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Arabinogalactan proteins (AGPs) are highly glycosylated cell 
wall proteins essential for plant growth and reproduction. 
AGPs are extensively decorated with arabinogalactan poly
saccharides, composed primarily of arabinose and galactose, 
along with minor sugars such as glucuronic acid, fucose, and 
rhamnose. Their glycosylation patterns and glyco
sylphosphatidylinositol anchor enable interactions with re
ceptors, modulating signal transduction pathways critical for 
reproduction. AGPs also associate with cell wall components 
like pectin and hemicellulose, impacting cellulose deposition 
and cell wall integrity. Recent research highlights AGPs’ role 
as calcium (Ca2+) capacitors, regulating Ca2+ storage and 
release during crucial reproductive stages. Despite significant 
progress, their precise molecular mechanisms remain elusive. 
In this review, we explore the multifaceted roles of AGPs in 
plant reproduction, shedding light on the recent progress in 
their involvement in signalling pathways, cell wall interactions, 
and Ca2+ homeostasis, while highlighting the ongoing 
research needed to fully understand their mechanisms in 
reproductive success.
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Introduction
Plant reproduction is a complex and multi-step process 

dependent on cellular and molecular interactions. In 

angiosperms, the process of reproduction begins when a 

pollen grain adheres to the stigma, germinates, and 

forms a pollen tube (PT) that delivers two sperm cells 

to the ovule. During double fertilisation, one sperm cell 

fertilises the egg cell, originating the embryo, and the 

other fertilises the diploid central cell, generating the 

endosperm. Among the various molecules involved, 

arabinogalactan proteins (AGPs) have emerged as 

essential players for reproductive success, contributing 

to gametophyte development, male—female in

teractions, and seed formation [1].

AGPs constitute a large family of highly glycosylated cell 

wall proteins with multifunctional roles in plant devel

opment [2], likely due to their heterogeneous structure. 

AGPs are characterised by a unique combination of 

features, including a protein domain rich in Pro/Hyp, 

Ala, Ser, and Thr, often forming dipeptide repeats like 

Ala-Hyp, Ser-Hyp, and Thr-Hyp; an N-terminal secre

tion signal sequence; extensive glycosylation, with 90 % 

of their structure made up of with type II arabinoga

lactan (AG) polysaccharides, which mainly contain 

arabinose (Ara) and galactose (Gal), along with minor 

sugars such as glucuronic acid (GlcA), fucose, and 

rhamnose (Rha), attached to Hyp residues, and enabling 

interaction with the β-Yariv reagent; additional func

tional domains; and a C-terminal glyco

sylphosphatidylinositol (GPI) anchor tethering them to 

the plasma membrane [3].

Uncovering the function of AGPs through genetic ap

proaches is challenging due to the high gene redundancy 

within this family. The carbohydrate moiety of AGPs is 

crucial for their functional diversity, influencing in

teractions with other signalling molecules and cellular 
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structures [2]. AGPs are O-glycosylated on Hyp residues 

by galactosyltransferases (GALTs) that add the first Gal 

residue. Successive additions of Gal residue form the 

main β-1,3-galactan chain, further branched with β-1,6- 

galactan side chains, which are extended by several 

glycosyltransferases (GTs), including glucuronosyl

transferases (GLCATs) responsible for adding GlcA [3].

Despite decades of research, the mode of action of AGPs 

remains unclear, particularly during plant reproduction; 

this review explores their signalling capabilities, 

involvement in calcium (Ca2+) signalling, and impact on 

the cell wall.

AGPs in signal transduction
During its journey inside the pistil, the PT grows 

through the extracellular matrix until it reaches the 

embryo sac, involving numerous interactions between 

the PT and female tissues. AGPs, either as integral cell 

wall proteins or extracellular matrix components, are 

likely implicated in this process, influencing intracel

lular signalling [4]. Their extensive carbohydrate 

composition and GPI anchor presence support their role 

in signal transduction by providing a large glycosylated 

surface for molecular interactions and enabling release 

from the plasma membrane into the apoplast through 

phospholipase action (Figure 1) [3]. Recent studies 

highlight the importance of AGP carbohydrates in 

reproductive functions [5], with an octuple GALT 

mutant showing severe reproductive defects [6,7].

In Torenia fournieri, a methyl-glucuronosyl AG called 

AMOR, is secreted by ovules and induces PT compe

tency [8]. In fact, AMOR contains a terminal disaccha

ride structure [4-Me-GlcA-β-(1—6)-Gal] that naturally 

occurs at the end of AGP carbohydrate chains [9], and 

Figure 1 

Proposed model of AGPs in signal transduction during pollen tube-ovule interactions. 
AGPs can be released from the plasma membrane into the apoplast and extracellular environment through the activity of phospholipases (PLs) (1). 
Released AGPs may serve as ligands, recognised by receptor-like kinases (RLKs) (2). Glycoside hydrolases (GHs) can cleave AGPs, releasing 
arabinogalactans (AGs) (3), which then can act as messengers recognised by RLKs (4). AGPs may interact with RLKs and function as co-receptors (5), 
facilitating the recognition of additional ligands and activating downstream signal transduction pathways (dashed arrow). This figure is intended as a 
conceptual model, and some mechanisms illustrated remain hypothetical for the specific cell types shown. Abbreviations: AG, arabinogalactan; AGP, 
arabinogalactan protein; CW, cell wall; GHs, glycoside hydrolases; GPI, glycosylphosphatidylinositol; INT, inner integument cell; PLs, phospholipases; 
PM, plasma membrane; PT, pollen tube; RLK, receptor-like kinase; SY, synergid cell. Created in https://BioRender.com.
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may be released by the action of glycoside hydrolases 

(Figure 1) [3]. Although not found in Arabidopsis, 

AMOR highlights the functional importance of AGPs, 

which are expressed along the PT growth pathway and 

have long been implicated in reproduction [10—13].

The predicted presence of a GPI anchor in many AGPs 

makes them ideal candidates to act in signalling path

ways during pollen-pistil interactions. Plant GPI- 

anchored proteins are predicted to serve as molecular 

hubs that mediate interactions between the plasma 

membrane and cell wall, while also transducing signals 

into the interior of the cell to activate signal trans

duction pathways [14]. GPI-anchored proteins (GPI- 

APs) have been shown to be involved in plant repro

duction, generally acting as chaperones and co-receptors 

for receptor-like kinases (RLKs). For example, two GPI- 

APs, LORELEI and LORELEI-like-GPI-anchored pro

tein 1 (LLG1), can associate with the RLK FERONIA, 

to recognise extracellular ligands and regulate sperm cell 

release during double fertilisation [15]. Two other 

LLGs, LLG2 and LLG3, function as co-receptors in the 

PT surface-located receptor complex composed of 

ANXUR1/2 (ANX1/2) and Buddha’s Paper Seal 1/2 

(BUPS1/2) [16]. Among the GPI-anchored early 

nodulin-like AGP (ENODL) family, ENODL14 was 

shown to physically interact with the extracellular 

domain of FERONIA during PT reception at the ovule 

(Fig. 1) [17].

The functional importance of the GPI anchor was 

highlighted in recent work showing that truncated ver

sions of the AGP4/JAGGER GPI anchor were unable to 

fully rescue the jagger reproductive phenotype [18]. 

Furthermore, Salt-overly Sensitive 5 (SOS5)/Fasciclin- 

like AGP 4 (FLA4) was suggested to function in a linear 

genetic pathway with two leucine-rich repeat RLK, 

FEI1 and FEI2, acting as a co-receptor in cell wall 

sensing to regulate seed coat mucilage production [19].

These findings highlight the crucial role of GPI-APs in 

regulating cell—cell communication for PT growth 

through pistil tissues. RLK signalling pathways, active 

throughout reproduction, are closely linked with AGP- 

mediated mechanisms, reinforcing the possible role of 

AGPs as co-receptors or modulators of RLKs.

AGPs as cross-linkers in the cell wall
Plant cell walls are dynamic structures constantly 

remodelling to support cell growth, expansion, differ

entiation, and communication, all affecting PT growth 

[20]. Cell walls are primarily composed of cellulose, 

hemicellulose, pectin, and proteins, including AGPs 

[21]. AGPs play a crucial role in linking these structural 

components, with their unique glycosylation patterns 

enabling versatile interactions. One prominent example 

is the covalently linked pectic-AGP complex 

ARABINOXYLAN PECTIN ARABINOGALACTAN 

PROTEIN 1 (APAP1) isolated from Arabidopsis culture 

medium containing pectin polysaccharides, including 

rhamnogalacturonan I (RG-I) and homogalacturonan, 

linked to the Rha residue in the Rha-α-(1 → 4)-GlcA 

side chain of the type II AGs of AGP57C (Figure 2) [22]. 

Pectic-AGP complexes were later identified in the cell 

walls of Arabidopsis suspension cultures [23] and tis

sues, such as flowers and siliques [24], where they were 

associated with larger pectin glycans compared to those 

secreted into the culture medium. AGPs also interact 

with hemicellulose, as demonstrated in the APAP1 

complex, where arabinoxylan is attached either to a Rha 

residue in the RG-I domain or directly to an Ara residue 

in the AG glycan domain (Figure 2) [22].

AGPs contribute to cell adhesion and expansion [25,26], 

likely through covalent binding to pectin. For example, 

SOS5 has been proposed, based on mutant phenotypic 

analyses, to mediate seed coat mucilage adherence 

through interactions with pectin [25,27]. Similarly, 

AGP31 interacts with pectin through its PAC domain 

that binds to galactan branches of RG-I, and through its 

histidine stretch, which binds to methylesterified 

polygalacturonic acid (Figure 2) [28]. Recently, a study 

demonstrated that the recruitment and transport of 

AGP23 to the PT tip by Arabidopsis Formin 5 (AtFH5) 

influence pectin dynamics, and consequently, the flex

ibility and integrity of the cell wall [29]. Interestingly, 

pectic-AGPs extracted from various cell wall tissues 

exhibited variations in pectin components and glyco

sylation patterns, suggesting tissue-specific functions 

that may influence cell wall properties in response to 

developmental cues [24].

FLAs play a pivotal role in cellulose synthesis and 

deposition (reviewed in Ref. [30]). FLA11 and FLA12 

ensure proper cellulose microfibril alignment and 

deposition, with mutants showing decreased cellulose 

content and altered microfibril angles, compromising 

structural integrity [31,32]. Similarly, FLA16 loss also 

reduced cellulose levels [33]. Pollen grains from FLA3 

RNA interference and FLA14 overexpression lines 

exhibited abnormal cellulose distribution, as evidenced 

by the absence of fluorescence staining with calcofluor 

white [34,35], suggesting that both proteins may influ

ence pollen wall development by modulating cellulose 

deposition (Figure 2). Additionally, the sos5 mutant 

revealed reduced pectin content and disrupted cellu

losic ray formation in seed mucilage [25,27]. SOS5 

functions independently of cellulose biosynthesis and 

signalling pathways, forming complexes with other cell 

wall components like pectin and hemicellulose, which 

are hypothesised to mediate the deposition and orga

nisation of cellulose microfibrils [25,36].

Phenotypic analyses of galt2 galt5 and glcat14a glcat14c 

double mutants displayed similar reduced cellulose 
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phenotypes. While GALT mutants exhibited reduced 

cellulose ray and pectin staining in seed mucilage [37], 

GLCAT mutants showed alterations in cellulose ray 

formation and reduced crystalline cellulose content 

[38]. These phenotypes likely arise from altered AG 

conformation within AGPs, disrupting their interaction 

with pectin and, consequently, affecting cellulose 

deposition. Notably, while a direct link between AGPs 

and cellulose has yet to be demonstrated, their in

teractions with pectin and hemicellulose are crucial for 

cell wall structure and function.

AGPs as calcium capacitors
Ca2+ is an important second messenger in plant repro

duction, with cytosolic Ca2+ oscillations occurring 

during critical stages, such as pollen germination, PT 

Figure 2 

Model of AGPs as cross-linkers in the intine layer of the pollen cell wall. 
The mature pollen wall consists of a pollen coat (PC), an outer exine layer made of sporopollenin, and an inner intine layer with a pectocellulosic 
composition. In this model, AGPs act as cross-linkers within the intine, contributing to the structural integrity and organisation of the cell wall compo
nents. Pectin binds to the rhamnose residue in the side chain of the type II arabinogalactan (AG) polysaccharides of AGPs, as suggested for the APAP1 
complex (1). Other AGPs, such as AGP31, bind to pectin through their PAC domain and a histidine stretch (2). Hemicellulose interacts with AGPs 
directly with the arabinose residue in the AG glycan domain (3), as demonstrated in the APAP1 complex. Although a direct interaction between AGPs 
and cellulose has not yet been demonstrated (?), phenotypic analyses of mutants confirmed AGPs importance in mediating cellulose deposition within 
the intine layer. This figure is intended as a conceptual model to illustrate the cross-linking role of AGPs, using the intine as an example due to its defined 
composition of hemicelluloses, pectins, and cellulose. Similar cross-linking roles of AGPs are thought to occur in the cell walls of other tissues beyond 
pollen. Abbreviations: AG, arabinogalactan; AGP, arabinogalactan protein; GPI, glycosylphosphatidylinositol; PC, pollen coat; PM, plasma membrane. 
Created in https://BioRender.com.
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growth and discharge, and gamete fusion [39—43]. AGPs 

have been proposed to be integral components of Ca2+

signalling pathways, acting as Ca2+ capacitors [44]. Like 

electrical capacitors that store charge, AGPs in the 

apoplast store Ca2+ via GlcA residues, serving as an 

immediate source of cytosolic Ca2+. AGPs bind Ca2+

stoichiometrically at pH 5 (2:1 GlcA:Ca2+) and release 

it as pH decreases. This hypothesis was supported by 

reduced GlcA levels in AGPs from GLCAT mutants, 

which diminished Ca2+ binding capacity compared to 

wild-type plants [45—47]. Similarly, GALT mutants 

revealed reduced Ca2+ binding, likely due to reduced 

Gal content, and consequently reduced GlcA linking to 

Ca2+ [48]. GLCAT mutants also presented develop

mental phenotypes that were supressed by increasing 

Ca2+ concentration in the medium, alongside altered 

intracellular Ca2+ signatures [45]. Reduced AGP-Ca2+

binding also impaired reproduction, with GLCAT and 

GALT mutants showing reduced fertility, collapsed 

pollen grains with wall defects, lower pollen germination 

rates [7,46—52], compromised ovule development 

[5,6], and polytubey block defects [52]. These defects 

phenocopy AGP-deficient mutants (reviewed in Refs. 

[11,53]), revealing the importance of glycosylation for 

AGP function.

β-Yariv reagent triggers intracellular Ca2+ increases [54], 

inhibiting PT growth [55]. In vitro, PTs acidify their 

growth medium [56]; therefore, in vivo, PTs may disso

ciate Ca2+ from AGPs, establishing a Ca2+ gradient in 

Figure 3 

AGP-Ca2+ capacitor model during PT growth in the transmitting tract. 
Proton (H+) efflux by the action of H+-ATPases in the plasma membrane (PM) of pollen tubes (PTs) causes acidification of the apoplast and extracellular 
medium (�pH). In the transiently low pH, calcium (Ca2+) is dissociated from AGPs, resulting in Ca2+ influx into the cytosol of PTs through Ca2+ channels, 
thereby establishing a Ca2+ gradient within the PT (green). The rise in cytosolic Ca2+ levels drives Ca2+-dependent processes. As the pH increases 
(�pH), the AGP-Ca2+ capacitor is restored. As PTs grow through the transmitting tract, they acidify the surrounding environment, triggering the 
dissociation of Ca2+ from AGPs in the tissue. This process creates a Ca2+ gradient that guides the PTs towards the ovules. Abbreviations: AG, 
arabinogalactan; AGP, arabinogalactan protein; Ca2+, calcium; CW, cell wall; GPI, glycosylphosphatidylinositol; H+, proton; PM, plasma membrane; PT, 
pollen tube; TT, transmitting tissue. Created in https://BioRender.com.
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the transmitting tissue to guide PTs towards the ovules 

(Figure 3) [57,58]. Remarkably, evidence suggests that 

Ca2+ colocalises with AGPs along this pathway [57], and 

that AGP glycosylation increases from the stigma to the 

ovule [59].

PT growth has been explained through a novel Hechtian 

oscillator model involving an AGP-Ca2+ capacitor and 

Hechtian adhesion sites [44,57]. Tension from the 

pectic growing wall, transmitted to the plasma mem

brane by Hechtian adhesion sites, activates H+-ATPa

ses, resulting in H+ proton efflux, and apoplast 

acidification. Consequently, Ca2+ is dissociated from 

tip-localised AGPs, and Hechtian transduction opens 

stretch-activated Ca2+ channels, allowing Ca2+ influx 

and increasing cytosolic Ca2+, which activates exocy

tosis of cell wall precursors. The capacitor is then 

recharged by Ca2+ recycled from the cytosol and 

possibly the wall matrix (Figure 3).

Auxin, a key hormone regulating plant reproduction 

[60,61], has been shown to induce Ca2+ signals [62]. 

Recently, a molecular “pinball machine” in the plasma 

membrane was proposed [58,63,64], connecting Ca2+

storage by AGPs with auxin transport by PIN proteins. 

Auxin efflux via PIN proteins activates a proton pump, 

releasing proton “pinballs” that dissociate Ca2+ from 

AGPs, enabling Ca2+ flow through open channels, and 

generating cytosolic Ca2+ oscillations that regulate 

numerous Ca2+-dependent processes.

The AGP-Ca2+ capacitor in plant cells can be modu

lated by regulating the levels of surface AGPs and/or the 

size of AG polysaccharides [58]. As a key source of 

extracellular Ca2+, AGPs play a crucial role in control

ling the spatial and temporal release of Ca2+ across 

different cells and tissues during various stages 

of reproduction.

Concluding remarks
Nature guards her secrets well, but fifty years after their 

discovery, the molecular role of AGPs has begun to be 

understood. AGPs are essential for plant reproduction 

and fulfil triadic functions. First, AGPs participate in 

signal transduction, mediating communication between 

the PT and female tissues. Their glycosylation and GPI 

anchors enable interactions with receptors, essential for 

fertilisation. Second, AGPs interact with cell wall com

ponents like pectin, hemicellulose, and cellulose, 

contributing to cell growth, adhesion, and wall strength 

during reproductive events. Third, AGPs act as Ca2+

capacitors, regulating Ca2+ homeostasis to support 

intracellular signalling. GlcA residues, long regarded as 

minor components, now emerge as important players in 

AGP function, marking a significant breakthrough in 

understanding AGPs’ role during PT growth through the 

female tissues.

Future research should focus on characterising GTs and 

examining AGP sugar modifications in mutants to un

cover the impact of specific changes on plant repro

duction and cell wall properties. Additionally, 

uncovering glycan structures of individual AGPs and 

investigating tissue-specific functions will provide 

deeper insights into their role across different plant 

tissues and developmental stages. Finally, exploring 

AGP interactions with other cell wall components, 

particularly cellulose, will enhance our understanding of 

overall cellular communication.
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Laboratório Associado para a Quı́mica Verde - Tecnolo

gias e Processos Limpos.

Declaration of competing interest
The authors declare that they have no known competing 

financial interests or personal relationships that could 

have appeared to influence the work reported in 

this paper.

Acknowledgements
We acknowledge funding from PT national funds (FCT/ 

MCTES) through the project UID 05748: GreenUPorto 

- Centro de investigação em Produção Agro

alimentar Sustentável.

Data availability
No data was used for the research described in 

the article.

References
Papers of particular interest, published within the period of review, 
have been highlighted as:

* of special interest
* * of outstanding interest

1. Su S, Higashiyama T: Arabinogalactan proteins and their 
sugar chains: functions in plant reproduction, research 
methods, and biosynthesis. Plant Reprod 2018, 31:67 – 75, 
https://doi.org/10.1007/s00497-018-0329-2.

2. Ma Y, Zeng W, Bacic A, Johnson K: AGPs through time and 
space. Annu Plant Rev Online 2018, 1:1 – 38, https://doi.org/ 
10.1002/9781119312994.apr0608.

3. Silva J, Ferraz R, Dupree P, Showalter AM, Coimbra S: Three 
decades of advances in arabinogalactan-protein biosyn
thesis. Front Plant Sci 2020, 11:2014, https://doi.org/10.3389/ 
fpls.2020.610377.

6 VSI: Cell biology and cell signalling 2025

Current Opinion in Plant Biology 2025, 88:102800 www.sciencedirect.com

https://doi.org/10.1007/s00497%2D018%2D0329%2D2
https://doi.org/10.1002/9781119312994.apr0608
https://doi.org/10.1002/9781119312994.apr0608
https://doi.org/10.3389/fpls.2020.610377
https://doi.org/10.3389/fpls.2020.610377


4. Pereira AM, Moreira D, Coimbra S, Masiero S: Paving the way 
for fertilization: the role of the transmitting tract. Int J Mol Sci 
2021, 22:2603, https://doi.org/10.3390/ijms22052603.

5. Moreira D, Kaur D, Pereira AM, Held MA, Showalter AM, 
Coimbra S: Type II arabinogalactans initiated by hydroxy
proline-O-galactosyltransferases play important roles in 
pollen – pistil interactions. Plant J 2023, 114:371 – 389, https:// 
doi.org/10.1111/tpj.16141.

6
* *
. Moreira D, Kaur D, Fourbert-Mendes S, Showalter AM, 

Coimbra S, Pereira AM: Eight hydroxyproline-O-galactosyl
transferases play essential roles in female reproductive 
development. Plant Sci 2024, 348, 112231, https://doi.org/ 
10.1111/tpj.16141.

This study characterises eight hydroxyproline-O-galactosyl
transferases and their essential roles in female reproductive devel
opment. It demonstrates that mutants lacking these enzymes have 
defects in ovule and seed development, abnormal callose accumula
tion, and disrupted AGPs’ distribution, highlighting the importance of 
AGP carbohydrates in reproductive success.

7. Kaur D, Held MA, Zhang Y, Moreira D, Coimbra S, Showalter AM: 
Knockout of eight hydroxyproline-O-galactosyltransferases 
cause multiple vegetative and reproductive growth defects. 
Cell Surf 2023, 10, 100117, https://doi.org/10.1016/j. 
tcsw.2023.100117.

8. Mizukami AG, Inatsugi R, Jiao J, Kotake T, Kuwata K, Ootani K, 
et al.: The AMOR arabinogalactan sugar chain induces 
pollen-tube competency to respond to ovular guidance. Curr 
Biol 2016, 26:1091 – 1097, https://doi.org/10.1016/j. 
cub.2016.02.040.

9. Dresselhaus T, Coimbra S: Plant reproduction: AMOR enables 
males to respond to female signals. Curr Biol 2016, 26: 
R321 – R323, https://doi.org/10.1016/j.cub.2016.03.019.

10. Moreira D, Lopes AL, Silva J, Ferreira MJ, Pinto SC, Mendes S, 
et al.: New insights on the expression patterns of specific 
Arabinogalactan proteins in reproductive tissues of Arabi
dopsis thaliana. Front Plant Sci 2022, 13, 1083098, https://doi. 
org/10.3389/fpls.2022.1083098.

11. Figueiredo R, Lopes AL, Pereira AM, Moreira D, Silva J, 
Ferreira MJ, et al.: The biology of arabinogalactan proteins in 
plant abiotic stress and reproduction. In Plant cell walls: 
research milestones and conceptual insights. Edited by 
Geitmann A, Florida: CRC Press; 2023:323 – 339.

12. Pereira AM, Masiero S, Nobre MS, Costa ML, Solís MT, 
Testillano PS, et al.: Differential expression patterns of 
arabinogalactan proteins in Arabidopsis thaliana reproduc
tive tissues. J Exp Bot 2014, 65:5459 – 5471, https://doi.org/ 
10.1093/jxb/eru300.

13. Coimbra S, Almeida J, Junqueira V, Costa ML, Pereira LG: 
Arabinogalactan proteins as molecular markers in Arabi
dopsis thaliana sexual reproduction. J Exp Bot 2007, 58: 
4027 – 4035, https://doi.org/10.1093/jxb/erm259.

14. Yeats TH, Bacic A, Johnson KL: Plant glyco
sylphosphatidylinositol anchored proteins at the plasma 
membrane-cell wall nexus. J Integr Plant Biol 2018, 60: 
649 – 669, https://doi.org/10.1111/jipb.12659.

15. Li C, Yeh F-L, Cheung AY, Duan Q, Kita D, Liu M-C, et al.: 
Glycosylphosphatidylinositol-anchored proteins as chaper
ones and co-receptors for FERONIA receptor kinase 
signaling in Arabidopsis. eLife 2015, 4, e06587, https://doi.org/ 
10.7554/eLife.06587.

16. Ge Z, Zhao Y, Liu M-C, Zhou L-Z, Wang L, Zhong S, et al.: LLG2/ 
3 are co-receptors in BUPS/ANX-RALF signaling to regulate 
Arabidopsis pollen tube integrity. Curr Biol 2019, 29: 
3256 – 3265.e5, https://doi.org/10.1016/j.cub.2019.08.032.

17. Hou Y, Guo X, Cyprys P, Zhang Y, Bleckmann A, Cai L, et al.: 
Maternal ENODLs are required for pollen tube reception in 
Arabidopsis. Curr Biol 2016, 26:2343 – 2350, https://doi.org/ 
10.1016/j.cub.2016.06.053.

18
* *

. Figueiredo R, Costa M, Moreira D, Moreira M, Noble J, 
Pereira LG, et al.: JAGGER localization and function are 
dependent on GPI anchor addition. Plant Reprod 2024, 37: 
341 – 353, https://doi.org/10.1007/s00497-024-00495-w.

This article investigates the function of the JAGGER protein, showing 
that its proper localisation and function in plant reproduction depend 
on the addition of a GPI anchor. The findings underscore the essential 
role of GPI-anchored AGPs in reproduction, emphasising the signifi
cance of GPI anchor addition to the in vivo function of the JAGGER 
protein.

19. Basu D, Tian L, DeBrosse T, Poirier E, Emch K, Herock H, et al.: 
Glycosylation of a fasciclin-like arabinogalactan-protein 
(SOS5) mediates root growth and seed mucilage adherence 
via a cell wall receptor-like kinase (FEI1/FEI2) pathway in 
Arabidopsis. PLoS One 2016, 11, e0145092, https://doi.org/ 
10.1371/journal.pone.0145092.

20. Cascallares M, Setzes N, Marchetti F, López GA, Distéfano AM, 
Cainzos M, et al.: A complex journey: cell wall remodeling, 
interactions, and integrity during pollen tube growth. Front 
Plant Sci 2020, 11, 599247, https://doi.org/10.3389/ 
fpls.2020.599247.

21. Anderson CT, Kieber JJ: Dynamic construction, perception, 
and remodeling of plant cell walls. Annu Rev Plant Biol 2020, 
71:39 – 69, https://doi.org/10.1146/annurev-arplant-081519- 
035846.

22. Tan L, Eberhard S, Pattathil S, Warder C, Glushka J, Yuan C, 
et al.: An Arabidopsis cell wall proteoglycan consists of 
pectin and arabinoxylan covalently linked to an arabinoga
lactan protein. Plant Cell 2013, 25:270 – 287, https://doi.org/ 
10.1105/tpc.112.107334.

23
* *

. Tan L, Zhang L, Black I, Glushka J, Urbanowicz B, Heiss C, et al.: 
Most of the rhamnogalacturonan-I from cultured Arabidopsis 
cell walls is covalently linked to arabinogalactan-protein. 
Carbohydr Polym 2023, 301, 120340, https://doi.org/10.1016/j. 
carbpol.2022.120340.

This publication examines the structure of rhamnogalacturonan-I in 
Arabidopsis, revealing its predominant covalent linkage to AGPs in the 
cell wall. It provides valuable insights into how AGPs influence cell wall 
dynamics, particularly during critical stages of plant growth, where 
such interactions are essential for maintaining cell wall integrity and 
function.

24
* *

. Tan L, Cheng J, Zhang L, Backe J, Urbanowicz B, Heiss C, et al.: 
Pectic-AGP is a major form of Arabidopsis AGPs. Carbohydr 
Polym 2024, 330, 121838, https://doi.org/10.1016/j. 
carbpol.2024.121838.

This study identifies pectic-AGP as a major form of AGPs in Arabi
dopsis contributing with significant insights into their integration into 
plant cell walls. The findings highlight the role of AGPs as crosslinkers, 
contributing to tissue-specific processes and further enhancing our 
understanding of their functional diversity.

25. Griffiths JS, Tsai AY-L, Xue H, Voiniciuc C, Sola K, Seifert GJ, 
et al.: SALT-OVERLY SENSITIVE5 mediates Arabidopsis 
seed coat mucilage adherence and organization through 
pectins. Plant Physiol 2014, 165:991 – 1004, https://doi.org/ 
10.1104/pp.114.239400.

26. Shi H, Kim YS, Guo Y, Stevenson B, Zhu JK: The Arabidopsis 
SOS5 locus encodes a putative cell surface adhesion protein 
and is required for normal cell expansion. Plant Cell 2003, 15: 
19 – 32, https://doi.org/10.1105/tpc.007872.

27. Griffiths JS, Crepeau M-J, Ralet M-C, Seifert GJ, North HM: 
Dissecting seed mucilage adherence mediated by FEI2 and 
SOS5. Front Plant Sci 2016, 7:1073, https://doi.org/10.3389/ 
fpls.2016.01073.

28. Hijazi M, Roujol D, Nguyen-Kim H, del Rocio Cisneros Castillo L, 
Saland E, Jamet E, et al.: Arabinogalactan protein 31 (AGP31), 
a putative network-forming protein in Arabidopsis thaliana 
cell walls? Ann Bot 2014, 114:1087 – 1097, https://doi.org/ 
10.1093/aob/mcu038.

29
*

. Li J, Fan L, Yang T, Zhang P, Ruan H, Li Y, et al.: AtFH5 recruits 
and transports the arabinogalactan protein AGP23 to main
tain the tip growth of pollen tube. Proc Natl Acad Sci USA 
2024, 121, e2410607121, https://doi.org/10.1073/ 
pnas.2410607121.

This publication reveals the role of Arabidopsis Formin 5 (AtFH5) in 
mediating actin-driven vesicle trafficking, recruiting, and transporting 
AGP23 to support pollen germination and PT growth. It uncovers the 
role of AtFH5 in directing cell wall component deposition, revealing its 

Arabinogalactan proteins in plant reproduction Silva et al. 7

www.sciencedirect.com Current Opinion in Plant Biology 2025, 88:102800

https://doi.org/10.3390/ijms22052603
https://doi.org/10.1111/tpj.16141
https://doi.org/10.1111/tpj.16141
https://doi.org/10.1111/tpj.16141
https://doi.org/10.1111/tpj.16141
https://doi.org/10.1016/j.tcsw.2023.100117
https://doi.org/10.1016/j.tcsw.2023.100117
https://doi.org/10.1016/j.cub.2016.02.040
https://doi.org/10.1016/j.cub.2016.02.040
https://doi.org/10.1016/j.cub.2016.03.019
https://doi.org/10.3389/fpls.2022.1083098
https://doi.org/10.3389/fpls.2022.1083098
http://refhub.elsevier.com/S1369-5266(25)00114-1/sref11
http://refhub.elsevier.com/S1369-5266(25)00114-1/sref11
http://refhub.elsevier.com/S1369-5266(25)00114-1/sref11
http://refhub.elsevier.com/S1369-5266(25)00114-1/sref11
http://refhub.elsevier.com/S1369-5266(25)00114-1/sref11
https://doi.org/10.1093/jxb/eru300
https://doi.org/10.1093/jxb/eru300
https://doi.org/10.1093/jxb/erm259
https://doi.org/10.1111/jipb.12659
https://doi.org/10.7554/eLife.06587
https://doi.org/10.7554/eLife.06587
https://doi.org/10.1016/j.cub.2019.08.032
https://doi.org/10.1016/j.cub.2016.06.053
https://doi.org/10.1016/j.cub.2016.06.053
https://doi.org/10.1007/s00497%2D024%2D00495%2Dw
https://doi.org/10.1371/journal.pone.0145092
https://doi.org/10.1371/journal.pone.0145092
https://doi.org/10.3389/fpls.2020.599247
https://doi.org/10.3389/fpls.2020.599247
https://doi.org/10.1146/annurev%2Darplant%2D081519%2D035846
https://doi.org/10.1146/annurev%2Darplant%2D081519%2D035846
https://doi.org/10.1105/tpc.112.107334
https://doi.org/10.1105/tpc.112.107334
https://doi.org/10.1016/j.carbpol.2022.120340
https://doi.org/10.1016/j.carbpol.2022.120340
https://doi.org/10.1016/j.carbpol.2024.121838
https://doi.org/10.1016/j.carbpol.2024.121838
https://doi.org/10.1104/pp.114.239400
https://doi.org/10.1104/pp.114.239400
https://doi.org/10.1105/tpc.007872
https://doi.org/10.3389/fpls.2016.01073
https://doi.org/10.3389/fpls.2016.01073
https://doi.org/10.1093/aob/mcu038
https://doi.org/10.1093/aob/mcu038
https://doi.org/10.1073/pnas.2410607121
https://doi.org/10.1073/pnas.2410607121


critical function in modulating cell wall composition during plant 
reproduction.

30. Lin S, Miao Y, Huang H, Zhang Y, Huang L, Cao J: Arabino
galactan proteins: focus on the role in cellulose synthesis 
and deposition during plant cell wall biogenesis. Int J Mol Sci 
2022, 23:6578, https://doi.org/10.3390/ijms23126578.

31. Ito S, Suzuki Y, Miyamoto K, Ueda J, Yamaguchi I: AtFLA11, a 
fasciclin-like arabinogalactan-protein, specifically localized 
in screlenchyma cells. Biosci. Biotechnol. Biochem. 2005, 69: 
1963 – 1969, https://doi.org/10.1271/bbb.69.1963.

32. MacMillan CP, Mansfield SD, Stachurski ZH, Evans R, 
Southerton SG: Fasciclin-like arabinogalactan proteins: 
specialization for stem biomechanics and cell wall archi
tecture in Arabidopsis and Eucalyptus. Plant J 2010, 62: 
689 – 703, https://doi.org/10.1111/j.1365-313X.2010.04181.x.

33. Liu E, MacMillan CP, Shafee T, Ma Y, Ratcliffe J, van de 
Meene A, et al.: Fasciclin-like arabinogalactan-protein 16 
(FLA16) is required for stem development in Arabidopsis. 
Front Plant Sci 2020, 11, 615392, https://doi.org/10.3389/ 
fpls.2020.615392.

34. Li J, Yu M, Geng LL, Zhao J: The fasciclin-like arabinogalactan 
protein gene, FLA3, is involved in microspore development 
of Arabidopsis. Plant J 2010, 64:482 – 497, https://doi.org/ 
10.1111/j.1365-313X.2010.04344.x.

35. Miao Y, Cao J, Huang L, Yu Y, Lin S: FLA14 is required for 
pollen development and preventing premature pollen 
germination under high humidity in Arabidopsis. BMC Plant 
Biol 2021, 21:254, https://doi.org/10.1186/s12870-021-03038-x.

36. Griffiths JS, North HM: Sticking to cellulose: exploiting 
Arabidopsis seed coat mucilage to understand cellulose 
biosynthesis and cell wall polysaccharide interactions. New 
Phytol 2017, 214:959 – 966, https://doi.org/10.1111/nph.14468.

37. Basu D, Wang W, Ma S, DeBrosse T, Poirier E, Emch K, et al.: 
Two hydroxyproline galactosyltransferases, GALT5 and 
GALT2, function in arabinogalactan-protein glycosylation, 
growth and development in Arabidopsis. PLoS One 2015, 10, 
e0125624, https://doi.org/10.1371/journal.pone.0125624.

38. Ajayi OO, Held MA, Showalter AM: Two β-glucuronosyl
transferases involved in the biosynthesis of type II arabino
galactans function in mucilage polysaccharide matrix 
organization in Arabidopsis thaliana. BMC Plant Biol 2021, 21: 
1 – 19, https://doi.org/10.1186/s12870-021-03012-7.

39. Denninger P, Bleckmann A, Lausser A, Vogler F, Ott T, 
Ehrhardt DW, et al.: Male-female communication triggers 
calcium signatures during fertilization in Arabidopsis. Nat 
Commun 2014, 5:1 – 12, https://doi.org/10.1038/ncomms5645.

40. Iwano M, Shiba H, Miwa T, Che FS, Takayama S, Nagai T, et al.: 
Ca2+ dynamics in a pollen grain and papilla cell during 
pollination of Arabidopsis. Plant Physiol 2004, 136: 
3562 – 3571, https://doi.org/10.1104/pp.104.046961.

41. Iwano M, Ngo QA, Entani T, Shiba H, Nagai T, Miyawaki A, et al.: 
Cytoplasmic Ca2+ changes dynamically during the interac
tion of the pollen tube with synergid cells. Development 2012, 
139:4202 – 4209, https://doi.org/10.1242/dev.081208.

42. Hamamura Y, Nishimaki M, Takeuchi H, Geitmann A, Kurihara D, 
Higashiyama T: Live imaging of calcium spikes during double 
fertilization in Arabidopsis. Nat Commun 2014, 5:4722, https:// 
doi.org/10.1038/ncomms5722.

43. Ngo QA, Vogler H, Lituiev DS, Nestorova A, Grossniklaus U: 
A calcium dialog mediated by the FERONIA signal trans
duction pathway controls plant sperm delivery. Dev Cell 
2014, 29:491 – 500, https://doi.org/10.1016/j.devcel.2014.04.008.

44. Lamport DTA, Várnai P: Periplasmic arabinogalactan glyco
proteins act as a calcium capacitor that regulates plant 
growth and development. New Phytol 2013, 197:58 – 64, 
https://doi.org/10.1111/nph.12005.

45. Lopez-Hernandez F, Tryfona T, Rizza A, Yu X, Harris MO, 
Webb AA, et al.: Calcium binding by arabinogalactan poly
saccharides is important for normal plant development. Plant 
Cell 2020, 32:3346 – 3369, https://doi.org/10.1105/tpc.20.00027.

46. Zhang Y, Held MA, Showalter AM: Elucidating the roles of 
three β-glucuronosyltransferases (GLCATs) acting on 
arabinogalactan-proteins using a CRISPR-Cas9 multiplexing 
approach in Arabidopsis. BMC Plant Biol 2020, 20:221, https:// 
doi.org/10.1186/s12870-020-02420-5.

47. Ajayi OO, Held MA, Showalter AM: Three β-glucuronosyl
transferase genes involved in arabinogalactan biosynthesis 
function in Arabidopsis growth and development. Plants 
2021, 10:1172, https://doi.org/10.3390/plants10061172.

48. Kaur D, Held MA, Smith MR, Showalter AM: Functional charac
terization of hydroxyproline-O-galactosyltransferases for 
Arabidopsis arabinogalactan-protein synthesis. BMC Plant Biol 
2021, 21:1 – 24, https://doi.org/10.1186/S12870-021-03362-2.

49. Suzuki T, Narciso JO, Zeng W, van de Meene A, Yasutomi M, 
Takemura S, et al.: KNS4/UPEX1: a type II arabinogalactan β- 
(1,3)-galactosyltransferase required for pollen exine devel
opment. Plant Physiol 2017, 173:183 – 205, https://doi.org/ 
10.1104/pp.16.01385.

50. Kaur D, Moreira D, Coimbra S, Showalter AM: Hydroxyproline- 
O-galactosyltransferases synthesizing type II arabinoga
lactans are essential for male gametophytic development in 
Arabidopsis. Front Plant Sci 2022, 13, 935413, https://doi.org/ 
10.3389/fpls.2022.935413.

51. Zhang Y, Held MA, Kaur D, Showalter AM: CRISPR-Cas9 
multiplex genome editing of the hydroxyproline-O-galacto
syltransferase gene family alters arabinogalactan-protein 
glycosylation and function in Arabidopsis. BMC Plant Biol 
2021, 21:1 – 16, https://doi.org/10.1186/s12870-020-02791-9.

52. Ajayi OO, Held MA, Showalter AM: Glucuronidation of type II 
arabinogalactan polysaccharides function in sexual repro
duction of Arabidopsis. Plant J 2022, 109:164 – 181, https://doi. 
org/10.1111/tpj.15562.

53
*

. Foubert-Mendes S, Silva J, Ferreira MJ, Pereira LG, Coimbra S: 
A review on the function of arabinogalactan-proteins during 
pollen grain development. Plant Reprod 2025, 38:8, https://doi. 
org/10.1007/s00497-024-00515-9.

This review highlights the essential role of AGPs in pollen grain and 
pollen tube development, focusing on their contribution to structural 
integrity and cellulose deposition. AGPs are crucial for the formation of 
pollen wall layers and proper pollen tube growth, with their absence 
resulting in defects such as early-stage collapse and impaired pollen 
tube elongation.

54. Pickard BG, Fujiki M: Ca2+ pulsation in BY-2 cells and evi
dence for control of mechanosensory Ca2+-selective chan
nels by the plasmalemmal reticulum. Funct Plant Biol 2005, 
32:863 – 879, https://doi.org/10.1071/FP05045.

55. Roy S, Jauh GY, Hepler PK, Lord EM: Effects of Yariv 
phenylglycoside on cell wall assembly in the lily pollen tube. 
Planta 1998, 204:450 – 458, https://doi.org/10.1007/ 
s004250050279.

56. Feijó JA, Malhó R, Obermeyer G: Ion dynamics and its 
possible role during in vitro pollen germination and tube 
growth. Protoplasma 1995, 187:155 – 167, https://doi.org/ 
10.1007/BF01280244.

57. Lamport DTA, Tan L, Held MA, Kieliszewski MJ: Pollen tube 
growth and guidance: occam’s razor sharpened on a mo
lecular arabinogalactan glycoprotein Rosetta stone. New 
Phytol 2018, 217:491 – 500, https://doi.org/10.1111/nph.14845.

58. Lamport DTA, Varnai P, Seal CE: Back to the future with the 
AGP-Ca2+ flux capacitor. Ann Bot 2014, 114:1069 – 1085, 
https://doi.org/10.1093/aob/mcu161.

59. Wu HM, Wang H, Cheung AY: A pollen tube growth stimula
tory glycoprotein is deglycosylated by pollen tubes and 
displays a glycosylation gradient in the flower. Cell 1995, 82: 
395 – 403, https://doi.org/10.1016/0092-8674(95)90428-x.

60. Larsson E, Vivian-Smith A, Offringa R, Sundberg E: Auxin ho
meostasis in Arabidopsis ovules is anther-dependent at 
maturation and changes dynamically upon fertilization. Front 
Plant Sci 2017, 8:1735, https://doi.org/10.3389/fpls.2017.01735.

61. Salinas-Grenet H, Herrera-Vásquez A, Parra S, Cortez A, 
Gutiérrez L, Pollmann S, et al.: Modulation of auxin levels in 

8 VSI: Cell biology and cell signalling 2025

Current Opinion in Plant Biology 2025, 88:102800 www.sciencedirect.com

https://doi.org/10.3390/ijms23126578
https://doi.org/10.1271/bbb.69.1963
https://doi.org/10.1111/j.1365%2D313X.2010.04181.x
https://doi.org/10.3389/fpls.2020.615392
https://doi.org/10.3389/fpls.2020.615392
https://doi.org/10.1111/j.1365%2D313X.2010.04344.x
https://doi.org/10.1111/j.1365%2D313X.2010.04344.x
https://doi.org/10.1186/s12870%2D021%2D03038%2Dx
https://doi.org/10.1111/nph.14468
https://doi.org/10.1371/journal.pone.0125624
https://doi.org/10.1186/s12870%2D021%2D03012%2D7
https://doi.org/10.1038/ncomms5645
https://doi.org/10.1104/pp.104.046961
https://doi.org/10.1242/dev.081208
https://doi.org/10.1038/ncomms5722
https://doi.org/10.1038/ncomms5722
https://doi.org/10.1016/j.devcel.2014.04.008
https://doi.org/10.1111/nph.12005
https://doi.org/10.1105/tpc.20.00027
https://doi.org/10.1186/s12870%2D020%2D02420%2D5
https://doi.org/10.1186/s12870%2D020%2D02420%2D5
https://doi.org/10.3390/plants10061172
https://doi.org/10.1186/S12870%2D021%2D03362%2D2
https://doi.org/10.1104/pp.16.01385
https://doi.org/10.1104/pp.16.01385
https://doi.org/10.3389/fpls.2022.935413
https://doi.org/10.3389/fpls.2022.935413
https://doi.org/10.1186/s12870%2D020%2D02791%2D9
https://doi.org/10.1111/tpj.15562
https://doi.org/10.1111/tpj.15562
https://doi.org/10.1007/s00497%2D024%2D00515%2D9
https://doi.org/10.1007/s00497%2D024%2D00515%2D9
https://doi.org/10.1071/FP05045
https://doi.org/10.1007/s004250050279
https://doi.org/10.1007/s004250050279
https://doi.org/10.1007/BF01280244
https://doi.org/10.1007/BF01280244
https://doi.org/10.1111/nph.14845
https://doi.org/10.1093/aob/mcu161
https://doi.org/10.1016/0092%2D8674%2895%2990428%2Dx
https://doi.org/10.3389/fpls.2017.01735


pollen grains affects stamen development and anther 
dehiscence in Arabidopsis. Int J Mol Sci 2018, 19:2480, https:// 
doi.org/10.3390/ijms19092480.

62. Vanneste S, Friml J: Calcium: the missing link in auxin action. 
Plants 2013, 2:650 – 675, https://doi.org/10.3390/plants2040650.

63. Lamport DTA, Tan L, Kieliszewski MJ: A molecular pinball 
machine of the plasma membrane regulates plant growth — a 
new paradigm. Cells 2021, 10:1935, https://doi.org/10.3390/ 
cells10081935.

64
*

. Lamport DTA: The growth oscillator and plant stomata: an 
open and shut case. Plants 2023, 12:2531, https://doi.org/ 
10.3390/plants12132531.

This study investigates the role of AGPs in regulating plant stomatal 
movements, highlighting their crucial involvement in controlling sto
matal opening and closing through the growth oscillator and dynamic 
Ca2+ storage and release. While not directly related to reproduction, 
the study enhances our understanding of AGPs’ functions in plant 
physiology and stress responses, which can influence reproductive 
success, particularly under environmental stress conditions.

Arabinogalactan proteins in plant reproduction Silva et al. 9

www.sciencedirect.com Current Opinion in Plant Biology 2025, 88:102800

https://doi.org/10.3390/ijms19092480
https://doi.org/10.3390/ijms19092480
https://doi.org/10.3390/plants2040650
https://doi.org/10.3390/cells10081935
https://doi.org/10.3390/cells10081935
https://doi.org/10.3390/plants12132531
https://doi.org/10.3390/plants12132531

	Arabinogalactan proteins: Decoding the multifaceted roles in plant reproduction
	Introduction
	AGPs in signal transduction
	AGPs as cross-linkers in the cell wall
	AGPs as calcium capacitors
	Concluding remarks
	Author contributions
	Funding
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


