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Arabinogalactan-proteins (AGPs) are cell wall glycoproteins that make up a relatively small component of the
extracellular matrix of plants yet have significant influence on wall mechanics and signalling. Present in walls of
algae, bryophytes and angiosperms, AGPs have a wide range of functional roles, from signalling, cell expansion

sllzgsgre(:g;pment and division, embryogenesis, responses to abiotic and biotic stress, plant growth and development. AGPs interact

Signalling with and influence wall matrix components and plasma membrane proteins to regulate developmental pathways
and growth responses, yet the exact mechanisms remain elusive. Comprising a large gene family that is highly
diverse, from minimally to highly glycosylated members, varying in their glycan heterogeneity, can be plasma
membrane bound or secreted into the extracellular matrix, have members that are highly tissue specific to those
with constitutive expression; all these factors have made it extremely challenging to categorise AGPs many
qualities and roles. Here we attempt to define some key features of AGPs and their biological functions.

Introduction (S) and threonine (T), or ‘PAST’ that occur in a clustered, non-

Arabinogalactan-proteins (AGPs) are glycoproteins predicted to be
present in the walls of all plant and algal species and have intrigued and
challenged cell wall and developmental biologists for decades. In addi-
tion to their roles regulating many aspects of plant development, AGPs
have industrial and health applications including as gums in food
products and pre-biotics in the human gut, respectively. While the
definition of AGPs has come to cover a broad range of glycosylated
protein molecules, they share the feature of large type Il arabinogalactan
(AG) glycan chains O-linked to Hydroxyproline (Hyp) in the protein
backbone (Fig. 1). AGPs include a N-terminal signal sequence directing
them into the endoplasmic reticulum (ER) for post-translational pro-
cessing and many also include a signal at the C-terminus for addition of a
glycosylphosphatidyl inositol (GPI) anchor. GPI-anchors can associate
with specific membrane domains proposed to influence trafficking of
AGPs through the ER and Golgi and delivery to the cell surface to attach
the protein to the outer leaflet of the plasma membrane (PM) facing the
wall (Fig. 1) (Muniz and Riezman, 2016). Sequences encoding AGPs
have regions with an amino acid bias for proline (P), alanine (A), serine

contiguous manner, for example SPAPTP, termed AG glycomotifs
(Fig. 1). The proline residues are converted to hydroxyproline (Hyp, O)
by prolyl 4-hydroxylases that act as sites for addition of the first galac-
tose (Gal), by Hyp-O-galactosyltransferases (Hyp-O-GalTs) in the ER-
Golgi and then further extended by a series of glycosyltransferases in
the Golgi Apparatus (Silva et al., 2020; Fig. 1). AG glycans consist of a
backbone of -1,3 linked Gal with p-1,6 linked Gal sidechains substituted
with o-L-Arabinose (Ara)f and this core structure appears to be
remarkably stable across different plant species (Strasser et al., 2021,
Tryfona et al., 2012). What has been shown to vary are the branch types
and sugars on the p-1,6 linked Gal sidechains, and can include Ara,
rhamnose (Rha), Gal, fucose (Fuc) and glucuronic acid (GlcA) depending
on the species and tissue type, in variable ratios (Strasser et al., 2021,
Tryfona et al., 2012). A key tool for isolating AGPs is $-Yariv reagent
which can precipitate with AGPs and has enabled characterisation of
glycan structures (Strasser et al., 2021, Tryfona et al., 2012). The
physico-chemical properties of many AGPs, and therefore functions and
interactions, will be significantly influenced by the large glycan struc-
tures. In seed plants, Araf is the major terminal sugar and the neutral/
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Fig. 1. Arabinogalactan proteins (AGPs) are highly diverse glycoproteins in the
plant extracellular matrix. (A) Schematic representation of AGP locations and
interactions with cell wall structural components and signalling pathways. AGP
can be either secreted into cell walls or located at the plasma membrane (PM)
via glycosylphosphatidylinositol (GPI)-anchor (arrow). Arabinogalactan (AG)
glycan chains (orange) can interact with pectin rhamnogalacturonan-I (RG-I)
and form larger complexes with wall polysaccharides. AGPs, including GPI-
anchored AGPs (GPI-AGPs) located at the PM-cell wall interface, have poten-
tial to bind calcium via AG glycans. Signalling pathways may be activated by
calcium release, for example in response to changes in pH, and transport of
calcium into the cytoplasm via calcium channels or by interaction of AGPs with
PM localised receptor-like kinases (RLKs). Chimeric AGPs may interact with
other GPI-anchored proteins (GPI-AP) and form larger cell wall sensing com-
plexes with RLKs. (B) Schematic representation of AG glycan structures. AG
glycomotifs consist of clustered, non-contiguous hydroxyproline (O) residues
such as the SO, AO, TO, and VO repeats in the protein backbone and direct
addition of O-linked type II arabinogalactan polysaccharides. AG glycans
consist of a backbone of p-(1-3)-linked galactose (Gal) and p-(1-6)-linked Gal as
sidechains, with terminal sugars that can include arabinose (Ara), glucuronic
acid (GlcA) and rhamnose (Rha). Glycosyltransferases responsible for AG
biosynthesis include galactosyltransferase 2-6 (GALT2-6) and Hyp-O-gal-
actosyltransferases 1-3 (HPGT1-3) responsible for initiation of AG glycan
synthesis, KNS4/UPEX]1 for elongation of $-(1-3)-Gal backbone, GALT29A and
GALT31A for p-(1-6)-Gal addition, REDUCED ARABINOSE YARIV1 (RAY1) for
a-(1-3)-Ara addition and glycosyltransferase 14 members that add Me-GlcA. AG
glycan can covalently interact with pectin RG-I via Rha and associate with
calcium via GlcA residues. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

polar characteristics make the AGPs highly hydrophilic and influences
water holding, adhesion and emulsification properties. Using antibody
labelling to different AG glycan epitopes, it is clear that branches and
terminal residues can vary greatly, likely on different AGP molecules
and certainly between different tissue types and species (Silva et al.,
2020). Terminal sugars, such as methylated sugars and uronic acids can
generate a less hydrophilic surface and introduce negative charges,
respectively. AGP structures have likely evolved specific adaptations to
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environment and developmental/tissue contexts. For example, algal
AGPs have a large amount of 3-O-methyl-hexose but less Ara or Gal as
shown in B-Yariv extracted AGPs from Ulva Lactuca (Prerovska et al.,
2021). Bryophyte and fern AGPs have been found to have a high content
of Rha and methylated Rha at the periphery leading to a less polar
surface and potentially mediate hydrophobic interactions that modulate
cell wall properties during water stress (Pfeifer et al., 2022). In Arabi-
dopsis, covalent linkages between Rha on AGPs and galacturonic acid on
rhamnogalacturonan-I (RG-I) pectin are strongly associated with the cell
wall and proposed to function in maintaining a functional wall structure
through pectin crosslinking (Tan et al., 2013, Tan et al., 2023). The
degree of glucuronidation on Arabidopsis AGPs is associated with the
calcium binding and influences signalling and salt tolerance (Lopez-
Hernandez et al., 2020). In seagrass AGPs, a high proportion of meth-
ylated GlcA is thought to introduce negative charges that associate
calcium at the exclusion of sodium as an adaptation to the marine
environment (Pfeifer et al., 2020). The glycans of AGPs and their het-
erogeneity are important not only to their roles interacting with
different wall components but also for acting in signalling pathways. For
example, the terminal 4-Me-GlcA-p-1,6-Gal disaccharide is necessary
and sufficient to act as a signal in an ovular methyl-glucuronosyl ara-
binogalactan (AMOR) in Torenia fournieri to regulate pollen tube com-
petency to ovular (Mizukami et al., 2016). What remains unclear is the
regulation of these specific glycan epitopes and on what AGP molecules
they occur.

The AGPs superfamily is hugely diverse and includes highly glyco-
sylated molecules, such as ‘classical’ AGPs and AG-peptides that have
protein backbones that are PAST-rich (>45 %) and glycosylation makes
up to 90 % of the total mass. Study of such AGPs from gum arabic
suggest an ellipsoid morphology and ability to self-aggregate (Renard
et al., 2012). AGPs also include multidomain, moderately glycosylated
proteins, where the AG glycans are just one of the features that
contribute to function. The AG glycomotif region may occur as little as
once in ‘non-classical” AGPs which include other protein regions; such as
histidine (H)- or cysteine (C)-rich regions. Hybrid AGPs include other
hydroxyproline-rich glycoprotein motifs such as SPPPP found in exten-
sins (Ma et al., 2018). In recent bioinformatics studies of the AGP su-
perfamily, AG glycomotifs were found to be associated with 9 AGP sub-
groups and there are likely more (Ma et al., 2017, Johnson et al., 2017).
Chimeric AGPs include a recognised PFAM domain and over 12 types of
have been identified, although in many, glycosylation has not been
confirmed (Ma et al., 2017, Johnson et al., 2017). A study of one of the
most well recognised chimeric AGPs, the Fasciclin-like AGP (FLA)
family, found AG glycomotif regions and other domains of the protein,
such as fasciclin domain type, are strongly associated, suggesting func-
tional specificity (Shafee et al., 2020). Many AGPs have also been found
to have distinct expression profiles, for example, exclusively in pollen or
cells with secondary cell walls (Silva et al., 2020). Members of this
intriguing family are therefore likely to have become specialised for
their roles in the extracellular matrix of plant cells, playing a myriad of
functions in reproduction, development, responses to abiotic and biotic
stresses (Silva et al., 2020). In the following sections we briefly outline a
few key areas where AGPs have functional importance as structural wall
integrators and cell surface ‘hubs’ in signalling pathways.

AGPs and the wall matrix

During growth, development and in response to the environment, the
wall is highly dynamic to maintain structural integrity and cellular
functions, including cell-cell communication, adhesion and expansion.
There are numerous AGP members in any given tissue and analysis of
knockout lines of individual AGPs often shows no obvious phenotype
(Ma et al., 2018). Mutants in multiple AGP members or the glycosyl-
transferases involved in AG glycan synthesis have been generated to
overcome redundancy. These studies have shown the importance of
AGPs for maintenance of wall structure. For example, mutant
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combinations of the eight Hyp-O-GalTs in Arabidopsis showed AGP roles
in maintenance of both primary and secondary walls during growth and
development, including in root cell expansion, stem biomechanics, seed
coat differentiation and pollen formation (Kaur et al., 2022). Many AGPs
are specific to floral reproductive structures and include classical AGPs,
AG peptides and FLAs (Ma et al., 2018). Under-glycosylation and/or
reduction of AGPs has been shown to strongly impact male reproduc-
tion. Mutation of KNS4/UPEX1, which encodes a f-1,3-galactosyl-
transferase responsible for AG glycan synthesis, impacts pollen exine
development (Suzuki et al., 2017), the agp6agp11 double mutant showed
compromised pollen grain development (Coimbra et al., 2009) and
investigation of galt2galt5galt7galt8galt9 quintuple mutants showed se-
vere disruption of pollen wall development in exine and intine layers
(Kaur et al., 2022). AGPs are proposed to act as a molecular scaffold,
required for correct assembly of polysaccharides during pollen
development.

AGPs have also been shown to be important for maintenance of other
complex polysaccharide structures, such as mucilage. Severe seed
mucilage phenotypes were found when glycosyltransferase 14 members
were disrupted, the enzymes that add Me-GlcA to AG glycans (Ajayi
et al., 2021). The glcat14a-1glcatl4c-1 mutants show loss of adherent
mucilage and significant alterations in cellulose ray formation and seed
coat morphology (Ajayi et al., 2021). Mutation of fla4/sos5 also show
lower seed mucilage adherence (Griffiths et al., 2014). AGPs are com-
ponents of root mucilage, secreted by cells sloughed off from the root
cap that provides physical and biological protection. AGPs, along with
pectins, are thought to contribute to mucilage hydration and lubrication
of the root tip, as well as influencing the interactions of root associated,
cap-derived cells with root-infecting pathogens, influencing growth,
binding, and trapping of pathogenic and beneficial microbes, including
bacteria and oomycetes (Driouich et al., 2021).

A question remains as to how AGPs support cell wall structure and
adhesion. In cultured cells of Arabidopsis, the majority of AGP was
shown to be covalently linked with RG-I glycans, in a 2:1 (RG-I to AGP)
ratio (Tan et al., 2023) and the AGP APAP1 has been shown to link to
RG-I and arabinoxylan that form a larger complex (Tan et al., 2013).
AGPs are proposed to be part of tightly associated cell wall poly-
saccharide complexes through covalent and non-covalent interactions
that contribute to the mechanical properties required for cell functions,
as well as providing important links between the wall and plasma
membrane for signalling.

AGPs and signalling

AGPs have long been implicated in signalling pathways yet their
structural complexity and lack of identified direct signalling partners has
made understanding the mechanisms extremely challenging. AGPs may
influence signalling indirectly, via changes in wall properties, or directly
by acting as co-receptors at the PM (Fig. 1). AGPs influence on signalling
pathways via wall changes was shown in hpgt1,2,3 triple mutants that
showed a reduction in cellulose, accumulation of pectin and disrupted
plasmodesmata structure (Okawa et al., 2022). Mutants showed sto-
matal patterning defects that are proposed to result from increased
symplastic transport of signalling molecules, such as the transcription
factor SPEECHLESS, through larger plasmodesmata cavities (Okawa
et al., 2022). Involvement of AGPs in embryo development in brown
algae and gametophore cell wall development in the moss Physcomitrium
patens suggest signalling roles were established early in evolution (Teh
et al., 2022, Herve et al., 2016). AGPs with transmembrane domains,
SLEEPING BEAUTY (SB) and SB-like (SBL), redundantly and specifically
act to delay the timing of juvenile bud initiation in P. patens by modi-
fying cell wall properties (Teh et al., 2022). SB was shown to regulate the
transcription of class C auxin response factor (ARF) PpARFC2 that in
turn acts as a transcriptional repressor of cell wall remodelling genes
(Teh et al., 2022). The factors that SB directly interact with at the PM
remain unclear. Cross-over of AGPs with hormone signalling pathways
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likely fine-tunes growth and developmental in feedback loops involving
the cell wall. An AGP peptide, AGP21 has been identified as acting in
brassinosteroid (BR) pathways that regulate root hair development in
Arabidopsis (Borassi et al., 2020). AGP21 is positively regulated by the
transcription factor BRASSINAZOLE RESISTANT 1 (BZR1) activated by
BR signalling. Disruption of AGP21, in mutant lines or by mutation of AG
glycomotifs, mimics f-Yariv treatment and leads to defective root hair
development by altering expression of the root hair repressor GLABRA 2
(Borassi et al., 2020). No direct physical interaction of AGP21 with BR
co-receptors at the PM was detected however given the challenges of
detecting glycan-protein interactions this possibility cannot be excluded
(Borassi et al., 2020).

A proposed chemical interaction of AGPs with calcium (Lamport and
Varnai, 2013) was supported by study of glcatl4a,b,d,e mutants in
Arabidopsis (Lopez-Hernandez et al., 2020). Loss of GlcA in AGPs
resulted in reduced calcium binding and mutant phenotypes showed
they are essential for signalling processes required for normal growth
and development (Lopez-Hernandez et al., 2020). The binding and
release of calcium by AGPs is proposed to contribute to apoplastic cal-
cium levels and influence cellular signalling. The signalling components
involved remain unclear and could involve plasma membrane H'-
ATPases, calcium channels and receptor-like kinases (Lopez-Hernandez
et al., 2020).

There remain gaps in our understanding of the role of AGPs in these
complex feedback loops, including identification of the signalling part-
ners of AGPs, the connections between cell wall polysaccharides, AGPs
and cell surface receptors and the dynamics involved in responding to
cellular and external cues.

Conclusions and open questions

Our understanding about AGP glycan structures, synthesis and mo-
lecular functions has greatly advanced in recent years. AGPs are now
recognised as playing roles in regulating both cell wall structural
integrity and cell wall signalling and opens multiple avenues for
exploring functional mechanisms and potential applications. Under-
standing AGPs role in the wall has potential to improve crop tolerance to
salt stress and resilience to more variable climates such as low and high
temperatures (Kutsuno et al., 2022, Liu et al., 2022). The role of AGPs in
regulating development of reproductive organs and pollination could
contribute to overcoming barriers of crossing or self-incompatibility
(Zhou et al., 2022). These potential applications of AGPs encourage
further investigation of some key outstanding questions: Are AGPs
acting as a structural scaffold, signalling ligand or both? What poly-
saccharides are AGPs interacting with in different wall contexts? Do
AGPs directly interact with signalling partners and what are they? In
which sub-cellular compartment(s) are AGPs active? What structures
contribute to AGP functions? Where and how is the degree and speci-
ficity of AG glycosylation regulated? Can efficient genome editing tools
overcome genetic redundancy to understand roles of multiple, related
members? These questions will keep researchers investigating AGPs for
decades to come.
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