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Abstract: Glycosylation is a widespread modification of plant specialized metabolites (PSMs), yet O-linked oligo-
saccharide chain formation remains poorly explored. Beyond mono-glycosylation, a subset of PSMs occurs as
di-, tri-, or higher oligosaccharides conjugates in which multiple sugar units are sequentially attached at a single
glycosylation site. Such chain-based architectures have been reported across diverse plant taxa and chemical
classes, but remain sparsely documented. Here, we synthesize evidence for O-linked polysaccharides in PSMs,
with emphasis on their chemical architectures and biosynthetic principles. Finally, we discuss emerging exam-
ples in which O-linked oligosaccharide chains modulate metabolite stability, reversibility, or chemical behaviour,
positioning poly-glycosylation as an underappreciated dimension of plant chemical diversity.
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1. Introduction

Plant specialized metabolites (PSMs) display remarkable
chemical diversity.['! Their molecular weight and structural
complexity can be expanded by post-synthetic modifications
such as glycosylation, influencing solubility, stability, localiza-
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tion, and bioactivity. In plants, glycosylation occurs mainly as
O-glycosylation, involving labile glycosidic bonds, but also as
C-glycosylation, conferring enhanced resistance to hydrolysis.
These effects enable plants to accumulate bioactive compounds
while limiting their reactivity and cytotoxicity. Beyond mo-
no-glycosylation, PSMs can carry multiple sugars via independ-
ent additions at distinct positions or through O-linked oligosac-
charide chains.?! Anthocyanins reflect the structural diversity of
poly-glycosylation (Fig. 1). Interestingly, glycosylation can also
modulate growth and reproduction.3-31 Yet, poly-glycosylated
PSMs remain underrepresented in metabolomics and plant bi-
ology.

This review synthesizes existing reports on O-linked oligosac-
charide chains attached at a single aglycone position, discusses
their structural diversity and synthesis, and highlights their func-
tional relevance.

2. Poly-glycosylated PSMs Across Classes
2.1 Aromatic PSMs

2.1.1 Phenylpropanoids

O-linked poly-glycosylated phenylpropanoids have been de-
tected in multiple plant lineages, including spices, crops, fruits,
ornamentals, and medicinal plants, suggesting widespread chain-
based modification.®!

Poly-glycosylated aromatic PSMs frequently display
heterogeneous sugar compositions. For example, eugenol
O-diglycosides from clove include homogeneous or heteroge-
neous disaccharides. Eucalyptus perrinzana cells convert exog-
enous eugenol into both eugenyl B-D-glucopyranoside and eug-
enyl -gentiobioside.[”l Expressing the petunia coniferyl alcohol
acetyltransferase (PhCFAT) and eugenol synthase (PhEGS) in
aspen enhanced production of eugenol, eugenol glucoside and
eugenol xylose-glucose.l8! In tomato, SINSGT! expression dur-
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(1) Cyanidin aglucone (2) Cyanidin-3-O-B-D-glucopyranoside

(3) Cyanidin-3-O-rutinoside

(4) Cyanidin-3,5-di-O-B-D-
glucopyranoside.

(5) Cyanidin-3-O-rutinoside-5-O-B-D-
glucopyranoside

Fig. 1. Structural diversity of glycosylation architectures illustrated using cyanidin. (1) Cyanidin (aglycone), the non-glycosylated anthocy-
anidin core. (2) Cyanidin-3-O-B-D-glucopyranoside, illustrating mono-O-glycosylation at a single position. (3) Cyanidin-3-O-rutinoside [cyani-
din-3-0-a-L-rhamnopyranosyl-(1—6)-p-D-glucopyranoside], representing an O-linked oligosaccharide chain attached at a single glycosylation site.
(4) Cyanidin-3,5-di-O-B-D-glucopyranoside, illustrating multiple independent O-glycosylations at distinct positions on the aglycone. (5) Cyanidin-3-
O-rutinoside-5-O-B-D-glucopyranoside, combining an O-linked oligosaccharide chain with additional O-glycosylation at a second position.

ing fruit ripening converts cleavable eugenol disaccharide into
non-cleavable triglycosides.l5] These studies establish chain-
based O-linked poly-hexosylation as a tractable modification of
aromatic PSMs.

2.1.2 Flavonoids

Flavonoids are the most extensively documented O-linked
poly-glycosylated PSMs. Flavonols, flavones, and anthocyanins
frequently occur as di-, tri-, or higher glycosylated derivatives. At
the biochemical level, O-linked oligosaccharide chain formation
in flavonoids follows a sequential process. In A. thaliana, UDP-
glycosyltransferases (UGTs) of the UGT78 family predomi-
nantly catalyse the initial 3-O-glycosylation of flavonoid agly-
cones, whereas enzymes from the UGT79 family preferentially
act on glycosylated intermediates and mediate chain extension.
For instance, glycosylation of kaempferol is first catalysed by
flavonol 3-O-glucosyltransferases (GTs) and followed by chain
extension with specialized glycoside-modifying UGTs,
which converts kaempferol 3-O-glucoside into kaempferol
3-0-sophoroside. ]

Beyond disaccharides, flavonols such as kaempferol and
quercetin also occur as derivatives bearing gentiotriose, gen-
tiotetraose, and higher homologues.[!®) While the enzymatic
steps underlying the initial formation of di-glycosides are well
characterized, the specific GTs responsible for the elongation
of the oligosaccharide chains remain unresolved. Variation
in sugar identity further expands diversity, as seen in kaemp-
ferol derivatives such as kaempferol 3-O-arabinoside, kaemp-
ferol 3-O-glucoside, and kaempferol 3-O-rutinoside. Together,
these examples demonstrate that chain length, sugar compo-
sition, and linkage pattern are enzymatically programmed,
rather than simple consequences of repeated or unspecific GT
activity.

2.2 Nitrogen- and Sulfur-containing PSMs

2.2.1 Benzoxazinoids (BXs)

BXs are major nitrogen-containing PSMs in cereals and are
stored as O-glucosides in vacuoles.[!!l These mono-glucosides
represent the dominant BX form under steady-state conditions
and constitute a canonical example of glycosylation-mediated
compartmentalisation in plant defence metabolism.!!

Poly-hexosylated BXs have been reported in maize, wheat,
and rye, and can be found in cereal-based food products.[12]
Drought stress induced the accumulation of DIMBOA, HMBOA,
and HDMBOA, carrying gentiobiose and gentiotriose chains.[12]
Yet, their potential role in responses to abiotic stresses remain
unknown.

2.2.2 Cyanogenic glycosides

Cyanogenic glycosides constitute a widespread class of nitro-
gen-containing plant defence metabolites that release toxic hydro-
gen cyanide upon tissue disruption.!'3! Examples include linama-
rin and lotaustralin in cassava, dhurrin in sorghum, and amygdalin
in almond and other Prunus species.!'3:141 Known cyanogenic di-
glycosides such as linustatin, neolinustatin, and amygdalin, carry
disaccharides such as gentiobiose units directly attached to the
aglycone. The addition of these sugar moieties has been reported
to be catalysed by two UDP-glucosyltransferases, namely UGT85
and UGT94.1131

2.2.3 Glucosinolates (GSLs)

GSLs are a major class of sulfur- and nitrogen-containing
plant defence metabolites in which glycosylation is an integral
and invariant structural feature. GSLs carry a single thioglucose
moiety that is essential for their stability and enzymatic activation
by myrosinases.l'>! To the best of our knowledge, no evidence
exists for O-linked oligosaccharide chain extension in GSLs.

2.3 Terpenoid-derived PSMs

Terpenoid-derived PSMs, including triterpenoid saponins and
steroidal glycoalkaloids, represent one of the most extensive-
ly glycosylated classes of natural products in plants.[!6] Like in
flavonoids and nitrogen-containing PSMs, glycosylation in ter-
penoid PSMs involves sequential independent glycosylations of
the aglycone scaffold.l'”l In saponins, sugars are commonly at-
tached at defined positions such as the C(3) and/or C(28) hydroxyl
groups of the triterpenoid backbone, with each site bearing one or
more sugar residues that may themselves form short branches.[16]
Steroidal glycoalkaloids, such as solanine and tomatine, can car-
ry characteristic oligosaccharide moieties (e.g. solatriose, lyco-
tetraose) linked to the steroidal nitrogen-containing core.l'8! As in
flavonoids and BXs, these arise from the stepwise extension of a
primary glycoside.!19.20]

3. Biochemical Implications

3.1 Chain-based vs. Scattered Glycosylation Motifs
Chain-based glycosylation concentrates hydrophilicity at one
site, generating amphiphilic molecules while preserving agly-
cone polar surface properties. Such spatial segregation of polar
and non-polar regions can influence molecular orientation, inter-
facial behaviour, and interactions with membranes. In contrast,
multi-site glycosylation uniformly masks the aglycone, yielding
more isotropically hydrophilic molecules. Chain-based con-
jugates could, in principle, revert to the aglycone via deglyco-
sylation, although reported examples support stepwise terminal
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sugar removal. Chain-based glycosylation limits regioisomeric
complexity and imposes defined stereochemical organization
of sugar residues, which may simplify enzymatic handling and
intracellular processing. In contrast, multi-site sugar attachment
appears optimized for chemically constrained functions, such as
stabilization of reactive intermediates or irreversible masking of
functional groups.

3.2 Sequential Assembly and Specificity

O-linked oligosaccharide formation generally follows step-
wise sugar addition. In some cases (e.g. eugenol), the same GT
catalyses multiple steps, while in others (e.g. flavonoids) spe-
cialized GTs mediate chain extension. These enzymes recognize
specific aglycone structures, glycosylation positions, and sugar
identities.[?l Evidence from flavonoid pathways demonstrates that
enzymes responsible for chain extension preferentially accept
mono-glycosylated intermediates, enforcing spatial and architec-
tural control over oligosaccharide formation. In Petunia hybrida,
UGT79B31 exhibits substrate specificity by acting exclusively on
pre-glycosylated flavonoids.2!l Chain-extending UGTs further
differ in their donor sugar preferences, which can influence oli-
gosaccharide composition. For example, UGT79B6 preferentially
utilizes UDP-glucose but can also accept UDP-galactose in vitro,
suggesting that sugar nucleotide availability may modulate chain
composition.I The occurrence of dedicated chain-extending GT's
indicates that O-linked oligosaccharide formation may result from
selection over evolution.

3.3 Chain Length and Sugar Composition

The extent of chain elongation is further shaped by constraints
on chain length and sugar composition, which vary markedly
among metabolite classes. Flavonoids and BXs tolerate substan-
tial extension of homogeneous glucose chains, giving rise to di-,
tri-, and tetra-hexosylated derivatives, whereas cyanogenic glyco-
sides appear to be largely limited to mono- or fixed disaccharide
forms. These differences may reflect a combination of steric lim-
itations, enzyme availability, and compatibility with downstream
processes.

3.4 Secondary Modifications of Sugar Moieties

In some PSMs, sugar chains serve not only as terminal dec-
orations but also as platforms for secondary chemical modifica-
tions.[22I In anthocyanins sugar chains can undergo further mod-
ification, including acylation or additional glycosylation of the
sugar residues themselves.[23! Thus, sugars may constitute pivotal
chemical motifs rather than just solubilizing groups.

3.5 Storage vs. Bioactivity

While glycosylation is often associated with metabolite sta-
bilization and storage, the occurrence of O-linked oligosaccha-
ride chains is not uniformly associated with inactivation.?*] In
A. thaliana, kaempferol 3-O-neohesperidoside influences
auxin transport and homeostasis, ultimately modulating aux-
in-related developmental processes.?’l In tomato, kaempferol
3-0-glucosyl-(1—2)-galactoside is required for pollen tube
growth.[20] Additionally, the conversion of cleavable diglycosides
of smoky-related phenylpropanoid volatiles into non-cleavable
triglycosides prevents their release upon tissue disruption, there-
by suppressing aroma formation.! In flowers, the production and
accumulation of triglycosides modulates floral coloration.34
These examples illustrate that O-linked oligosaccharide chains
can act as chemical regulators and additional functional studies
are required to shed light on their ecological relevance.

4. Outlook and Perspectives
O-linked oligosaccharide chains constitute a chemically dis-
tinct and selectively deployed form of glycosylation in PSMs. Key

challenges include distinguishing chain-based from scattered mo-
tifs, identifying biosynthetic pathways, and clarifying ecological
relevance. Beyond stabilization and storage, chain-based architec-
tures may represent an underexplored layer of PSM biology with
potential agricultural applications.
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