LB_SALK, and gene-specific primers, the left primer (Lp) and the right primer 

(Rp), at upstream and downstream locations (Table S2). These mutant alleles were introduced 

into the At-PrpS1 background by crossing and generating heterozygous At-PrpS1/GPI 

machinery lines. Primers used for genotyping these two T-DNA mutants can be found in Table 

S2. Genotyping of plants was carried out using Phire Plant Direct PCR Kit (Thermo Scientific) 

according to the manufacturer’s instructions. 

 

Arabidopsis pollen in vitro SI bioassay 

A. thaliana pollen grains were placed onto an 8-well chambered coverglass (Thermo Scientific 

Nunc Lab-Tek) under an optical microscope, and A. thaliana pollen germination medium [At-

GM; 15% (w/v) sucrose, 0.01% (w/v) H3BO3, 5 mM KCl, 1 mM MgSO4, 2.5 mM CaCl2, 2.5 

mM Ca (NO3)2, and 10% PEG3350, pH=7.0 adjusted using 1 M KOH] modified from (Wang 

et al., 2020) containing 10 ng.µl-1 recombinant PrsS1 proteins (SI treatment). Before that, the 

https://benchling.com/
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recombinant PrsS1 proteins were dialyzed against At-GM overnight, and the concentration was 

measured using Bradford assay (Bio-Rad). For controls, the PrsS1 proteins were omitted from 

the At-GM solution. Pollen grains were incubated at RT for 6h and then fluorescein diacetate 

(FDA, 2 μg.ml-1) and propidium iodide (PI, 5 μg.ml-1) were added. Samples were examined 

using fluorescence microscopy (for setting up details, see the following confocal microscopy 

imaging section). For each sample, 100-200 pollen grains/tubes were scored for the number of 

FDA-positive (live) and PI-positive (dead). A similar procedure was used for treatment with 

AGP inhibitor, i.e., Yariv regent (YARIV et al., 1962). A. thaliana pollen was added to At-GM 

buffer and pretreated with Yariv regent for 1 h before the induction of SI-PCD (addition of 10 

ng. µl-1 recombinant PrsS1 proteins). For the mock treatment, the equivalent volume of solvent 

was used.  

 

Arabidopsis pollen in vivo pollination assay 

All experiments about pollen and pistil in in vivo pollination assay were carried out under an 

optical microscope unless stated otherwise. Col-0 stamens at floral stage 12 were emasculated. 

ms1 plants are male sterile. All hand pollinations were conducted after 24 h emasculation. For 

seed set analysis, pollen grains were pollinated onto the emasculated pollen-free stigmas. After 

14 d pollination, the dry siliques were carefully cut, measuring silique length and counting the 

number of seeds. The seeds for progeny genotyping were collected in pollen transmission 

analysis. For aniline blue staining, 1% agarose was prepared and poured into a 24-well tissue 

culture plate. Pollinated pistils were excised from the flower after different time points of 

pollination (according to different experiments) and placed vertically on the well of the tissue 

culture plate with the stalk part inserted into the 1% agarose. 4 M NaOH solution was added to 

the well immediately and incubated at RT for > 2 h to fix and soften the pistils, followed by 

staining with aniline blue staining [0.01% (w/v) aniline blue in KPO4 buffer, pH = 7.5; 5% (v/v) 

glycerol] overnight. The stained samples were taken out from the tissue culture plate and placed 

on a glass slide, and a drop of 65% (v/v) glycerol was added to the pistil samples to protect 

them from damage. The samples were gently covered with a coverslip for further imaging. 
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Confocal microscopy imaging 

For the in-vitro SI bioassays, pollen co-stained with FDA (2 μg.ml-1) and PI (5 μg.ml-1) was 

counted with the fluorescence of Olympus FV10 ASW confocal or imaged FDA (ex 561 nm, 

em 580-550 nm) and PI (ex 488 nm, em 500-700 nm) with a Fluostar VISIR 25x/0.95 objective 

using a Leica SP8 confocal laser scanning system with a HyD detector. For aniline blue staining, 

stained samples were imaged (ex 405 nm, em 460-515 nm) with a PlanApochromat 20x 

objective (n/a 0.8) using a Zeiss LSM710 microscope.  

 

Statistical analysis, image analysis, and figure preparation  

The statistical details of experiments can be found in the related Figure legends. The results of 

statistical tests can be found in the corresponding “Results” section. All images created by 

confocal microscopy were processed and analyzed using Fiji (https://fiji.sc/) (Schindelin et al., 

2012). Statistical tests were carried out, and statistical graphs were generated by GraphPad 

Prism 9.0 for Windows. The figures and graphs were assembled in Microsoft PowerPoint 2016. 

 

Supplemental data 

Supplemental Figures and Tables are also available at: 

https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O 

  

https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O
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Figure S1. Schematic representation of GPI machinery genomic organization and their T-DNA 

positions 

The locations of their T-DNA insertions with SALK/SAIL numbers and the length of their CDS are 

indicated. Briefly, in seth1-3, seth2, pnt1-3, and aptg1 mutants, the T-DNA was inserted in the non-coding 

region of AT2G34980 (~26 bp upstream from the initiation codon ATG), the 6
th

 intron on At3g45100, the 

1
st
 intron on At5g22130, and the 5

th
 intron on AT5G14850 respectively. The T-DNA of other GPI 

machinery genes (SETH1-2_AT2G34980, PNT5_At4g17910, PGAP5_At1g53710, PGAP3A_At1g16560, 

PGAP3B_At5g62130, and PGAP4_At1g57600) was located in the exon of corresponding genes locus. 

Black boxes and introns represent exons of GPI machinery genes by lines. 
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Figure S2. Protein similarity heatmap of PLC-like proteins in Arabidopsis thaliana 

The protein similarity heatmap was produced in PLAZA 

(https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v5_dicots/) using the InterPro domain 

IPR017946, which is a PLC-like phosphodiesterase in the TIM beta/alpha-barrel domain superfamily. 

  

https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v5_dicots/
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Table S2. Primers used in Chapter 4 

Primer Sequences (5'->3') 

LB_SAIL GCCTTTTCAGAAATGGATAAATAGCC 

LB_SALK ATTTTGCCGATTTCGGAACC 

Lp_seth1-2 AGTTGATGGCCTCACATTTTG 

Lp_seth1-3 CTGAGTTCGATGGCTCTCAAC 

Lp_seth2 GAGTCGAAATGCTAGGTGCAG 

Lp_pnt5-2 ACACATATTTGCTTTCGGACG 

Lp_pnt1-3 CCTTGCATTAGGCAGAGAATG 

Lp_aptg1 CCCTTCTCTGCACTGTTTCAG 

Lp_pgap5 ATGATCATGGCCAGACAGAAC 

Lp_pgap3b ACACATATTTGCTTTCGGACG 

Lp_pgap3a AAATGGTTTCGCATGAGTCTG 

Lp_pgap4 GTGGAACGAAAGTTCAAGCTG 

Rp_seth1-2 TGCAACCCAAAGTTGAATTTC 

Rp_seth1-3 CAGCAAAGACATGGAGCCTAG 

Rp_seth2 CACTTATTCCTGGCGAGTCTG 

Rp_pnt5-2 TCCGATGAAGCAAGAAAGAAG 

Rp_pnt1-3 ACCGGAAACCAAACATAAACC 

Rp_aptg1 TTATACGTTGGGATGCTCGAG 

Rp_pgap5 GAAGGCAGAGTTGGGGATATC 

Rp_pgap3b TCCGATGAAGCAAGAAAGAAG 

Rp_pgap3a ACCTAGCAATGCATTTCCATG 

Rp_pgap4 CATGAGGCATGTGATTGTGAC 

1113_PLCL1-gRNA1 AGAGTCGAAGTAGTGATTGACGGACGGTAGTCATCGCCAGTTTTAGAGCTAGAAATAGCA 

1114_PLCL1-gRNA2 AGAGTCGAAGTAGTGATTGAAGTAAGTCTCGAACCCCGGGTTTTAGAGCTAGAAATAGCA 

1115_PLCL2-gRNA1 AGAGTCGAAGTAGTGATTGGCGAGTGGTAGTCATCCCCAGTTTTAGAGCTAGAAATAGCA 

1116_PLCL2-gRNA2 AGAGTCGAAGTAGTGATTGGGGACCCTTTGGTCACTCGTGTTTTAGAGCTAGAAATAGCA 

1117_PLCL3-gRNA1 AGAGTCGAAGTAGTGATTGACCGATCTCGAGAAATCGTGGTTTTAGAGCTAGAAATAGCA 

1118_PLCL3-gRNA2 AGAGTCGAAGTAGTGATTGTGATCTGCGTTTGGAAACCGGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14E-gRNA1 AGAGTCGAAGTAGTGATTGGTCTTCATGAGGCAAAACACGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14E-gRNA2 AGAGTCGAAGTAGTGATTGAGGATCGTTATTAATCCGAGGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14F-gRNA1 AGAGTCGAAGTAGTGATTGGGAAGACTAGGCTGTACTGGGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14F-gRNA2 AGAGTCGAAGTAGTGATTGGTATCGAGGACCCACAATGGGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14G-gRNA1 AGAGTCGAAGTAGTGATTGATGCTCTAAGAGTTCTCCAAGTTTTAGAGCTAGAAATAGCA 

AtGLCAT14G-gRNA2 AGAGTCGAAGTAGTGATTGTTATACCGGACCAACAATGGGTTTTAGAGCTAGAAATAGCA 

AtGALT31B-gRNA1 AGAGTCGAAGTAGTGATTGGCAAGTTGGTGAGGCAGGACGTTTTAGAGCTAGAAATAGCA 

AtGALT31B-gRNA2 AGAGTCGAAGTAGTGATTGCGAAGGCCTTCGGGATCGGAGTTTTAGAGCTAGAAATAGCA 

AtGALT31C-gRNA1 AGAGTCGAAGTAGTGATTGACGACTCGCACCGTCTTCGGGTTTTAGAGCTAGAAATAGCA 

AtGALT31C-gRNA2 AGAGTCGAAGTAGTGATTGCGAAGACCTTCTGGATCTGAGTTTTAGAGCTAGAAATAGCA 

AtGALT31D-gRNA1 AGAGTCGAAGTAGTGATTGGCTTCTGTTTATCGATGCGGGTTTTAGAGCTAGAAATAGCA 

AtGALT31D-gRNA2 AGAGTCGAAGTAGTGATTGCAAAGCAGTTCTACGATCACGTTTTAGAGCTAGAAATAGCA 
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Abstract 

Our recent work identified the glycosylphosphatidylinositol- (GPI-) deacylase 

HLD1/AtPGAP1 as an indispensable component required for the self-incompatibility-induced 

programmed cell death (SI-PCD) response in pollen. GPI-anchored proteins (GPI-APs) play a 

critical role in a plethora of plant biological processes, including growth, stress response, 

morphogenesis, signaling, and cell wall biosynthesis. In mammals, PGAP1 is involved in the 

first step of GPI-AP remodeling, which improves the efficiency and speed of GPI-AP transport 

from the endoplasmic reticulum to the Golgi apparatus. Furthermore, HLD1-facilitated GPI-

AP modification is necessary to cleavage and release some GPI-APs from the plasma 

membrane. Even though the biochemical function of HLD1/AtPGAP1 is well understood, the 

biological functions of HLD1-mediated GPI-AP modification in plants remain largely unknown. 

Here, we investigated the biological functions of HLD1/AtPGAP1 activity in plants using 

knockout mutants identified from a forward genetic mutant screen. Apart from the inability to 

perform Papaver-type SI-PCD, no severe developmental defects were observed in Arabidopsis 

HLD1/AtPGAP1 knockout plants. However, closer investigation revealed delays in flowering 

time, root growth, and slower pollen germination, leading to a reduction of male gametophytic 

transmission. Our data provide new insights into the biological functions of GPI-AP 

modification by HLD1/AtPGAP1 in plants. 
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Introduction 

In eukaryotes, targeting both intrinsic and peripheral membrane proteins to the plasma 

membrane (PM) is essential for normal development by mediating a myriad of essential 

biological functions, such as signaling into and out of the cells, ion transport, and cell-cell and 

cell-matrix interactions (Leth-Larsen et al., 2010). Among various targeting mechanisms are 

covalent lipid post-translational modifications (PTMs), for instance, N-myristoylation, 

palmitoylation/S-acylation, and prenylation of intracellular proteins attachment of a GPI lipid 

anchor, exert a profound impact on protein targeting and function (Luschnig and Seifert, 2011). 

GPI anchoring is a highly conserved PTM that plays a crucial role in the biosynthesis and 

targeting of GPI-anchored proteins (GPI-APs) to the outer leaflet PM in eukaryotes (Low and 

Saltiel, 1988; Ferguson and Williams, 1988). GPI-APs play crucial roles in various biological 

processes, including growth, morphogenesis, reproduction, and pathogenesis (Cheung et al., 

2014).  

The GPI anchor is synthesized in the endoplasmic reticulum (ER) and is then attached to 

the C- terminus of proteins containing a GPI signal peptide by a GPI transamidase (Kinoshita, 

2020). Once the target proprotein is covalently attached to the GPI precursor, the lipid and 

glycan of the GPI moiety in the nascent GPI-AP undergo structural remodeling before transport 

to the Golgi (Maeda and Kinoshita, 2011; Fujita and Kinoshita, 2012). The first reaction 

involved is inositol deacylation, which removes the acyl chain linked to the inositol ring 

mediated by PGAP1 (Post GPI Attachment to Proteins 1) in the ER (Tanaka et al., 2004; Fujita 

et al., 2006). GPI-AP deacylation by PGAP1 is functionally highly relevant in mammals, as 

PGAP1-knockout mice showed severe developmental defects (Ueda et al., 2007). Humans with 

PGAP1 dysfunction display intellectual disabilities and encephalopathy (Murakami et al., 2014; 

Bosch et al., 2015). In the yeast Saccharomyces cerevisiae, mutants of the PGAP1 ortholog 

BST1 showed a slower transport of GPI-APs from ER to the Golgi than that in the wild-type 

cells (Elrod-Erickson and Kaiser, 1996; Castillon et al., 2009), suggesting that the inositol-

deacylase-remodeling of the GPI moiety is essential for the efficient and rapid transport of GPI-

APs from the ER to the Golgi. A recent report identified a PGAP1 homolog 
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(AtPGAP1_At3g27325) in Arabidopsis. It showed its biochemical function as a GPI inositol 

deacylase in a plant cell. However, it did not give evidence of the functional relevance of GPI-

AP modulation by AtPGAP1 (Bernat-Silvestre et al., 2021). In an independent approach, we 

identified 12 highlander1 (hld1) mutant alleles by an EMS-mutagenesis suppressor screen of 

SI-PCD, all mapped to AtPGAP1 (Lin et al., 2022). We independently confirmed the 

biochemical function of AtPGAP1/HLD1 as inositol deacylase. We provided a biological 

function for AtPGAP1/HLD1 function as a crucial component of SI-PCD) in Papaver and 

transgenic Arabidopsis plants expressing a Papaver SI-PCD module (Lin et al., 2022).  

Apart from the involvement in the SI-PCD process, the other roles of HLD1/AtPGAP1 in 

plants, such as development and non-developmental signaling processes (like immune or stress 

responses), have not been characterized. This study examined the biological functions of GPI-

AP remodeling by HLD1/AtPGAP1 using the knockout mutants identified from the SI-PCD 

suppressor screen. No severe developmental defects were observed in HLD1/AtPGAP1 

knockout plants. Still, they showed delays in root growths and flowering time, as well as slower 

pollen germination coupled with a reduction of male gametophytic transmission efficiency. 

 

Results 

Reproductive developmental analysis of hld1 mutant  

Chapter 3 showed that the hld1/atpgap1 mutations had no significant effects on vegetative 

development. However, we noticed that the flowering of hld1/atpgap1 mutants was delayed 

(Chapter 3 Figure 5) (Lin et al., 2022). In order to identify additional reproductive phenotypes, 

we scrutinized bolting time, the morphology of pollen grains, seed set, and seed germination. 

Initially, we tested the effect of hld1 mutation on the bolting time in two different backgrounds, 

i.e. Col-0 and At-SI. The bolting time of hld1 plants was delayed 5 days in the background of 

Col-0 (p < 0.0001) and 4 days in the background of At-SI (p < 0.001) (Figure 1B). This result 

is consistent with delayed flowering of hld1/atpgap1 plants. Next, the morphology of mature 

pollen grains in hld1/atpgap1 mutants showed no apparent defects and mutant pollen was 

indistinguishable from the wild type (Figure 1A). Also, silique lengths (Figure 1C) and seed 
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number per silique (Figure 1D) in heterozygous and homozygous hld1/atpgap1 plants were 

indistinguishable from the wild type. Finally, we found that the seed germination rates were 

nearly identical (> 97%) in the wild-type and hld1/atpgap1 mutant plants (Table S1). These 

data showed no development defects in hld1/atpgap1 plants beside a delay in bolting and 

flowering time. 

Figure 1. hld1/atpgap1 mutants show normal reproductive development but with delayed bolting 

time 

(A) Scanning electron micrographs of mature pollen grains from the plants of the WT, atpgag1-c1, and 

hld1-7. Bar, 20 μm.  

(B-C) Mature siliques from the main stems of selfing plants of WT, atpgap1-c1+/-, and atpgap1-c1-/- were 

selected for measuring the silique length (C) and counting the number of seeds (D). 10 siliques from 6th to 

15th from bottom to top were determined each plant. n = 20-50. One-way ANOVA. ns, not-significant, p > 

0.05. 
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(D) Bolting time was recorded as the number of days starting from the day that transferring seeds was from 

a cold room (4 ℃ in the dark) to greenhouse conditions (16h light / 8h dark regime at 22 ℃) to the day that 

the first elongation of the floral stem at 0.1 cm height. n = 22. One-way ANOVA. ****p < 0.0001. 

 

Dysfunction of AtPGAP1 results in a reduction in male transmission  

Next, we tested if lack of HLD1/AtPGAP1 influences the genetic transmission using two 

heterozygous CRISPR-mediated alleles, atpgap1-c1 and atpgap1-c2. Analysis of self-

pollination of heterozygous atpgap1-c1 and atpgap1-c2 showed that the genotype ratio of self-

progeny was 1.56:2.78:1 and 2.27:3.13:1 (Table 1), rather than expected 1:2:1, implying that 

the atpgap1 gametophyte was defective. To dissect if male, female, or both gametophytes were 

compromised, we made reciprocal crosses between WT plants and heterozygous atpgap1 

mutants. We examined the genotypes of the F1 offspring and found that transmission efficiency 

(TE) of the atpgap1 mutant allele via the female germ line was ~100%, while it was reduced to 

35% via the male germline (Table 1). We performed a limited pollination assay to assess that 

reduced male TE was caused by a fatal atpgap1 defect or a disadvantage atpgap1 pollen has in 

competition with its wild-type sibling pollen. In this approach, up to 35 pollen grains, thus less 

than available ovules in the flower, are brought onto a stigma to lessen competition between 

the wild-type and mutant pollen siblings. In these experiments, atpgap1 mutant pollen could 

pass on its mutant allele with nearly complete efficiency to the F1 generation, suggesting that 

atpgap1 mutant pollen was indeed outcompeted by wild-type pollen in regular maximal 

pollination. These results aligned with the observation that homozygous hld1/atpgap1 mutants 

are fully fertile (Lin et al., 2022) and indicated that the hld1/atpgap1 mutant pollen can achieve 

fertilization but has some disadvantages when competing with WT pollen. 
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Table 1. Genetic transmission analysis of heterozygous atpgap1 plants 

Cross  

(♀Female x ♂Male) Progeny genotype 

 WT atpgap1+/- atpgap1-/- 
Ratio / 

Transmission 

Efficiency 

Expected  p values 

Self-pollination       

atpgap1-c1
+/-

  56 100 36 1.56:2.78:1 1:2:1 0.1054 

atpgap1-c2
+/-

  68 94 30 2.27:3.13:1 1:2:1 0.0005 

Maximum 

pollination 
      

Col-0 x atpgap1-c1
+/- 149 41 - 34.8% 100.0% < 0.0001 

atpgap1-c1
+/- 

x Col-0 61 62 - 101.6% 100.0% 0.9282 

Col-0 x atpgap1-c2
+/-

  131 46 - 35.1% 100.0% < 0.0001 

atpgap1-c2
+/-

 x Col-0 61 66 - 108.2% 100.0% 0.6573 

Limited pollination       

Col-0 x atpgap1-c1
+/- 58 52 - 89.7% 100.0% 0.5673 

Col-0 x atpgap1-c2
+/-

  69 58 - 84.06% 100.0% 0.3290 

The genotypes of F1 progeny of selfing and crossing plants were analyzed by a PCR-based method 

described in "Materials and Methods". The selfing and crossing pollination using heterozygous atpgap1+/- 

plants revealed that the pollen of the atpgap1 mutant had a disadvantage in competing with the WT pollen 

when achieving double fertilization. The genetic transmission of atpgap1 pollen was calculated according 

to (Howden et al., 1998), i.e., transmission efficiency equals atpgap1+/- / WT x 100%. The number of pollen 

grains pollinated onto one stigma was less than 35 in each limited pollination. The discrepancies were 

significant when the p values < 0.05 (from Chi-square tests). 

 

Mutation of AtPGAP1 contributes to in vitro pollen defect  

To characterize which pollen defect might cause the lowered male transmission efficiency of 

the hld1/atpgap1 mutant, we next performed in vitro pollen germination assays. Pollen grains 

were cultivated in the pollen germination medium. Microscopic inspection revealed a stark 

difference between the wild-type and hld1/atpgap1 mutant pollen: While over 90% of the wild-

type pollen had formed long pollen tubes after 6 hours of incubation, none of the hld1/atpgap1 

mutant pollen of two independent alleles did so (Figure 2A and 2B). About 70% of 
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hld1/atpgap1 mutant pollen did germinate but formed only very short pollen tubes that often 

appeared to burst during germination (Figure 2A and 2C). This data shows that defective 

gametophytic GPI remodeling in hld1/atpgap1 mutants severely affects pollen germination 

efficiency and pollen tube growth in vitro. 

Figure 2. Mutation of AtPGAP1 brings out in vitro pollen defect  

(A) Pollen grains were cultivated on a pollen germination medium at 28 ℃ for 6 h. Pollen from WT plants 

germinated normally, and its pollen tubes elongated effectively, in contrast to pollen from hld1/atpgap1 

mutant plants that showed reduced pollen germination efficiency, pollen bursting (white arrows), and pollen 

tube growth arrest (black arrows). Bars, 20 μm.  

(B-C) Quantification of in vitro pollen germination (B) and pollen tube elongation (C). The ratio of 

elongated pollen tubes = the number of elongated / all germinated pollen tubes. Three biological repeats 

were carried out and 150-200 pollen grains were counted for every sample in each replicate. One-way 

ANOVA, ****p < 0.0001. 
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Mutation of AtPGAP1 leads to a delay in in vivo pollen tube growth  

To test if reduced germination and block of PT growth happen also in vivo, we analyzed pollen 

behavior after pollination to stigmas of ms1 plants (Ito et al., 2007). We applied pollen of the 

wild type, atpgap1, and hld1 onto ms1 stigmas and then prepared pistils at 1, 3, 6, 12, and 24 

hours after pollination (HAP) for aniline blue staining (Figure 3). We also quantified the lengths 

of the longest pollen tubes in the transmitting tract. At 1 HAP, hld1/atpgap1 mutant pollen 

tubes were clearly shorter than the wild-type pollen tubes, many of which had already passed 

the style at this time point (Figure 3A and 3C). At 3 and 6 HAP, the difference between mutants 

and the wild type became smaller but was still significant. At 12 and 24 HAP, the lengths of 

mutant pollen tubes showed no significant difference to the wild type, and mutant pollen tubes 

were able to grow to the base of the transmitting tract (Figure 3B and 3C). These results 

suggested that the lack of HLD1 in vivo interfered mainly with pollen germination or the onset 

of pollen tube growth but less with later stages of pollen tube elongation. 
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Figure 3. The mutation of AtPGAP1 results in a delay in early pollen growth 

(A-B) Stigmas of ms1 plants were pollinated with pollen from WT and hld1/atpgap1 mutants at different 

time points. Pollen tubes were fixed and stained with aniline blue. Representative confocal images at 1, 3, 

6, 12, and 24 HAP. The positions of the most extended pollen tubes are indicated with yellow arrows. Bars, 

500 μm. 
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(C) Measurement of pollen tube lengths showed a delay of early pollen growth at the style and transmitting 

tract in hld1/atpgap1 mutants. n = 10-17. Two-way ANOVA. ****p < 0.0001; ns, not-significant, p > 0.05 

 

To investigate the onset of pollen tube growth in more detail, we repeated the pollination 

assay at 30, 60, 90, and 120 minutes after pollination (MAP), which confirmed a slower start 

of pollen tube growth in vivo (Figure 4A and 4C). At 30 MAP, there were only wild-type pollen 

tubes on the stigmas. We found mutant pollen tubes in style at 60 MAP, and their lengths were 

much shorter than that of wild-type pollen tubes at the following time points. We performed a 

similar pollination assay at 30, 40, 50, and 60 MAP to detect the specific time of delayed mutant 

pollen tube germination. At 30 MAP, neither wild-type nor mutant pollen tubes had entered the 

style. This variation versus the previous observation (Figure 4A and 4C) may be due to different 

environmental factors, like humidity and temperature. At 40 and 50 MAP, however, elongating 

wild-type, but not mutant, pollen tubes were detectable in the style. Only at 60 MAP, mutant 

pollen tubes invaded the style, suggesting a delay of pollen germination by about 30 to 40 

minutes. This delay in pollen germination or the early stages of pollen tube growth might be a 

disadvantage for hld1/atpgap1 pollen when competing with the wild-type pollen for 

fertilization and thus be the reason for lower transmission efficiency following maximal 

pollination. 
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Figure 4. The delay of atpgap1 pollen growth due to the late pollen germination  

. (A-B) Stigmas of ms1 plants were pollinated with pollen from WT, and hld1/atpgap1 mutant plants at 30, 

60, 90, and 120 MAP, and representative confocal images are shown. The positions of the longest pollen 

tubes are indicated by yellow arrows (A). Measurement of pollen tube lengths showed WT pollen tubes 

were significantly longer than that of hld1/atpgap1 mutants (B). n = 5-6. Two-way ANOVA. ****p < 

0.0001, ***p < 0.001. Bars, 200 μm. 
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(C-D) A similar in vivo pollen growth assay was carried out, and pollen tubes were fixed and stained with 

aniline blue at 30, 40, 50, and 60 MAP, and representative confocal images were shown. The positions of 

the longest pollen tubes are indicated by yellow arrows (C). At 40 MAP, the pollen tubes were found from 

WT pollen but not in hld1/atpgap1 pollen, indicating dysfunction of AtPGAP1 results in late pollen 

germination. Measurement of pollen tube lengths showed the pollen tubes of WT was significantly longer 

than that of hld1/atpgap1 mutants (D). n = 3-7. Two-way ANOVA. ****p < 0.0001; ns, not-significant, p > 

0.05. Bars, 200 μm. 

 

Mutation of AtPGAP1 does not affect pollen hydration in vivo 

Hydration is a prerequisite for pollen germination on the stigma (Gao et al., 2016). Recent 

results show that the first 10 min of pollen hydration is critical for the speed of pollen 

germination (Rozier et al., 2020).To examine whether pollen hydration was disturbed and the 

underlying cause of reduced male transmission in hld1/atpgap1 mutants, we evaluated the 

hydration on the stigma in vivo. To observe and image the process of pollen hydration, we used 

hld1/atpgap1 pollen in the At-SI background that expresses At-PrpS1-GFP (de Graaf et al., 2012; 

Lin et al., 2015). Pollen grains of At-SI wild-type, At-SI atpgap1, and At-SI hld1 plants were 

pollinated onto ms1 stigmas and then imaged under a fluorescence microscope at 2, 5, 10, and 

20 MAP. As indicated by the rapid rounding of the pollen grains on the stigma, mutant pollen 

could become hydrated as fast as the wild type (Figure 5A). Quantification of rounding (ratio 

of minor and major pollen diameter) and statistical analysis confirmed the visual impression 

(Figure 5 B and 5C), excluding hydration defects as a reason for delayed pollen tube 

germination in hld1/atpgap1 mutants. Taken together, these data suggest that the HLD1 

function is vital for the speed of pollen germination after successful hydration. These data 

indicate that the HLD1 function is essential for the speed of pollen germination after successful 

hydration, and pollen germination in vivo still needs to be checked. 
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Figure 5. Mutation of AtPGAP1 does not affect pollen hydration in vivo 

(A) Pistils of ms1 plants were excised from the flower at the 12th stage and placed vertically with the stalk 

part into the 1% agarose. Pollen grains from WT, atpgap1, and hld1 plants were spread onto the stigma of 

ms1 plants, and pollen samples were imaged at 2, 5, 10, and 20 MAP. Representative images were selected, 

and yellow-dotted ellipses indicated the outline of pollen grains. Bars, 10 μm. 

(B-C). The ratio of the minor and major axis of pollen grains was determined to show pollen hydration rates. 

Data were presented as means ± SD. n = 30-52. Two-way ANOVA; ns, not-significant, p > 0.05.  

 

The effect of AtPGAP1 mutation in primary root growth under abiotic stress 

conditions 

Plant GPI-APs are crucial in various plant biological processes, including growth and stress 

response (Yeats et al., 2018). Hence, we investigated whether defective GPI-AP remodeling in 

hld1/atpgap1 mutants affected vegetative development and abiotic stress responses. First, we 
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compared the primary root lengths between wild type and hld1/atpgap1 mutants at different 

time points after germination. The primary root lengths of 3-, 4-, and 5-day-old seedlings of 

both hld1/atpgap1 mutant alleles (hld1 and atpgap1) were comparable to those in wild-type 

plants. At 7 days, hld1 mutant plants exhibited slightly shorter primary roots than the wild type, 

whereas root lengths of atpgap1 mutant plants did not significantly differ from the wild type 

(Figure 6A). However, at 10 days of age, both hld1/atpgap1 mutants showed shorter primary 

roots compared to the wild type, which is consistent with published observations of an 

AtPGAP1 T-DNA mutant (Bernat-Silvestre et al., 2021). 

Next, we measured root elongation in hld1/atpgap1 mutants during abiotic stress situations 

brought about by salt, osmotic stress, or application of exogenous ABA. Due to the growth 

defect in non-challenged mutant roots from 7 days after germination, we calculated relative 

primary root growth ratios of challenged versus non-challenged seedlings. Root elongation in 

hld1/atpgap1 mutants was comparable to the wild type under different concentrations of NaCl 

and mannitol (Figure 6B and 6C), indicating that mutation of AtPGAP1 did not have noticeable 

effects on the root growth under ionic and osmotic stress. However, seedlings of the atpgap1 

mutant allele, but not of the hld1 mutant allele, were slightly more sensitive to high 

concentrations of ABA stress (10 μM) when compared to the wild type (Figure 6D). As ABA 

and consistent with that regulate many drought responses, several GPI-APs respond to drought 

stress (Leshem et al., 2010; Guo et al., 2013; Cagnola et al., 2018), AtPGAP1 could play a role 

in the root growth under drought stress. However, as the two independent hld1/atpgap1 mutant 

alleles did not react similarly to ABA treatment, future experiments would be needed to 

investigate this possibility.  

In addition to ion concentrations and water availability, the temperature is an important 

abiotic factor that affects plant growth, development, and reproduction, and several GPI-APs 

have been shown to regulate root growth under cold stress (Ji et al., 2015; Takahashi et al., 

2016; Chen et al., 2018). Hence, we tested if the cold and heat stress tolerance was affected in 

hld1/atpgap1 mutants. A 24-hour treatment with low temperatures (4 ℃) showed no 

differences between the hld1 mutant and the wild-type plants (Figure 6E). A short-term heat 
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treatment of 15, 30, or 60 minutes at 45 ℃, followed by root growth measurements at 36 hours 

after the stress, produced mixed results: No differences between mutants and the wild type were 

found for the 15 minutes treatment, but both mutant alleles showed reduced root growth after 

30 minutes of heat stress (Figure 6E). After 60 minutes of heat stress, however, this trend was 

only confirmed for one of the hld1 mutant alleles. While these data suggest that HLD1-

dependent GPI-AP remodeling is not essential for cold stress responses, they do not allow any 

conclusions about HLD1 functions in the heat-stress response. 
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Figure 6. Mutation of AtPGAP1 affects root growth without or with abiotic stress 

(A) WT and hld1/atpgap1 mutant seedlings were grown on LRC2 plates and the primary root length of 3-, 

4-, 5-, 7-, and 10-day-old seedlings were measured. Ten replicates were carried out, with five seedlings for 

each sample in each replicate. Two-way ANOVA. ***p < 0.001; ns, not-significant, p > 0.05.  

(B) Four-day-old WT and hld1/atpgap1 mutant seedlings grown on regular LRC2 plates were transferred 

to the treatment plated without or with different concentrations of NaCl. The increased length of primary 

root in each seedling was measured 5 d after transfer. The bars indicated means of relative root growth and 

individual data were showed in black dots. Two replicates were carried out, with ten seedlings for each 

sample in each replicate. Two-way ANOVA. ns, not-significant, p > 0.05.  

(C) Similar root growth assay was performed under different concentrations of mannitol. Four replicates 

were carried out, with five seedlings for each sample in each replicate. Two-way ANOVA. *p < 0.05; ns, 

not-significant, p > 0.05.  

(D) Similar root growth assay was performed with different concentrations of ABA. Four replicates were 

carried out, with five seedlings for each sample in each replicate. Two-way ANOVA, **p < 0.01; ns, not-

significant, p > 0.05.  

(E) Similar root growth assay was performed under low (4 ℃) or high temperature (45 ℃). Two replicates 

were carried out, with more than six seedlings for each sample in each replicate. Two-way ANOVA. ****p 

< 0.0001, *p < 0.05; ns, not-significant, p > 0.05. 

 

Discussion 

To discover the novel players of the Papaver SI-PCD process, we established an ethyl methane 

sulfonate (EMS)-based forward genetic screen for suppressors of transgenic Papaver-type SI-

PCD in Arabidopsis. While 12 independent suppressor mutants were recovered, they all 

mapped to one locus, a gene encoding the GPI-deacylase HLD1/AtPGAP1. Apart from the SI-

PCD repression phenotype, hld1 mutants are wild-type-like in appearance and only show minor 

defects in development, for instance, reduced primary root growth, a delay in flowering, and 

delayed pollen germination. HLD1 is an ortholog of the human PGAP1, and the loss of its 

function as an inositol deacylase in the GPI-APs remodeling renders retention of an extra acyl 

chain in GPI anchors, resulting in an inability to cleave the incompletely remodeled GPI-APs 

in the hld1 mutant from the plasma membrane (Lin et al., 2022). In animals, humans with a null 
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mutation in PGAP1 suffer from intellectual disabilities and encephalopathy (Murakami et al., 

2014; Bosch et al., 2015), and PGAP1-knockout mice display severe developmental defects 

(Ueda et al., 2007).  

The weak developmental phenotypes of the hld1 mutant also stand in contrast to mutants 

identified in the GPI-AP biosynthesis pathway, which are often highly defective in 

developmental processes or even lethal, like the seth mutants (Lalanne et al., 2004). The 

difference between HLD1 and GPI-AP biosynthesis mutants probably is caused by the fact that 

GPI-AP remodeling by HLD1 is only functionally relevant for a subset of GPI-APs in plants, 

not for all GPI-APs. Possibly only a subset of GPI-APs needs to be cleaved at the PM, for 

instance, to be activated in response to external stimuli or signaling processes. Since functional 

AtPGAP1 genes are highly conserved throughout the plant kingdom, we assume that GPI-AP 

remodeling does play a significant role in plant biology. GPI-AP cleavage, also the efficiency 

and speed of GPI-APs translocation from ER to the PM might be necessary. In our study, pollen 

germination and/or early pollen tube growth is delayed in vivo, causing a competitive 

disadvantage and reduced male transmission in the presence of wild-type pollen. The delay is 

possibly caused by the slower transport of GPI-APs. This would be a very strong positive 

selection factor for a functional HLD1 protein, similar to the speed of pollen tube growth. 

Several studies have indeed shown that a high pollen competitive ability, particularly pollen-

tube growth rate, is associated with high siring capacity (Aronen et al., 2002; Lankinen et al., 

2009).  

In our study, although AtPGAP1-deficient pollen grains can germinate and in vivo are able 

to achieve fertilization, in vitro, they fail to maintain pollen tube growth after germination. It is 

known that pollen tubes grow faster in the pistil compared to tubes grown in vitro and become 

competent to perceive and respond to navigation cues secreted by the pistil (Park et al., 2000; 

Qin et al., 2009; Takeuchi and Higashiyama, 2016). The difference between pollen tube growth 

in vivo and in vitro may be explained by the fact that the in vitro system causes specific stresses, 

and hld1 mutant pollen is hypersensitive to them, suggesting that HLD1 is important for stress-

resilience of pollen during germination. That would also be a firm selection pressure to maintain 
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functional HLD1 throughout land plant evolution: stress-sensitive pollen would cause a major 

counter-selection to pass on a defective HLD1 gene to the next generation.  

Mutations in most GPI-AP biosynthesis and remodeling genes manifest defects in 

reproductive development in animals and plants. In mice, oocyte-specific knockout mutants of 

PIG-A, an essential protein for the first step of GPI biosynthesis, produce eggs with a severe 

fertilization defect (Alfieri et al., 2003). In plants, however, mutations in most GPI players do 

not substantially impact female gametophyte viability. For instance, the mutation of the PIG-A 

homolog SETH2, the GPI8/PIG-K homolog ATGPI8, and the PIG-M homolog PNT1 in 

Arabidopsis (Lalanne et al., 2004; Gillmor et al., 2005; Bundy et al., 2016). In support of this, 

our study showed no defect in the genetic transmission of atpgap1 mutant alleles through the 

female germline in the reciprocal crosses of heterozygous mutants. Correct GPI biosynthesis is 

indispensable in male fertility in animals and plants. For example, mice PGAP1-deficient 

spermatozoa showed weak attachment to the zona pellucida and a severely diminished 

fertilization rate, suggesting an extra acyl chain in GPI anchors causes severe deleterious effects 

on the development and function of sperm (Ueda et al., 2007). In Arabidopsis, pollen 

germination and pollen tube growth are impaired in the seth1, seth2, pnt1, atgpi8, and atpigs 

mutant plants (Lalanne et al., 2004; Gillmor et al., 2005; Bundy et al., 2016; Desnoyer et al., 

2020). Pollen tube growth of the aptg1 mutant (the Arabidopsis homolog of PIG-B and GPI10 

in mammals) does not show noticeable abnormalities but displays compromised micropylar 

guidance (Dai et al., 2014). In our study, AtPGAP1-deficient mutants showed delays in 

flowering time and slower pollen germination in vivo, suggesting that HLD1/PGAP1 is required 

to control flowering time and the rapid process of pollen germination.  

Besides the function of reproductive development in plants, we investigated the biological 

function of GPI-AP remodeling in non-developmental signaling processes. The hld1/atpgap1 

seedlings showed no noticeable sensitivity to salt and osmotic stress and treatment with the 

stress-hormone ABA. Since hld1/atpgap1 mutants had only weak developmental phenotypes, 

it is tempting to speculate that other non-developmental signaling processes, for instance, plant 

immunity, may be affected by the hld1 mutation, which holds exciting prospects for future 
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research. Our characterization of the impacts of the loss of this GPI-remodeling factor in 

developmental and non-developmental processes provides profitable insights into the role of 

the plant GPI pathway. It raises several intriguing questions for animal and plant biology. 

 

Material and methods 

Plant material and growth conditions 

All transgenic and mutant lines used in this chapter were in the Arabidopsis Columbia-0 (Col-

0) ecotype background. For plants growing in optimal in vitro conditions, seeds sterilized by 

chlorine gas were sown out on LRC2 plates (2.15 g.L-1 Murashige and Skoog basal salts 

(Duchefa Biochemie), 0.1g.L-1 MES, pH 5.7 (KOH), and 1.0 % Plant Tissue Culture Agar 

NEOGEN), and kept at 4 oC in the dark for three days subsequently transferred for vertical 

growth in a growth chamber with continuous light emitted (white fluorescent lamps, intensity 

120 µmol.m2.s-1), at 22 oC. For abiotic stress assay, 4-day-old seedlings were transferred into 

the treatment LRC2 plates without or with different concentrations of the corresponding 

stresses. The LRC2 plates with seedlings were then imaged using the scanner Epson Expression 

11000XL. For plants that grow in soil, seeds were sown out in plant trays or small round pots 

filled with wet Jiffy soil and kept at 4 oC in the dark for three days, subsequently exposed to 

greenhouse conditions under a 16 h light / 8 h dark regime at 22 oC. 

 

Developmental phenotype characterization 

For bolting time and flowering time assay, seeds were sown out into Jiffy soil and kept in a cold 

room (4 oC in the dark) for three days, subsequently exposed to greenhouse conditions. Bolting 

time was recorded as the number of days starting from the day when transferring seeds from 

the cold room to the greenhouse conditions to the day when the first elongation of the floral 

stem was at 0.1 cm height. Flowering time was estimated as the days from transferring seedlings 

into greenhouse conditions to the day of the first flower opening. Images of fresh pollen grains 

were obtained under an accelerating voltage of 15 kV using a Hitachi TM-1000 tabletop 
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scanning electron microscope equipped with a 1500 times magnification. For seed set analysis 

of self-pollination siliques, ten mature siliques of the main stem from 6th to 15th from bottom 

to top were selected from each plant. For seed germination assay, seeds were sown out into 

LRC2 plates, and the number of germinated seeds was counted after exposure in a growth 

chamber with continuous light emitted for 4 days. Genotyping of F1 progeny of selfing and 

crossing of atpgap1+/- plants was carried out using Phire Plant Direct PCR Kit (Thermo 

Scientific) according to the manufacturer’s instructions with primers (Table S2). 

 

Arabidopsis pollen in vitro germination assay 

For in vitro pollen germination assay, mature pollen was dispersed on the pollen germination 

medium in the Petri dishes containing 1 mM CaCl2, 0.01% H3BO3, 1 mM MgSO4, 1 mM 

Ca(NO3)2, 18% sucrose, pH=7.0 adjusted using KOH, solid with 0.1% Agar. Petri dishes were 

then incubated in humid boxes at 28 ℃ for 6 hours. Pollen germination was observed and 

imaged under an Olympus BX51 microscope.  

 

Arabidopsis pollen in vivo pollination assay 

All experiments about pollen and pistil in the in vivo pollination assay were carried out under 

an optical microscope unless stated otherwise. Col-0 stamens at floral stage 12 were 

emasculated and ms1 plants are male sterile. All hand pollinations were conducted after 24 h 

emasculation. For genetic transmission assay, pollen from heterozygous atpgap1 plants was 

pollinated onto emasculated pollen-free stigmas. After 14 d pollination, the dry siliques were 

carefully cut, and F1 seeds were used for genotyping by Phire Plant Direct PCR Kit (Thermo 

Scientific) according to the manufacturer’s instructions. For aniline blue staining, 1% agarose 

was prepared and poured into a 24-well tissue culture plate. Pollinated pistils were excised from 

the flower after different time points of pollination (according to different experiments) and 

placed vertically on the well of the tissue culture plate with the stalk part inserted into the 1% 

agarose. 4 M NaOH solution was added to the well immediately and incubated at RT for > 2 h 

to fix and soften the pistils, followed by staining with aniline blue staining [0.01% (w/v) aniline 
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blue in KPO4 buffer, pH = 7.5; 5% (v/v) glycerol] overnight. The stained samples were taken 

out from the tissue culture plate and placed on a glass slide, and a drop of 65% (v/v) glycerol 

was added to the pistil samples to protect them from damage. The samples were gently covered 

with a coverslip and were imaged (ex 360 nm, em 460 nm) with a PlanApochromat 20x 

objective (n/a 0.8) using a Zeiss LSM710 microscope. For pollen hydration, pistils of ms1 plants 

were excised from the flower at the 12th stage and placed vertically with the stalk part into the 

1% agarose. Pollen grains in the background of AtPrpS1-GFP were spread onto the pollen-free 

stigma, and pollen samples were imaged every minute until 30 minutes under a fluorescence 

microscope (Leica GFPB Bino 3).  

 

Statistical analysis, image analysis, and figure preparation  

The statistical details of experiments can be found in the corresponding Figure legends. The 

results of statistical tests can be found in the corresponding “Results” section. All images 

created by confocal microscopy were processed and analyzed using Fiji (Schindelin et al., 2012). 

Statistical tests were carried out using GraphPad Prism 9.0 for Windows. 

 

Supplemental data 

Supplemental Figures and Tables are also available at: 

https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O 

  

https://floppy.psb.ugent.be/index.php/s/D6sje01XSVTiJ2O
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Table S1. Mutation of AtPGAP1 does not affects seeds germination. 

Genotypes Germinated seeds In total seeds Germinated ratio  

WT 222 223 99.55% 

atpgap1-c1 211 214 100% 

atpgap1-c2 210 210 97.01% 

hld1-7 195 201 98.60% 

Seeds were sown out into LRC2 plates and the number of germinated seeds were counted after 4-day 

exposure in a growth chamber with continuous light emitted. (See details in Material and Methods).   

 

 

Table S2. Primers used in Chapter 5 

Primer Sequence (5'->3') 

589_At3g27325-F1 ATGCGTGATGTAAGATTTGCTATGAGCATTCG 

903_At3g27325-F6 GCTGGTAGCTACAAGCAGGTAAGGATCCTCC 

fei17_hld1-R ACAACAACTCCGGATAGTAATGGGTCAGAC 

 

  



 

174 

 

References 

Alfieri, J. A., Martin, A. D., Takeda, J., Kondoh, G., Myles, D. G., and Primakoff, P. (2003). Infertility 

in female mice with an oocyte-specific knockout of GPI-anchored proteins. J. Cell Sci. 116:2149–2155. 

Aronen, T., Nikkanen, T., Harju, A., Tiimonen, H., and Häggman, H. (2002). Pollen competition and 

seed-siring success in Picea abies. Theor. Appl. Genet. 104:638–642. 

Awasthi, R., Bhandari, K., Nayyar, H., and Anjum, N. A. (2015). Temperature stress and redox 

homeostasis in agricultural crops. Front. Environ. Sci. 3:2296–665X. 

Bernat-Silvestre, C., Sanchez-Simarro, J., Ma, Y., Montero-Pau, J., Johnson, K., Aniento, F., and 

Marcote, M. J. (2021). AtPGAP1 functions as a GPI inositol-deacylase required for efficient transport 

of GPI-anchored proteins. Plant Physiol. 187:2156–2173. 

Bosch, D. G. M., Boonstra, F. N., Kinoshita, T., Jhangiani, S., De Ligt, J., Cremers, F. P. M., Lupski, J. 

R., Murakami, Y., and De Vries, B. B. A. (2015). Cerebral visual impairment and intellectual 

disability caused by PGAP1 variants. Eur. J. Hum. Genet. 23:1689–1693. 

Bundy, M. G. R., Kosentka, P. Z., Willet, A. H., Zhang, L., Miller, E., and Shpak, E. D. (2016). A 

Mutation in the Catalytic Subunit of the Glycosylphosphatidylinositol Transamidase Disrupts Growth, 

Fertility, and Stomata Formation. Plant Physiol. 171:974–85. 

Cagnola, J. I., Dumont de Chassart, G. J., Ibarra, S. E., Chimenti, C., Ricardi, M. M., Delzer, B., 

Ghiglione, H., Zhu, T., Otegui, M. E., Estevez, J. M., et al. (2018). Reduced expression of selected 

FASCICLIN-LIKE ARABINOGALACTAN PROTEIN genes associates with the abortion of kernels in 

field crops of Zea mays (maize) and of Arabidopsis seeds. Plant. Cell Environ. 41:661–674. 

Castillon, G. A., Watanabe, R., Taylor, M., Schwabe, T. M. E., and Riezman, H. (2009). Concentration 

of GPI-Anchored Proteins upon ER Exit in Yeast. Traffic 10:186–200. 

Chen, J., Chen, X., Zhang, Q., Zhang, Y., Ou, X., An, L., Feng, H., and Zhao, Z. (2018). A cold-induced 

pectin methyl-esterase inhibitor gene contributes negatively to freezing tolerance but positively to salt 

tolerance in Arabidopsis. J. Plant Physiol. 222:67–78. 

Cheung, A. Y., Li, C., Zou, Y. J., and Wu, H. M. (2014). Glycosylphosphatidylinositol anchoring: control 

through modification. Plant Physiol. 166:748–50. 

Dai, X. R., Gao, X. Q., Chen, G. H., Tang, L. L., Wang, H., and Zhang, X. S. (2014). ABNORMAL 

POLLEN TUBE GUIDANCE1, an Endoplasmic Reticulum-Localized Mannosyltransferase Homolog 

of GLYCOSYLPHOSPHATIDYLINOSITOL10 in Yeast and PHOSPHATIDYLINOSITOL GLYCAN 

ANCHOR BIOSYNTHESIS B in Human, Is Required for Arabidopsis Pollen Tube Micropylar 

Guidance and Embryo Development. Plant Physiol. 165:1544–1556. 

de Graaf, B. H. J., Vatovec, S., Juárez-Díaz, J. A., Chai, L., Kooblall, K., Wilkins, K. A., Zou, H., Forbes, 



 

175 

 

T., Franklin, F. C. H., and Franklin-Tong, V. E. (2012). The Papaver Self-Incompatibility Pollen S-

Determinant, PrpS, Functions in Arabidopsis thaliana. Curr. Biol. 22:154–159. 

Desnoyer, N., Howard, G., Jong, E., and Palanivelu, R. (2020). AtPIG-S, a predicted 

Glycosylphosphatidylinositol Transamidase subunit, is critical for pollen tube growth in Arabidopsis. 

BMC Plant Biol. 20:380. 

Dvořák, P., Krasylenko, Y., Zeiner, A., Šamaj, J., and Takáč, T. (2021). Signaling Toward Reactive 

Oxygen Species-Scavenging Enzymes in Plants. Front. Plant Sci. 11:2178. 

Elrod-Erickson, M. J., and Kaiser, C. A. (1996). Genes that control the fidelity of endoplasmic reticulum 

to Golgi transport identified as suppressors of vesicle budding mutations. Mol. Biol. Cell 7:1043–1058. 

Ferguson, M. A. J., and Williams, A. F. (1988). CELL-SURFACE ANCHORING OF PROTEINS VIA 

GLYCOSYL-PHOSPHATIDYLINOSITOL STRUCTURES. Annu. Rev. Biochem. 57:285–320. 

Fujita, M., and Kinoshita, T. (2012). GPI-anchor remodeling: Potential functions of GPI-anchors in 

intracellular trafficking and membrane dynamics. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 

1821:1050–1058. 

Fujita, M., Yoko-O, T., and Jigami, Y. (2006). Inositol deacylation by Bst1p is required for the quality 

control of glycosylphosphatidylinositol-anchored proteins. Mol. Biol. Cell 17:834–850. 

Gao, X. Q., Liu, C. Z., Li, D. D., Zhao, T. T., Li, F., Jia, X. N., Zhao, X. Y., and Zhang, X. S. (2016). The 

Arabidopsis KINβγ Subunit of the SnRK1 Complex Regulates Pollen Hydration on the Stigma by 

Mediating the Level of Reactive Oxygen Species in Pollen. PLOS Genet. 12:e1006228. 

Gillmor, S. C., Lukowitz, W., Brininstool, G., Sedbrook, J. C., Hamann, T., Poindexter, P., Somerville, 

C., Gillmor, C. S., Lukowitz, W., Brininstool, G., et al. (2005). Glycosylphosphatidylinositol-

anchored proteins are required for cell wall synthesis and morphogenesis in Arabidopsis. Plant Cell 

17:1128–1140. 

Guo, L., Yang, H., Zhang, X., and Yang, S. (2013). Lipid transfer protein 3 as a target of MYB96 mediates 

freezing and drought stress in Arabidopsis. J. Exp. Bot. 64:1755–1767. 

Ito, T., Nagata, N., Yoshiba, Y., Ohme-Takagi, M., Ma, H., and Shinozakif, K. (2007). Arabidopsis 

MALE STERILITY1 Encodes a PHD-Type Transcription Factor and Regulates Pollen and Tapetum 

Development. Plant Cell 19:3549–3562. 

Ji, H., Wang, Y., Cloix, C., Li, K., Jenkins, G. I., Wang, S., Shang, Z., Shi, Y., Yang, S., and Li, X. (2015). 

The Arabidopsis RCC1 Family Protein TCF1 Regulates Freezing Tolerance and Cold Acclimation 

through Modulating Lignin Biosynthesis. PLOS Genet. 11:e1005471. 

Kinoshita, T. (2020). Biosynthesis and biology of mammalian GPI-anchored proteins. Open Biol. 10:2046-

2441. 

Lalanne, E., Honys, D., Johnson, A., Borner, G. H. H., Lilley, K. S., Dupree, P., Grossniklaus, U., and 

Twell, D. (2004). SETH1 and SETH2, Two Components of the Glycosylphosphatidylinositol Anchor 



 

176 

 

Biosynthetic Pathway, Are Required for Pollen Germination and Tube Growth in Arabidopsis. Plant 

Cell 16:229–240. 

Lankinen, S., Maad, J., and Armbruster, W. S. (2009). Pollen-tube growth rates in Collinsia heterophylla 

(Plantaginaceae): one-donor crosses reveal heritability but no effect on sporophytic-offspring fitness. 

Ann. Bot. 103:941–950. 

Leshem, Y., Golani, Y., Kaye, Y., and Levine, A. (2010). Reduced expression of the v-SNAREs 

AtVAMP71/AtVAMP7C gene family in Arabidopsis reduces drought tolerance by suppression of 

abscisic acid-dependent stomatal closure. J. Exp. Bot. 61:2615–2622. 

Leth-Larsen, R., Lund, R. R., and Ditzel, H. J. (2010). Plasma Membrane Proteomics and Its Application 

in Clinical Cancer Biomarker Discovery. Mol. Cell. Proteomics 9:1369–1382. 

Lin, Z., Eaves, D. J., Sanchez-Moran, E., Franklin, F. C. H., Franklin-Tong, V. E., Christopher, F., 

Franklin, H., and Franklin-Tong, V. E. (2015). The Papaver rhoeas S determinants confer self-

incompatibility to Arabidopsis thaliana in planta. Science 350:684–7. 

Lin, Z., Xie, F., Triviño, M., Zhao, T., Coppens, F., Sterck, L., Bosch, M., Franklin-Tong, V. E., and 

Nowack, M. K. (2022). Self-incompatibility requires GPI anchor remodeling by the poppy PGAP1 

ortholog HLD1. Curr. Biol. 32:1909–1923. 

Low, M. G., and Saltiel, A. R. (1988). Structural and functional roles of glycosyl-phosphatidylinositol in 

membranes. Science. 239:268–275. 

Luschnig, C., and Seifert, G. J. (2011). Posttranslational Modifications of Plasma Membrane Proteins and 

Their Implications for Plant Growth and Development. In The Plant Plasma Membrane, A.S. Murphy, 

ed. (Verlag Berlin Heidelberg: Springer Press), pp. 109–128. 

Maeda, Y., and Kinoshita, T. (2011). Structural remodeling, trafficking and functions of 

glycosylphosphatidylinositol-anchored proteins. Prog. Lipid Res. 50:411–424. 

Murakami, Y., Tawamie, H., Maeda, Y., Büttner, C., Buchert, R., Radwan, F., Schaffer, S., Sticht, H., 

Aigner, M., Reis, A., et al. (2014). Null Mutation in PGAP1 Impairing Gpi-Anchor Maturation in 

Patients with Intellectual Disability and Encephalopathy. PLoS Genet. 10:e1004320. 

Park, S.-Y., Jauh, G.-Y., Mollet, J.-C., Eckard, K. J., Nothnagel, E. A., Walling, L. L., and Lord, E. M. 

(2000). A Lipid Transfer–like Protein Is Necessary for Lily Pollen Tube Adhesion to an in Vitro Stylar 

Matrix. Plant Cell 12:151–163. 

Qin, Y., Leydon, A. R., Manziello, A., Pandey, R., Mount, D., Denic, S., Vasic, B., Johnson, M. A., and 

Palanivelu, R. (2009). Penetration of the Stigma and Style Elicits a Novel Transcriptome in Pollen 

Tubes, Pointing to Genes Critical for Growth in a Pistil. PLOS Genet. 5:e1000621. 

Rozier, F., Riglet, L., Kodera, C., Bayle, V., Durand, E., Schnabel, J., Gaude, T., and Fobis-Loisy, I. 

(2020). Live-cell imaging of early events following pollen perception in self-incompatible Arabidopsis 

thaliana. J. Exp. Bot. 71:2513–2526. 



 

177 

 

Takahashi, D., Kawamura, Y., and Uemura, M. (2016). Cold acclimation is accompanied by complex 

responses of glycosylphosphatidylinositol (GPI)-anchored proteins in Arabidopsis. J. Exp. Bot. 

67:5203–5215. 

Takeuchi, H., and Higashiyama, T. (2016). Tip-localized receptors control pollen tube growth and LURE 

sensing in Arabidopsis. Nature 531:245–248. 

Tanaka, S., Maeda, Y., Tashima, Y., and Kinoshita, T. (2004). Inositol deacylation of 

glycosylphosphatidylinositol-anchored proteins is mediated by mammalian PGAP1 and yeast Bst1p. J. 

Biol. Chem. 279:14256–63. 

Ueda, Y., Yamaguchi, R., Ikawa, M., Okabe, M., Morii, E., Maeda, Y., and Kinoshita, T. (2007). PGAP1 

Knock-out Mice Show Otocephaly and Male Infertility. J. Biol. Chem. 282:30373–30380. 

Yeats, T. H., Bacic, A., and Johnson, K. L. (2018). Plant glycosylphosphatidylinositol anchored proteins at 

the plasma membrane-cell wall nexus. J. Integr. Plant Biol. 60:649–669. 

  



 

178 

 

CHAPTER 6: General discussion and perspectives 

 

Fei Xie1,2, Zongcheng Lin3,4*, and Moritz K. Nowack1,2* 

 

 

1Department of Plant Biotechnology and Bioinformatics, Ghent University, Technologiepark 

71, 9052 Ghent, Belgium 

2VIB Center for Plant Systems Biology, Technologiepark 71, 9052 Ghent, Belgium 

3National Key Laboratory for Germplasm Innovation & Utilization of Horticultural Crops, 

Huazhong Agricultural University, Wuhan 430070, China 

4Hubei Hongshan Laboratory, Wuhan 430070, China 

 

*Corresponding authors: Moritz K. Nowack (moritz.nowack@psb.vib-ugent.be); Zongcheng 

Lin (zongcheng.lin@mail.hzau.edu.cn) 

 

 

 

 

 

 

 

 

 

 

Author contributions 

F.X. prepared the figure and wrote the chapter with the help of M.K.N. and Z.L.  

  

mailto:moritz.nowack@psb.vib-ugent.be
mailto:zongcheng.lin@mail.hzau.edu.cn


 

179 

 

Introduction 

Glycosylphosphatidylinositol- (GPI-) anchoring is a specific post-translational 

modification that targets GPI-anchored proteins (GPI-APs) to the outer leaflet of the plasma 

membrane (PM). GPI-APs function as crucial regulators of many biological processes in 

eukaryotes. In plants, GPI-APs have been demonstrated to be involved in different biological 

processes, such as cell wall maintenance and signaling, stress and pathogen responses, pollen 

tube growth, as well as double fertilization (Yeats et al., 2018; Zhou, 2019). Programmed cell 

death (PCD) is a genetically encoded mechanism adopted by multicellular organisms to 

eliminate unwanted cells in a tightly controlled fashion. In animals and plants, PCD is central 

to the growth, development, and homeostasis of the organisms, as well as the adaptation to 

various extrinsic stresses (Van Hautegem et al., 2015; Fuchs and Steller, 2015). Nevertheless, 

compared to our knowledge of different PCD sub-routines in animal systems, there needs to be 

more information on how the various PCD processes in plants are controlled.  

One intriguing plant PCD process is the poppy (P. rhoeas) self-incompatibility (SI) 

induced PCD (SI-PCD) response. Over the last three decades, critical components of poppy SI-

PCD have been discovered: Self-pollen is recognized by the pistils using allele-specific 

interactions between two S-determinants (PrpS, the male S-determinant protein;  PrsS, the 

female S-determinant protein), activating a Ca2+-triggered signaling network consisting of an 

increase in ROS accompanies by irreversible oxidation of many pollen tube proteins, ATP 

depletion, cytoskeleton depolymerization, vacuole rupture, and DEVDase activation (Wilkins 

et al., 2011; Wang et al., 2020; Haque et al., 2020; Wang et al., 2022). This signaling network 

leads to growth arrest and cell death of self-pollen, thereby inhibiting self-pollination and 

inbreeding to increase the genetic diversity within populations. Research on SI-PCD entered a 

new era by successfully transferring the SI-PCD components PrpS and PrsS to A. thaliana 

(Arabidopsis) (de Graaf et al., 2012; Lin et al., 2015). These transgenic At-SI lines show 

recapitulate SI-PCD in Arabidopsis and set almost no seeds when selfing. This provides new 

opportunities and directions to elucidate further and dissect critical components and 

mechanisms involved in poppy SI-PCD in Arabidopsis (Lin et al., 2015).  
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Another advantage is the possibility of conducting forward genetic screens in Arabidopsis. 

We took this opportunity and screen EMS-mutated At-SI lines for suppressors of SI-PCD that 

revert to self-fertility. We identified 12 independent mutant alleles of the GPI-deacylase 

HIGHLANDER1 (HLD1/AtPGAP1), an ortholog of human PGAP1, as a critical component 

required for the SI-induced PCD (SI-PCD) response in poppy (Lin et al., 2022) (Chapter 3). 

This is the first data to implicate the involvement of the GPI-anchoring pathway and the 

cleavage of GPI-APs by still unknown phospholipase C- (PLC-) like enzyme(s) in the SI-PCD 

response. Based on this discovery, we have initiated the identification of the particular GPI-

AP(s) involved in SI-PCD (Chapter 4). Apart from the abolishment of SI-PCD, 

HLD1/AtPGAP1 knockout plants show a wild-type-like phenotype but with a delay in 

flowering time and pollen germination. We have started the investigation of the effects of 

AtPGAP1 mutation in plant developmental and non-developmental signaling processes 

(Chapter 5). This information will advance our fundamental knowledge about the function of 

GPI-APs in the SI-PCD context and provide new insights into the functional role of GPI-AP 

remodeling in planta. 

Here, we will discuss conclusions and perspectives for the research on HLD1/AtPGAP1 

and GPI-anchor remodeling in plants from 3 different points of view (Figure 1): (1) the 

involvement of HLD1/AtPGAP1 in SI-PCD; (2) the function of HLD1/AtPGAP1 in plant 

development; (3) the role of HLD1/AtPGAP1 in non-developmental signaling processes. 
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Figure 1. The model of biological functions of HLD1/AtPGAP1 in plants 

By means of a forward genetic suppressor screen of Arabidopsis At-SI lines, we established GPI-inositol 

deacylase HLD1/AtPGAP1, an ortholog of mammalian PGAP1, as a critical component required for the SI-

PCD response. We demonstrated that the HLD1/AtPGAP1-mediated remodeling of GPI-APs is essential 

for self-pollen rejection, implicating a role of GPI-APs and their cleavage/release from the plasma 

membrane in the SI-PCD process. Besides the role of HLD1/AtPGAP1 in SI-PCD, we characterized its 

other biological functions in plant development (delayed flowering and pollen tube germination in 

hld1/atpgap1 plants) and non-developmental signaling processes. In conclusion, our study opens new 

avenues for the investigation of the functional implications of GPI remodeling in plant signaling processes 

in general, as well as research into the involvement and regulation of GPI-AP(s) in SI-PCD. 
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The involvement of HLD1/AtPGAP1 in SI-PCD  

The forward genetic SI-PCD repressor screen on ~50,000 At-SI M1 individuals identified 12 

independent highlander1 alleles. These results suggest a high saturation rate of the screen and 

led to the quip, "there can be only one" (https://www.youtube.com/watch?v=IpbvtSQvgWM). 

(Chapter 3). We were surprised that all suppressors were mapped to the HLD1/AtPGAP1 locus 

by whole genome sequencing, as we had been hoping for several candidates to investigate the 

SI-PCD pathway. The GPI-AP biosynthesis and remodeling pathway alone comprises at least 

30 genes involved in producing mature GPI-APs. However, genetic redundancy and mutant 

lethality present two severe limitations of EMS mutant screens. As we screened for mutants 

with restored seed sets, all those with defects in plant viability or fertility would be excluded. 

Mutations of genes involved in the GPI-AP pathway, such as seth1/2 and aptg1, generate pollen 

tube growth defects or lethality (Lalanne et al., 2004; Dai et al., 2014) and would not have been 

recovered by our screen. Furthermore, GPI-APs downstream of HLD1/AtPGAP1 involved in 

SI-PCD might function redundantly, especially on the level of GPI-APs, there are many 

putatively redundant genes encoded in plant genomes (Lin et al., 2022). Hence, either lethality, 

redundancy, or both might explain why we only picked up HLD1/AtPGAP1 alleles in our 

suppressor screen.  

There are several intriguing aspects regarding the involvement of HLD1/AtPGAP1 in SI-

PCD based on the results from Chapter 3. First, as the SI-PCD module was cloned from P. 

rhoeas, we tested the functional role of PGAP1 in the original Papaver SI context. We found 

that Papaver pollen with the reduced production of the poppy ortholog PrPGAP1 showed a 

significant alleviation of SI-induced pollen tube growth inhibition and cell death. These data 

demonstrate that PGAP1 does not just work in the heterologous, and therefore somewhat 

artificial, At-SI context but is required for SI-PCD in Papaver itself. Second, based on 

establishing the SI system in Arabidopsis roots with an ectopic ''SI-like PCD'' response (Lin et 

al., 2020), we found that mutation of HLD1/AtPGAP1 also abolished root growth inhibition and 

root cell death in this ectopic system. These results reveal that HLD1/AtPGAP1 is required for 

SI in pollen and the ectopic ''SI-like PCD'' response, independent of the reproductive context. 
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These results, combined with the discovery of HLD1/AtPGAP1 in Arabidopsis, implicate some 

elements retained in Arabidopsis thaliana pertaining to self-/non-self- recognition that could be 

applied for SI-based interaction (discussed in Chapter 3). These results raise the broader 

possibilities and applications of the Papaver SI system in hybrid breeding. The possible 

applications of Papaver SI are discussed in the last part of this chapter. 

 

The function of HLD1/AtPGAP1 in plant development 

Mammalian PGAP1 is an inositol deacylase involved in the first step of the lipid remodeling of 

nascent GPI-APs in the endoplasmic reticulum (ER), where the acyl chain linked to the inositol 

ring of GPI moiety is removed (Tanaka et al., 2004; Fujita et al., 2006; Maeda and Kinoshita, 

2011; Fujita and Kinoshita, 2012). In mammals and yeast, this modification is essential for 

efficiently transporting GPI-APs from the ER to the Golgi (Castillon et al., 2009; Kinoshita, 

2020). The biological function of PGAP1 was highlighted in mammals as PGAP1-knockout 

mice show severe developmental defects (Ueda et al., 2007), and human with dysfunction of 

PGAP1 displays intellectual disabilities and encephalopathy (Murakami et al., 2014; Bosch et 

al., 2015). Recently, the biochemical function of deacylation in PGAP1 was reported in plants, 

supporting the AtPGAP1 (an ortholog of the human PGAP1) lipase activity required for the 

efficient transport of GPI-APs to the cell surface (Bernat-Silvestre et al., 2021). However, the 

biological function of AtPGAP1, and therefore the function of the particular GPI-AP 

remodeling it performs, remains largely unclear in plants.  

In Chapter 3, we identified HLD1/AtPGAP1 in Arabidopsis plants. We demonstrated its 

functions as a GPI-inositol deacylase and that this GPI-remodeling activity is essential for the 

SI-PCD response. Using GFP-SKU5 as a representative GPI-AP, we showed that the 

HLD1/AtPGAP1 mutation does affect GPI-AP production, targeting, and GPI-AP cleavage and 

release from membranes in vivo. Our data not only implicate GPI-APs in SI-PCD, providing a 

new direction to investigate the molecular mechanism of SI-PCD but also identify a critical 

biological functional role for GPI-AP remodeling by inositol deacylation in plants. However, 

the functional relevance of this particular GPI-AP modification to SI-PCD remains unclear, as 
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no striking developmental defects were observed in HLD1/AtPGAP1 knockout plants. This 

phenotype starkly contrasts PGAP1-knockout mice and humans, which show severe 

developmental defects (Ueda et al., 2007; Murakami et al., 2014; Bosch et al., 2015). 

In Chapter 5, intrigued by the mild phenotype of hld1/atpgap1 mutants, we investigated 

putative additional biological roles of HLD1/AtPGAP1 using its knockout plants. Our data 

suggest a delay of pollen germination on the pistil and a delayed onset of flowering in 

hld1/atpgap1 mutants. Many GPI-APs have been linked to cell wall functionality and integrity. 

For example, AGP6 and AGP10, co-expressing and co-localizing in pollen grains and pollen 

tubes, are essential for pollen grain development and early steps of pollen germination (Levitin 

et al., 2008; Coimbra et al., 2009; Costa et al., 2013). AGP14 and a protein of unknown function 

(encoded by At3g01730) regulate root hair elongation exhibiting environmental response 

behavior, potentially by controlling the cell wall synthesis in root hair (Lin et al., 2011). Mutants 

in PNT1, encoding a mannosyltransferase required for the synthesis of the GPI anchor, have a 

strongly reduced accumulation of GPI-APs and show decreased crystalline cellulose and 

increased pectin in the cell wall. pnt1 pollen is less viable than the wild type and displays 

delayed morphogenesis in embryos (Gillmor et al., 2005). Likewise, seth1 and seth2 mutants 

lack GPI-APs at the plasma membrane. Mutations in both SETH genes affect pollen 

germination and growth in vitro, resulting in abnormal callose deposition in pollen tubes 

(Lalanne et al., 2004). Through comparison with what is known about well-characterized GPI-

APs in cell wall functionality and integrity, it could be that this aspect is affected in 

hld1/atpgap1 mutants. Possibly, hld1/atpgap1 mutants could have aberrant pollen or pollen 

tube cell walls, which might explain delayed pollen germination on the stigma. To test if 

hld1/atpgap1 mutants might have cell wall alternations in pollen tubes, we could quantify the 

sugar composition of cell wall polysaccharides in the wild-type and hld1/atpgap1 pollen tubes 

previously described (Gillmor et al., 2002; Gillmor et al., 2005).  

We also found obvious phenotypes between hld1/atpgap1 pollen germination in vivo and 

in vitro. While hld1/atpgap1 pollen tube growth was delayed but otherwise normal in vivo (on 

the stigma and in the style and transmitting tract), we observed premature arrest of almost all 
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hld1/atpgap1 mutant pollen tubes when grown in vitro, showing very short pollen tubes or even 

burst pollen tubes after germination. The observed in vitro phenotype of hld1/atpgap1 mutants 

was reminiscent of anx1anx2, bups1bups2, amiRRALF4/19, and LLG2/3-RNAi lines (Boisson-

Dernier et al., 2009; Ge et al., 2017; Mecchia et al., 2017), showing pollen tube burst soon after 

germination in vitro. GPI-AP LLG2/3 interacting with ectodomains of ANX/BUPS might form 

a receptor–co-receptor complex for perceiving autocrine RALF4/19 signaling at pollen tube 

surface to regulate pollen tube integrity and growth (Feng et al., 2019; Ge et al., 2019). This 

reminders us that failed cleavage and release of GPI-APs from the plasma membrane in 

hld1/atpgap1 mutants might affect the receptor complex associating with the RALF4/19 

signaling to arrest the pollen tube growth and pollen tube burst. To test this hypothesis, we will 

apply the RALF4 peptide onto in-vitro-grown hld1/atpgap1 pollen tubes as previously 

described (Morato do Canto et al., 2014; Ge et al., 2017) and examine if RALF4 application 

can alleviate the pollen tube burst. Additionally, as Arabidopsis pollen is sensitive to the in vitro 

growth media, a semi-in-vivo assay would be applied to detect if the pollen tube growth of 

hld1/atpgap1 mutants is normal (Guan et al., 2014). 

We speculated that hld1/atpgap1 mutant plants have a reduced pollen transmission, 

probably caused by a delay in pollen germination. Furthermore, there is a mild reduction in 

primary root growth as well as a delay in the onset of flowering. Interestingly, slow pollen 

germination in vivo does not reduce seed set in homozygous hld1/atpgap1 mutants. As the 

speed of pollen germination and pollen tube growth underlies strong positive selection (HAIG 

and WESTOBY, 1989; Williams, 2008), functional HLD1/AtPGAP1 proteins may be highly 

conserved throughout land plants just for this reason. 

 

The role of HLD1/AtPGAP1 in non-developmental signaling processes 

It is well established that GPI-APs play crucial roles in a variety of non-developmental 

processes in plants, such as stress and pathogen responses (Yeats et al., 2018; Zhou, 2019). For 

example, dysfunction of SOS5, a GPI-AP with arabinogalactan protein (AGP)-like and 

fasciclin-like domains, confers salt hypersensitivity to Arabidopsis roots, resulting in abnormal 
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cell expansion and growth arrest under salt stress (Shi et al., 2003). A similar GPI-AGP gene 

in maize, ZmFLA7, shows down-regulated expression at the tip of the ear early after pollination 

under drought stress, associated with an increased rate of maize kernel abortion (Cagnola et al., 

2018). Finally, the GPI-AP LLG1, a co-receptor of the receptor-like kinase FERONIA, has a 

prominent role in plant innate immunity by functioning as a critical component of PAMPs- 

(pathogen-associated molecular patterns) recognition immune complexes by modulating their 

ability to regulate disease responses (Shen et al., 2017). 

As mentioned above, the structural remodeling of GPI-APs mediated by HLD1/AtPGAP1 

is essential for their function in the plasma membrane. Furthermore, the PGAP1-like domain is 

highly conserved across the eukaryotic kingdoms (Lin et al., 2022). The high conservation of 

PGAP1 genes and the roles of GPI-APs in non-developmental signaling processes make it 

tempting to speculate that HLD1/AtPGAP1 might be involved in signaling processes during 

environmental interactions, for example, stress response or plant immunity. Our preliminary 

data on several abiotic stress responses showed that dysfunction of HLD1/AtPGAP1 did not 

alter the sensitivity to salt, drought, exogenous ABA, or cold in plants.  

Since HLD1/AtPGAP1 is involved in mediating the receptor-ligand-like interaction of 

PrpS and PrsS in Papaver SI, it is tempting to speculate that the remodeling of GPI-APs and 

the GPI-APs might play a role in plant immune signaling. We have described the involvement 

of GPI-AP LLG1 as a key component of PAMP (pathogen-associated molecular pattern)-

recognition immune complexes in plant innate immunity. Plants perceive the PAMPs via 

pattern recognition receptors (PRRs) at the cell surface and then quickly activate immune 

responses (Jones and Dangl, 2006), which are critical for broad-spectrum resistance in plants 

(Li et al., 2020). PRRs can be classified into plasma-membrane-localized RLKs or receptor-

like proteins (RLPs) (Escocard de Azevedo Manhães et al., 2021). Here, we expand this 

discussion by showing how to test the possible role of the remodeling of GPI-APs and the GPI-

AP(s) in plant immunity using different plant pathogens, the fungal powdery mildew 

Golovinomyces cichoracearum (G.c.), the oomycete pathogen Hyaloperonospora 

arabidopsidis (H.a.), and the bacterial pathogen Pseudomonas syringae pv tomato (Pto), which 
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are well-studied parasites in A. thaliana (Katagiri et al., 2002; Micali et al., 2008; Coates and 

Beynon, 2010). Enhanced Disease Resistance 1 (EDR1) encodes a Raf-like MAPK kinase 

kinase that negatively regulates salicylic acid (SA)-inducible defense responses (Frye et al., 

2001). The edr1 mutant displays enhanced resistance to various virulent pathogen strains (Frye 

et al., 2001; Pan et al., 2012; Zhao et al., 2014), including the G.c. UCSC1, the H.a. Noco2, and 

the Pto DC3000, which can be used as a positive control to the wild-type and hld1 mutant plants 

in pathogen infection assays. The point mutation llg1-3 was identified from a forward genetic 

screen for suppressors of edr1, showing enhanced susceptibility to various virulent pathogens 

(Shen et al., 2017), which can be utilized as a negative control to check the possible role of 

HLD1/AtPGAP1 in plant immunity. The pathogen infection assays will be performed as 

described (Zhao et al., 2015; Shen et al., 2017). In brief, four-week-old plants of Col-0, edr1, 

llg1-3, and hld1/atpgap1 mutants will be inoculated with the G.c. UCSC1 strain. The number 

of conidiophores per colony will be counted at 5 days post infection (dpi) to quantify fungal 

growth and Trypan blue staining will be used to reveal fungal hyphae structures and dead plant 

cells (Frye and Innes, 1998). Two-week-old plants will be inoculated with H.a. Noco2 spores 

at a concentration of 5 × 104 spores per milliliter and pathogen growth will be scored at 7 dpi. 

Similarly, a disease-resistance assay will be performed using four-week-old plants spray-

inoculated by Pto DC3000 bacteria at 108 cfu/mL and bacterial growth will be scored at 4 dpi. 

This hypothesis would be straightforwardly tested by testing the performance of hld1/atpgap1 

mutants in these well-established pathosystems in plant immunity. If positive results were 

obtained, it would open an exciting new avenue for research on cleavable GPI-APs in plant 

immune signaling. 

 

How might GPI-AP(s) involve in the SI-PCD process? 

In the poppy SI system, PrsS is a stigma-expressed secreted protein that acts as a signaling 

ligand, and its cognate PrpS is a pollen-expressed transmembrane protein. PrpS interacts with 

its S-specific ligand, PrsS, by using its extracellular loop region (Wheeler et al., 2009; Wheeler 

et al., 2010). This interaction triggers a Ca2+ influx and rapid increases in [Ca2+]cyt, which kicks 
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off an SI-induced downstream signaling network culminating in rejection and PCD of 

incompatible pollen (Wilkins et al., 2014). Our identification of HLD1/AtPGAP1 implicates 

the involvement of GPI-AP(s) in the SI-PCD process. How might GPI-AP(s) involve in SI-

PCD? PrpS is a novel protein, so it is not a 'classic' defined/identified receptor (Wilkins et al., 

2014) nor a GPI-AP (Gíslason et al., 2021; Lin et al., 2022). There are several possibilities 

(Figure 1). Firstly, the putative GPI-AP(s) forms a receptor complex with PrpS at the 

extracellular face of the plasma membrane to percept PrsS. This scenario has been discussed in 

Chapter 3. Secondly, the cleaved GPI-AP(s) and PrsS interact in the apoplast and serve as a 

protein-ligand complex. Thirdly, PrpS may act as a Ca2+-permeable channel/pore associating 

with the GPI-AP(s). 

In the second scenario, we propose that the putative GPI-AP(s) interact with the PrsS 

ligand to form a protein-ligand complex before association with its 'receptor', PrpS. The GPI-

anchor is attached to the C-terminal of the protein and does not interact with ligands through 

its functional domains of the protein. Therefore, the GPI-AP can interact with ligands through 

its functional domains after being anchored to the membrane. The interaction between the GPI-

AP and its ligand can involve various mechanisms, such as protein-protein interactions, protein-

lipid interactions, or protein-carbohydrate interactions (Zhou, 2019). The specificity and 

affinity of the interaction will depend on the properties of the ligand and the protein. For 

example, the GPI-APs, LRX3/4/5, associating with RALF22/23 peptides activate FERONIA 

and transduce extracellular signals to regulate cell-wall integrity, plant growth and salt stress 

tolerance (Zhao et al., 2018). LRX proteins consist of an N-terminal LRR domain that binds to 

RALF peptides and a C-terminal extensin domain, and the combination of these two domains 

places the LRX proteins in an ideal position to sense cell-wall signals and relay this information 

to downstream components (Ringli, 2010; Borassi et al., 2016; Zhao et al., 2018).  

In the first and second scenarios, the interaction among the putative GPI-AP(s), PrpS, and 

PrsS, might be affected in hld1/atpgap1 mutants, in which the GPI-AP(s) cannot be cleaved 

and released into the extracellular space to interact with PrpS/PrsS owing to their 'three-tailed' 

configuration. As we do not know whether the interaction of PrpS and PrsS happens or not in 
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hld1/atpgap1 mutants, checking this interaction by using protein-protein assays, such as pull-

down assay or bimolecular fluorescence complementation assay, in UBQ10pro:PrpS1 versus 

UBQ10pro:PrpS1/atpgap1 seedling roots or At-PrpS1 versus At-PrpS1/atpgap1 pollen treated 

with recombinant PrsS1 proteins will help to validate this scenario.  

In the third scenario, we propose that PrpS provides both the perceptive apparatus and the 

means to transduce the SI-induced signal associated with the GPI-AP(s). Although PrpS shows 

no homology to other proteins currently in the database, it appears to be a 'topological homolog' 

of a Drosophila protein, Flower, involved in presynaptic vesicle endocytosis (Yao et al., 2009; 

Wheeler et al., 2010). Flower has a single glutamic acid residue in a transmembrane domain, 

which makes a multimeric complex that forms a proposed voltage-gated Ca2+-permeable 

channel/pore to control Ca2+ influx (Yao et al., 2009). Voltage-gated calcium channels are 

thought to exist in the plasma membrane as heteromeric proteins, in which the pore-forming α1 

subunit is associated with two auxiliary subunits, the intracellular β subunit and the α2δ subunit; 

both of these subunits influence the trafficking and properties of the calcium channels (Walker 

and De Waard, 1998; Canti et al., 2005). Interestingly, α2δ subunits are proven to be GPI-APs, 

and GPI-anchoring of α2δ subunits is necessary for their function to enhance Ca2+ currents 

(Davies et al., 2010; Kadurin et al., 2012; Alvarez-Laviada et al., 2014). PrpS has three aspartic 

acids and three glutamic acids conserved, and several are close to the edges of putative predicted 

transmembrane domains (Wheeler et al., 2009; Wheeler et al., 2010). These raise the possibility 

that the yet unidentified GPI-AP(s) might interact with PrpS to make a channel multimer or a 

part of a channel complex with other proteins to control SI-induced Ca2+ influx in incompatible 

pollen. In hld1/atgpag1 mutants, a failed cleavage and release of the GPI-AP(s) into the 

extracellular space by the 'three-footed' configuration might prevent their interaction with PrpS 

to form the Ca2+ channel at the plasma membrane. To test this scenario, structural prediction by 

artificial intelligence (e.g., AlphaFold2) specific PrpS point mutants will do a favor on 

functional examination of the involvement of the GPI-AP(s) in the PrpS-PrsS interaction. 
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Possible applications of Papaver SI in hybrid breeding 

Hybrid breeding represents one of the most superior and popular technologies in achieving 

agriculturally desirable traits, such as elevated yield and enhanced resistance to biotic/abiotic 

stresses, by systematically exploiting heterosis. Heterotic F1 progeny is widespread; 

consequently, hybrid cultivars are common in many crop species, including rice, maize, 

sorghum, tomato, and pepper (Kempe and Gils, 2011). An effective F1 hybrid breeding system 

requires a robust system to block inbreeding and force outcrossing, which can be accomplished 

by hand emasculation or using the cytoplasmic male sterility (CMS) or SI system. However, 

hand emasculation and manual pollination to produce hybrid seeds are consuming and labor 

intensive. Even though CMS is the most popular and practical system adopted worldwide by 

the F1-hybrid seed breeders to avoid self-pollination, identifying an appropriate restore line in 

which self-fertility phenotype can be restored in the F1 generation is not easy, and this 

constrains the application of CMS in hybrid breeding in many crops, such as wheat (Whitford 

et al., 2013). SI-based systems are alternatives to androsterility for F1 hybrid breeding. 

SI is widely used for hybrid seed production in Brassicaceae vegetable crops, which can 

be achieved by interspecific hybridization, such as introgressing a Brasicca rapa S haplotype 

into Brasicca napus (Ma et al., 2009), or functional transformation of S-genes from related SI 

species, for instance, transferring cloned S-genes from SI A. lyrata and Coreopsis grandiflora 

are to its SC relative A. thaliana (Nasrallah et al., 2002; Boggs et al., 2009). However, attempts 

to transfer SI into A. thaliana from distantly related crop species Brassica have failed (Bi et al., 

2000). As Brassicaceae SI is sporophytic SI, choosing an appropriate restore line for 

constructing an entire F1-hybrid breeding system represents a more significant challenge. 

However, Papaver SI may allow specific pollen rejection in a wide variety of species as 

an appropriate expression of two Papaver S-specificity determinants, PrsS and PrpS, can confer 

Papaver SI on otherwise self-compatible (SC) A. thaliana (de Graaf et al., 2012; Lin et al., 

2015). This successful transfer of SI over the enormous phylogenetic distance between Papaver 

and Arabidopsis suggests that the Papaver system may find wide application. Check if PrpS/Prs 

works in major crop species – through a transgenic approach not accepted in agricultural 
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applications in some parts of the world would open new possibilities for hybrid seed production, 

e.g., in wheat or rice or still other crops. As Papaver has gametophytic SI, S-heterozygous 

offspring from crosses between a homozygous SI line and a normal SC line can still set full 

seed through selfing. Therefore, a special restorer line is unnecessary in a Papaver SI-based 

hybrid breeding system (Lin, 2015). The maintenance of the transgenic SI lines (transfer S-

determinants from Papaver to other species) can be achieved by using an inducible or 

environmentally sensitive promoter to drive the expression of the Papaver S-determinants. 

Additionally, our increasing understanding of the molecular basis of Papaver SI will 

enable SI to SC transitions to be intentionally manipulated using inhibitors and targeted 

approaches based on transgene integration, silencing, and CRISPR knockout of SI-related 

factors. Thus, the Papaver SI system can be "switched on" when crossing with another parental 

line to produce hybrid seeds and "switched off" when plant breeders need to bulk up SI 

transgenic lines. This Papaver-based technology might offer advantages for crop breeding and 

production. Examples of potential applications include use as an alternative to male sterility for 

F1 hybrid production in species such as maize and rice, or as a means to avoid pollination-

induced senescence, thereby enhancing the "shelf-life" of ornamentals or cut flowers, or 

preventing seed set in biomass crops (Muñoz-Sanz et al., 2020). Further investigations are still 

needed to establish them. 
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Conclusions 

Our study demonstrates that HLD1/AtPGAP1 functions as a GPI-inositol deacylase and that 

this GPI-remodeling activity is essential for the SI-PCD response in P. rhoeas. The "three-

footed" configuration prevents cleavage and release of GPI-APs from the PM in mammalian 

pgap1 mutants (Tanaka et al., 2004; Murakami et al., 2014; Kinoshita, 2020). As in humans, 

our data suggest that mutation of HLD1/AtPGAP1 in plants prevents cleavage of GPI-APs from 

the PM by PLC-like enzymes, which first implicates PLC-mediated cleavage of GPI-AP(s) as 

a critical functional component in the SI-PCD context. Our finding provides new insights into 

mechanisms previously unknown to be involved in SI-PCD and opens a new field of 

investigation in SI-PCD. Next, investigating mechanistic information on which and how PLC-

mediated cleavage of GPI-AP(s) acts on the PrpS-PrsS interaction will provide a 

comprehensive understanding of the function of GPI-AP(s) underlying SI-PCD in plants. Apart 

from the involvement in the SI-PCD process, our data also suggest the biological function of 

HLD1/AtPGAP1 in pollen tube germination, root growth, and abiotic stress responses. In 

conclusion, our study opens new avenues for investigating the functional implications of GPI 

remodeling in plant signaling processes in general and research into the involvement and 

regulation of GPI-AP(s) in SI-PCD. These achievements will potentially advance the 

application of the Papaver SI system in F1 hybrid breeding in crops and mark a vital step toward 

solving food security issues. 
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