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A B S T R A C T   

In plants, the deoxy sugar L-rhamnose is widely present as rhamnose-containing polymers in cell walls and as part 
of the decoration of various specialized metabolites. Here, we review the current knowledge on the distribution 
of rhamnose, highlighting the differences between what is known in dicotyledoneuos compared to commelinid 
monocotyledoneous (grasses) plants. We discuss the biosynthesis and transport of UDP-rhamnose, as well as the 
transfer of rhamnose from UDP-rhamnose to various primary and specialized metabolites. This is carried out by 
rhamnosyltransferases, enzymes that can use a large variety of substrates. Some unique characteristics of 
rhamnose synthases, the multifunctional enzymes responsible for the conversion of UDP-glucose into UDP- 
rhamnose, are considered, particularly from the perspective of their ability to convert glucose present in fla
vonoids. Finally, we discuss how little is still known with regards to how plants rescue rhamnose from the many 
compounds to which it is linked, or how rhamnose is catabolized.   

1. Introduction 

L-Rhamnose (Rha), a deoxy monosaccharide, is widely distributed in 
bacteria and plants but rare in animals. Over the past two decades, an 
increasing number of Rha-containing molecules have been demon
strated to play critical roles in diverse pathogenic bacteria as well as 
exhibit various biological functions in plants [1]. Rha is primarily found 
in plants as part of cell walls and conjugated to specialized metabolites. 
In plant cell walls, Rha is required as a building block for synthesizing 
pectic polymers and cell wall glycoproteins. Pectin polymers are a group 
of structurally-complex polysaccharides that form a gel-like matrix for 
embedding cellulose microfibrils and hemicelluloses [2]. Pectins are 
characterized by their rich D-galacturonic acid (GalA) content, and 
consist of three major groups: homogalacturonan (HG), rhamnoga
lacturonan I (RG-I), and rhamnogalacturonan II (RG-II) [3]. HG, the 
most abundant group of pectins, is a linear homopolymer of α-(1, 
4)-linked GalA residues [4]. The second most abundant pectin polymer 
is RG-I, which has a backbone of the repeating disaccharide unit (1, 
4)-α-GalA-(1,2)-α-Rha (Fig. 1). Rha residues of the RG-I backbone can be 
decorated with oligosaccharides, including arabinans and galactans [5]. 
RG-II polymers have a backbone of α-(1,4)-linked GalA residues similar 

to HG, but are substituted with at least four types of oligosaccharides, 
including three different sidechains with highly conserved Rha decora
tion patterns across plant species (Fig. 1) [5]. Arabinogalactan proteins 
(AGPs), a group of cell wall glycoproteins, have a hydroxyproline-rich 
core protein branched with side chains that are abundant in arabinose 
and galactose residues, as well as a few Rha residues (Fig. 1) [6]. 

Rha is also conjugated to specialized metabolites, often through the 
formation of acid-labile ether bonds, such as found in the flavone maysin 
[2′′-O-rhamnosyl-6-C-(6-deoxy-xylo-hexos-4-ulosyl) luteolin] [7], in the 
anthocyanin lobelinin A (3-O-p-coumar
oylrutinosyl-5-O-malonylglucosyl-3′5′-O-dihydroxycinnamoylglucosyl 
delphinidin) [8], in the flavonol rutin (3-O-rutinosyl quercetin) [9], in 
the steroidal alkaloid khasianine [1-O-(rhamnosyl-4-O-glucosyl) sol
asodine] [10], in the triterpenoid saponin α-hederin [1-O-(rhamnosy
l-2-O-arabinosyl) hederagenin] [11], and in several glycosides of 
long-chain fatty alcohols, such as 1-O-(rhamnosyl-2-O-glucosyl-3-O-
rhamnosyl-6-O-glucosyl) hexadecanol [12], and in glycosides of 
short-chain unsaturated alcohols, such as the volatile 1-O-(rhamnosy
l-6-O-glucosyl) cis-3-hexenol [13]. However, Rha conjugation can also 
happen through the formation of carbon-carbon bonds, like those present 
in the C-glycosylflavone violanthin (6-C-glucosyl-8-C-rhamnosyl 
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apigenin) [14] (Fig. 1). The C-C bonds are much more stable and resistant 
to acid hydrolysis, compared to the more typical ether bonds. 

The incorporation of Rha residues into Rha-containing metabolites is 
catalyzed by glycosyltransferases, specifically rhamnosyltransferases, 
using the nucleotide diphosphate-sugar UDP-rhamnose (UDP-Rha) as a 
substrate [15]. In Arabidopsis, the total amount of Rha in leaves is 
distributed between soluble cellular components (UDP-Rha and 
Rha-containing specialized metabolites), water-soluble polymers 
(AGPs), and cell wall matrix polysaccharides (RG-I and RG-II). The 
majority of Rha (~682 μg/g fresh weight corresponding to ~90 % of the 
total Rha) is incorporated into cell wall matrix polysaccharides [16]. 
The distribution of Rha in cell wall extracts from various grasses 
(commelinid monocotyledons) and dicotyledonous plant tissues is 
summarized in Table 1. Rha accumulation in the cell wall of grasses is 
significantly smaller than the amount of Rha in the cell wall of dicots. 
The amount of Rha in soluble cellular components was determined to be 

~75 μg/g fresh weight in Arabidopsis, but less (~15 μg/g fresh weight) 
was found to be present as conjugated to water-soluble polymers (e.g., 
AGPs) [16]. 

This review provides an overview and recent updates on the 
biosynthesis and transport of UDP-Rha, and the incorporation of Rha 
residues onto Rha-containing metabolites in plants. The diverse func
tions of Rha-containing metabolites in primary and specialized meta
bolism are discussed, as suggested from recent advances in the analysis 
of mutants, biochemical characterizations, and metabolic analyses. 

2. UDP-rhamnose biosynthesis 

2.1. Formation of UDP-rhamnose by rhamnose synthase 

In plants, UDP-Rha biosynthesis results from the catalytic action of 
rhamnose synthase (RHM) using UDP-Glc as a substrate. The RHM 

Fig. 1. Representative chemical structures of rhamnose-containing metabolites in plants. In primary metabolism (shaded blue), rhamnose residues are incorporated 
as part of the rhamnogalacturonan I (RG-I) backbone, or providing the sidechains decorations of rhamnogalacturonan II (RG-II) and arabinogalactan-proteins (AGPs). 
Rhamnose residues are also attached to various specialized metabolites (shaded yellow), including the C-glycosylflavone maysin and violanthin, the flavonol rutin, 
the anthocyanin lobelinin A, the triterpenoid saponin α-hederin, the steroidal alkaloid khasianine. α-L-Rhamnose and rhamnose residues are highlighted with light 
green color. Abbreviations: Kdo: 3-deoxy-d-manno-octulosonic acid; Ac: acetyl group; Me: methyl group. 
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enzyme contains an N-terminal region with UDP-Glc 4,6-dehydratase 
activity to form the intermediate UDP-4-keto-6-deoxy-D-glucose (UDP- 
4K6DG) and a C-terminal domain with dual functional activities as UDP- 
4K6DG 3,5-epimerase and UDP-4-keto-L-rhamnose 4-keto-reductase, 
necessary to convert UDP-4K6DG into UDP-Rha [32]. In bacteria, the 
parallel reactions for deoxythymidine diphosphate rhamnose 
(dTDP-Rha) formation are catalyzed by three sequential enzymes, RmlB 
(or RfbB) with dTDP-Glc 4,6-dehydratase activity, RmlC (or RfbC) with 
dTDP-4K6DG 3,5-epimerase activity, and RmlD (or RfbD) with 
dTDP-4-keto-L-rhamnose 4-keto-reductase activity (Fig. 2A) [33]. An 
evolutionary analysis indicated that the plant RHM N-terminal region 
domain evolved from bacteria RmlB, while the RHM C-terminal region 
evolved from a fusion between RmlC and RmlD [34]. Therefore, the 
single plant RHM enzyme catalyzes reactions equivalent to the three 
bacterial enzymes (Fig. 2A). 

In Arabidopsis, AtRHM1 (At1g78570), AtRHM2 (At1g53500), 
AtRHM3 (At3g14790), and AtUER1 (At1g63000) have been reported to 
be involved in UDP-Rha biosynthesis (Table 2) [35]. AtRHM1-3 showed 
UDP-Glc 4,6-dehydratase, UDP-4K6DG 3,5-epimerase, and UDP-4-ke
to-L-rhamnose 4-keto-reductase activities, when they were expressed in 
Saccharomyces cerevisiae [35]. In contrast, AtUER1 was shown to be a 
bifunctional enzyme that presents the dTDP/UDP-4K6DG 3,5-epimerase 
and dTDP/UDP-4-keto-L-rhamnose 4-keto-reductase activities, but lacks 
the UDP-Glc 4,6-dehydratase activity [36]. A functional domain analysis 
showed that the N-terminal region of AtRHM2 harbors the UDP-Glc 4, 
6-dehydratase activity, while the C-terminal region has the dual 
UDP-4K6DG 3,5-epimerase and UDP-4-keto-L-rhamnose 4-keto-reduc
tase activities [35]. The Gly193 and Asp96 amino acids in AtRHM2 
were identified as being important for the dehydratase activity, while 
Gly392 was shown to be critical for the epimerase/reductase activities 
[35]. The crystal structure of AtUER1 (PDB ID: 4QQR), along with 
site-directed mutagenesis experiments, demonstrated the importance of 
the Cys115 and Lys183 residues in the epimerase activity, as well as the 
significance of Thr113, Tyr144, and Lys148 residues in the reductase 

activity [37]. 
The AtRHM2 mutants mum4-1 and mum4-2 (MUCILAGE-MODI

FIED4) showed a ~50 % decrease in Rha and GalA content in Arabidopsis 
seed mucilage, which is a specialized cell wall polymer enriched in RG-I 
[38,39]. This defect was attributed to the absence of AtRHM2 activity as 
a result of amino acid mutations at Asp96 in mum4-1 and Gly193 in 
mum4-2 [35,39,40]. In contrast to the mum4 mutants, AtRHM1 mutants 
exhibited several phenotypic defects, including short root hairs, hypo
nastic cotyledons, aberrant trichomes, and left handed helically-twisted 
petals and roots [41–43]. A genetic screening of suppressors of the rhm1 
mutant phenotype in Arabidopsis demonstrated that blocking flavonol 
biosynthesis by mutations of CHS (chalcone synthase), FLS (flavonol 
synthase), MYB111 (positive regulator for flavonol accumulation), and 
UGT89C1 (7-O flavonol rhamnosyltransferase) recovered the shoot 
phenotype of rhm1 mutant [41–43]. These results were initially inter
preted as related to the alleged effect of flavonols on auxin transport 
[42]. 

More recently, developmental defects of Arabidopsis rhm1 mutants 
were identified in flowers as well. The defective growth of petals (he
lically twisted) was associated to the presence of reduced levels of RG-I 
in petal cell walls in the rhm1 mutant [29]. Similar to what was found in 
seedlings, the phenotypes of rhm1 flowers were suppressed by crossing 
the tt4 (CHS) or ugt89c1 mutants into rhm1. The fact that rhm1 tt4 and 
rhm1 ugt89c1 double mutants had increased Rha composition in cell 
walls of seedlings and flowers compared to the single rhm1 mutant 
strongly supports the hypothesis that a common Rha pool is shared 
between cell wall components and flavonol rhamnosides [44]. More
over, double mutants of rhm1 and an enzyme involved in pectin 
biosynthesis (MUR1, a GDP-mannose dehydratase) enhanced the 
developmental defects in cotyledons of rhm1 mutants [44]. Conse
quently, these two observations provide strong evidence that the sup
pression of the rhm1 phenotypes was caused by diverting limiting 
UDP-Rha in rhm1 mutants from the conjugation of flavonols to cell 
wall synthesis, specifically RG-I [44]. These findings highlight the 
importance of the quantitative aspects of Rha conjugation to flavonols 
and the link to potentially competitive processes between RG-I accu
mulation in the cell wall and flavonol rhamnoside biosynthesis. In 
Arabidposis flowers, the amount of Rha conjugated to flavonols (~4.6 
μg/mg dry weight) was found to be almost twice the amount of Rha 
involved in cell wall components (~2.5 μg/mg dry weight) [44]. One 
hypothesis put forward is that by directing UDP-Rha to flavonol conju
gation, the plants are buffering fluctuations in UDP-Rha synthesis, while 
maintaining the proper rate of cell wall expansion [44]. However, no 
mechanism was proposed by which Rha conjugated to flavonols could 
be recycled for the incorporation into the cell walls in times of need for 
RG-I biosynthesis. It is also unclear whether this competition between 
conjugation of Rha to specialized metabolites and its utilization in cell 
wall formation is unique to Arabidopsis (and perhaps other dicots), or is 
present in monocots as well. 

To date, no Arabidopsis rhm3 single mutant has been described. 
Expression pattern analyses indicated that AtRHM3 is expressed in all 
tissues with a preponderance in roots and flowers [45]. It would be 
interesting to determine the phenotypes of rhm1 mum4 double mutant 
and rhm1 mum4 rhm3 triple mutant to understand the contributions of 
AtRHM3 to UDP-Rha biosynthesis. 

The biosynthesis of UDP-Rha has also been reported in other plants, 
such as Populus x canadensis Moench (Carolina poplar) by a PRHM 
enzyme (an ortholog of AtRHM1 and AtRHM2) and Camellia sinensis 
(tea), plant in which three CsRHMa/b/c proteins have RHM activity 
(Table 2) [46,47]. However, UDP-Rha biosynthesis in monocots has not 
been extensively explored yet, with a few exceptions. Ornithogalum 
caudatum (False onion) has two genes, OcRhS1 and OcUER1, encoding a 
trifunctional RHM and a bifunctional UDP-4K6DG 3, 5-epimer
ase/UDP-4-keto-L-rhamnose 4-keto-reductase, respectively (Table 2) 
[48]. OcRhS1, a multidomain protein with two sets of cofactor-binding 
motifs, was shown to convert UDP-Glc into UDP-Rha, similar as AtRHM1 

Table 1 
List of rhamnose composition in the cell walls from various grasses and dicot
yledonous species.  

Plant species and tissues 

Rhamnose composition (per 
dry weight) References 

μg/mg Mol% 

Grasses (commelinid monocots)    
Brachypodium distachyon leaf, 

sheath, stem, and flowers/seed 
~2.4-3.2 
μg/mg  

[17] 

Rice (Oryza sativa) culm and 
internode 

~2−3 μg/ 
mg  

[18,19] 

Wheat (Triticum aestivum) straw <1 μg/mg  [20] 
Oat (Avena sativa) spelt <1 μg/mg  [20] 
Maize (Zea mays) mesophyll and 

epidermal tissues of coleoptiles 
blank ~1.8-2.8 mol 

% 
[21] 

Switchgrass (Panicum virgatum) tiller ~0.3 mol% [22] 
Barley (Hordeum vulgare) coleoptiles ~0.7-1.4 mol 

% 
[23] 

Sorghum (Sorghum bicolor) leaf, leaf 
sheath, and stem 

blank ~0.03-0.13 
mol% 

[24]  

Dicots    
Arabidopsis thaliana leaf, stem, and 

root 
~5−20 μg/ 
mg  

[18,25, 
26] 

Hybrid poplar (Populus deltoids x 
Populus nigra) woody stems 

~7−10 μg/ 
mg  

[18] 

Alfalfa (Medicago sativa) leaves ~5.3–6.0 
μg/mg  

[27] 

Arabidopsis thaliana petal, leaf, and embryo ~4.0–7.2 
mol% 

[28,29, 
30] 

Soybean (Glycine max) hulls and cotyledons ~3.3–5.5 
mol% 

[31]  
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and AtRHM2. OcUER1 encodes a protein that shares high similarity with 
the C-terminal domain of OcRhS1, which has the ability to convert 
UDP-4K6DG into UDP-Rha, equivalent to AtUER1 [48]. Thus, UDP-Rha 
production in False onion is mediated by either a trifunctional or 
bifunctional enzyme using two different substrates, UDP-Glc or 
UDP-4K6DG, respectively. However, the contribution of each substrate 
to UDP-Rha biosynthesis remains unknown. 

In maize, at least one RHM is able to use specialized metabolites as 
substrates, while retaining the ability to convert UDP-Glc to UDP-Rha. 
ZmRHM1 was shown to use the flavonoid-glucoside rhamnosylisoor
ientin (RIO) as a substrate, converting it into the C-glycosylflavone 
maysin, which confers natural resistance to Helicoverpa zea (corn ear
worm) (Fig. 1) [7]. The maize salmon silk 1 (sm1) mutant is defective in 
ZmRHM1, resulting in the accumulation of 3-deoxyflavonoids and RIO 
in silks (stigma and style in the female flower). Interestingly, maysin 
biosynthesis involved only the dehydratase activity of ZmRHM1, con
verting the Glc group in RIO to 4K6DG without further epimerization 

and reduction. It has not been established why the conversion of Glc 
stops after the dehydration step to produce maysin, even though 
ZmRHM1 was able to convert UDP-Glc into UDP-Rha in vitro [7]. One 
hypothesis is that the flavone backbone of the substrate (RIO) blocks the 
epimerase/reductase activity through spatial interfering to prevent 
flipping the sugar ring of deoxy-glucose [37]. The additional Rha residue 
attached to position 2′ in maysin has been proposed to inhibit the 
epimerase and reductase activities of ZmRHM1, suggesting a partial 
activity of RHM when the substrate is a C-glycosylflavone instead of a 
nucleotide sugar [7]. It is currently unknown whether this ability to use 
Glc attached to a flavonoid (flavone) as a substrate is a unique property 
of ZmRHM1, or whether other RHMs can do the conversion to 4K6DG as 
well. It will also be interesting to determine if ZmRHM1 could be active 
on other specialized metabolites, given that Glc is one of the most 
common decorations. ZmRHM1 provides one interesting case of an 
enzyme used in primary metabolism being recruited to perform a rather 
atypical reaction in specialized metabolism. 

Fig. 2. Biosynthetic pathways for dTDP-rhamnose in bacteria and UDP-rhamnose in plants, and comparison with plant GDP-fucose biosynthesis. A) In bacteria, 
dTDP-rhamnose biosynthesis occurs from dTDP-glucose by three sequential enzymes: dTDP-Glc 4,6-dehydratase (RmlB), dTDP-4K6DG 3,5-epimerase (RmlC), and 
dTDP-4-keto-rhamnose 4-keto-reductase (RmlD). In plants, UDP-rhamnose derives from UDP-glucose by the action of a trifunctional rhamnose synthase (RHM). The 
last two steps can be conducted by a bifunctional UER. B) In plants, GDP-mannose is converted to GDP-fucose through dehydration by GMD (GDP-mannose 
dehydratase), and epimerization and reduction by GER (bifunctional epimerase-reductase). The alternative GDP-fucose biosynthetic pathway is catalyzed by FKGP 
(bifunctional L-fucokinase/GDP-L-Fuc pyrophosphorylase) with the intermediate fucose 1-phosphate. The process of dehydration, epimerization, reduction, and 
phosphorylation/pyrophosphorylation process is represented by green, yellow, blue, and red arrows, respectively. 
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2.2. Transcriptional regulation of rhamnose synthase genes 

Although in vitro activity assays showed that both AtRHM1 and 
AtRHM2 catalyze the conversion of UDP-Glc to UDP-Rha, it remains to 
be explained why so different phenotypes are observed in the respective 
mutants. The variations on transcriptional regulation of different RHMs 
provide a possible explanation. Several transcription factors involved in 
seed mucilage formation and other developmental processes positively 
regulate AtRHM2, including AP2 (APETALA2), TTG1 (TRANSPARENT 
TESTA GLABRA1), and GL2 (GLABRA2) [39]. AtRHM1 expression is 
higher in Arabidopsis seedlings and inflorescences, which is consistent 
with the elevated content of RG-I and RG-II in these tissues [49]. The 
expression pattern of AtRHM1 correlated well with the expression of the 
flavonol rhamnosyltransferases (RhaT) UGT89C1 and UGT78D1, while 
the correlation was much lower with the flavonol glucosyltransferase 
UGT78D2 and UGT78D3 [50]. Accordingly, the expression of UGT89C1 
was enhanced by UV radiation [51] and plants increased the accumu
lation of several di- or tri-glycosylated flavonols that include a shared 
7-O-rhamnosylation during UV-B acclimation [52]. The preferential 
production of flavonol rhamnosides over flavonol glucosides during 
UV-B acclimation is something that has not yet been explained, given 

that it is difficult to imagine that the different sugar decoration will 
provide different UV-shielding properties to the respective compounds. 
The tissue-specific and subcellular localization of flavonoids can affect 
their activity as antioxidants or sunscreens [53]. However, we are not 
aware of any research that has examined the differential flavonoid 
transport and/or stability depending on the presence/absence of Rha 
decorations, particularly when compared with other decorations such as 
glucose, galactose or arabinose. The R2R3-MYB transcriptional factors 
AtMYB11, AtMYB12, and AtMYB112 positively regulate most of the 
genes involved in the flavonol biosynthetic pathway in response to UV-B 
[50,54]. However, AtRHM1 expression was not affected by any of these 
MYBs [50,54]. To our knowledge, no transcription factor has been yet 
associated with AtRHM1 expression. 

The C-glycosylflavone RIO has been shown to accumulate at high 
levels in leaves of maize landraces when exposed to UV-B [55]. Pericarp 
Color1 (P1) encodes an R2R3-MYB TF that regulates the transcription of 
genes encoding enzymes involved in the C-glycosylflavone RIO and 
maysin biosynthesis, including SM2 (UGT91L1) and SM1 (ZmRHM1) 
[7]. Even though P1 has been reported to be expressed exclusively in 
reproductive organs [56], several maize landraces adapted to grow in 
high altitudes also express P1 in leaves when exposed to UV-B [57]. This 

Table 2 
Plant genes involved in UDP-Rha biosynthesis, transport, and conjugation. RHM: rhamnose synthase; RhaT: rhamnosyltransferase.  

Protein Accession No. Species Activity Phenotype of Mutant Reference 

AtRHM1 At1g78570 Arabidopsis thaliana RHM Reduced rhamnosylated flavonols, RGI 
and RGII 

[28,35] 

AtRHM2/ 
MUM4 

At1g53500 Arabidopsis thaliana RHM Reduced seed mucilage [34] 

AtRHM3 At3g14790 Arabidopsis thaliana RHM Not tested [35] 
AtUER1 At1g63000 Arabidopsis thaliana dTDP/UDP-4K6DG 3,5-epimerase dTDP/UDP-4- 

keto-L-rhamnose 4-keto-reductase 
Not tested [36] 

PRHM TC158686 Populus x canadensis 
(Carolina poplar) 

RHM No mutant [46] 

CsRHMa KY679572 Camellia sinensis (Tea) RHM No mutant [47] 
CsRHMb KY679573 Camellia sinensis (Tea) RHM No mutant [47] 
CsRHMc KY679574 Camellia sinensis (Tea) RHM No mutant [47] 
OcRhS1 ANK57460 Ornithogalum caudatum 

(False Onion) 
RHM No mutant [48] 

OcUER1 ANK57461 Ornithogalum caudatum 
(False Onion) 

UDP-4K6DG 3,5-epimerase; UDP-4-keto-L- 
rhamnose 4-keto-reductase 

No mutant [48] 

ZmRHM1/ 
SM1 

AQK84802 Zea mays (Maize) RHM Salmon color in silks [7] 

AtURGT1 At1g76670 Arabidopsis thaliana UDP-Rha transporter Reduced seed mucilage [67] 
AtURGT2 At1g21070 Arabidopsis thaliana UDP-Rha transporter Reduced seed mucilage [67] 
AtURGT3 At5g42420 Arabidopsis thaliana 

UDP-Rha transporter 

Not tested [67] 
AtURGT4 At4g39390 Arabidopsis thaliana Not tested [67] 
AtURGT5 At4g09810 Arabidopsis thaliana Not tested [67] 
AtURGT6 At1g34020 Arabidopsis thaliana Not tested [67] 
AtRRT1 At5g15740 Arabidopsis thaliana RhaT Slight reduced seed mucilage [68] 
AtUGT78D1 At1g30530 Arabidopsis thaliana RhaT Absence of 3-O flavonol rhamnosides [72] 
AtUGT89C1 At1g06000 Arabidopsis thaliana RhaT Absence of 7-O flavonol rhamnosides [73] 
AtUGT79B2 At4g27560 Arabidopsis thaliana RhaT Reduced anthocyanins in double 

mutant ugt79b2/b3 
[80] 

AtUGT79B3 At4g27570 Arabidopsis thaliana RhaT [80] 
ZmUGT91L1/ 

SM2 
ONM23883 Zea mays (Maize) RhaT Salmon color in silks [7] 

SoUGT79K1/ 
SOAP7 

KNA23861.1 Spinacia oleracea (spinach) RhaT No mutant [58] 

LeABRT2 LC131336 
Lobelia erinus (garden 
lobelia) RhaT 

Absence of lobelinins and flower 
mauve-colored [8] 

LeABRT4 LC131337 
Lobelia erinus (garden 
lobelia) RhaT 

Absence of lobelinins and flower 
mauve-colored [8] 

UGT77B2 A0A2Z5CVA1 Crocosmia x crocosmiiflora 
(montbretia) 

RhaT No mutant [79] 

Cm1,2RhaT Q8GVE3 Citrus maxima (Pomelo) RhaT No mutant [82] 

Cs1,6RhaT ABA18631 Citrus sinensis (Sweet 
orange) 

RhaT No mutant [84] 

StSGT3 ABB84472 Solanum tuberosum (Potato) RhaT No mutant [86] 

Ph3RT Q43716 Petunia hybrida (Petunia) RhaT 
Reduced magenta or blue/purple 
coloured anthocyanins [81] 

GmUGT79A6 BAN91401 Glycine max (soybean) RhaT No mutant [102]  
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may suggest that during maize evolution/domestication, alleles of P1 
expressing primarily in floral organs might have been selected, with the 
UV-B induction in leaves remaining as a memory of a much broader P1 
expression pattern. 

2.3. Comparison between UDP-rhamnose and GDP-fucose biosynthesis 

Similar to Rha, Fucose (Fuc) is a deoxyhexose used to decorate 
sidechains of AGPs and RG-II in plant cell walls. Fuc is also present in 
xyloglucans and N-linked glycans, polysaccharides on which Rha has not 
been detected. In contrast to Rha, Fuc has been only rarely reported as 
attached to specialized metabolites, one example provided by the tri
terpenoid saponins (Yossoside I-V) [58]. 

The biosynthesis of GDP-fucose (GDP-Fuc) is conceptually analogous 
to the formation of UDP-Rha, and requires similar dehydration, epime
rization, and reduction steps (Fig. 2B). Unlike UDP-Rha formation by the 
trifunctional RHM enzyme, GDP-Fuc biosynthesis is carried out by the 
MUR1/GMD2 or GMD1 enzymes (dehydration) and a second enzyme 
GER1 (epimerization and reduction) [59,60]. Different to Rha biosyn
thesis, there is a salvage pathway for cytosolic free Fuc, which consists of 
a phosphorylation and subsequent conjugation with GDP (Fig. 2B) [61]. 
Actually, UDP-Rha is one of the few UDP-sugars in plants for which no 
phosphorylation reaction has been reported (Fig. 2B) [62]. Another 
important difference between the biosynthesis of UDP-Rha and GDP-Fuc 
is that RHM uses UDP-Glc as substrate while GDP-Fuc is converted from 
GDP-mannose (GDP-Man). UDP-Glc is the precursor for UDP-Rha, 
UDP-Gal, and UDP-GalA (the precursor of UDP-pentoses), while 
GDP-Man, besides being the precursor for GDP-Fuc, is used for ascorbate 
biosynthesis [63]. Thus, RHM is able to use a much more common and 
abundant substrate, since the concentration of UDP-Glc is ~42 pmol/mg 
fresh weight in Arabidopsis leaf, compared with ~0.5 pmol/mg fresh 
weight of GDP-Man [64]. Given the findings with ZmRHM1 that was 
shown to use Glc coupled to a flavonoid as a substrate, it will be inter
esting to explore whether MUR1/GMD2 or GMD1 can similarly use Man 
residues attached to specialized metabolites as substrates to convert Man 
residues for example to 4-keto-6-deoxy-mannose. 

3. UDP-rhamnose transporters 

The nucleotide-sugar transporters (NST) play important roles in 
supplying sugar donors, primarily nucleotide sugars, to the glycosyl
transferases for the biosynthesis of cell wall matrix and the formation of 
glycoconjugates. These nucleotide sugars are translocated by NSTs from 
the cytosol, where they are synthesized, across the Golgi apparatus 
membrane and into the Golgi lumen [65,66]. In Arabidopsis, a family of 
six bifunctional UDP-Rha/UDP-Gal transporters (AtURGT1-6, Table 2) 
belonging to NST-KT (highly conserved KT motif) subfamily was 
described [67]. All six URGTs were able to transport UDP-Rha with 
different preferences as well as UDP-Gal. URGT1 showed preference for 
UDP-Rha over UDP-Gal and, among all the six URGTs, presented the 
highest expression level during Arabidopsis development. The 
loss-of-function urgt1 mutants showed a slight alteration in Gal content 
in leaf cell wall composition, but no change in the amount of Rha. 
Compared to wild type, the urgt1 mutants did not show any obvious 
morphological differences [67]. AtURGT2 has a more specific expres
sion in the seed coat during seed development. Consistent with this, 
urgt2 mutants had reduced and altered seed mucilage patterns that were 
probably caused by the transport deficiency of UDP-Rha, impacting RG-I 
biosynthesis [67]. It would be interesting to investigate the roles of the 
remaining transporters. Given that the conjugation of Rha to specialized 
metabolites takes place in the cytoplasm, it will also be interesting to 
determine if such decorations take advantage of a transitory cytoplasmic 
UDP-Rha pool, or whether two distinct pools are available, one for the 
formation of polysaccharides in the Golgi, and another for specialized 
metabolite conjugation. However, the findings in Arabidopsis with the 
rhm1 mutants [44], suggest that, most likely, the first mechanism is at 

play (i.e., sharing a UDP-Rha pool). 

4. Formation of rhamnose-conjugated metabolites by 
rhamnosyltransferases 

4.1. Elongation of the RG-I backbone by RG-I:rhamnosyltransferase 

The Golgi lumen-imported UDP-Rha is eventually incorporated into 
cell wall components through a process called glycosylation by the 
rhamnosyltransferase (RhaT) enzymes. In 2018, a novel plant-specific 
GT family (GT106) was identified and characterized in Arabidopsis 
corresponding to RG-I rhamnosyltransferases (AtRRTs), which catalyze 
a critical step of RG-I biosynthesis by extending the repeating disac
charide unit of the RG-I backbone in seed mucilage [68]. Except for the 
slight RG-I reduction in the mucilage content of rrt1 mutant plants, none 
of the other growth or morphological defects characteristic of the rhm1 
or rhm2 mutants were observed in rrt1. The results suggested that 
AtRRT1 is a seed coat mucilage-specific RhaT required for the backbone 
elongation of RG-I. Whether RhaT is involved in the initiation of RG-I 
backbone or in RG-I biosynthesis in other tissues remains to be identi
fied. RRT activity has also been reported in azuki bean (Vigna angularis 
‘Erimo-wase’), and VaRRT activity was characterized in an in vitro assay 
using epicotyl extracts in which the enzyme was able to elongate RG-I 
concomitant with epicotyl growth, suggesting a role in plant growth 
[69]. 

4.2. Rhamnose conjugation to specialized metabolites 

Glycosylation of small hydrophobic molecules (e.g., many special
ized metabolites) in plant cells has multiple consequences, including an 
increase in hydrophilicity, stability, and vacuolar sequestration [70,71]. 
In addition to their involvement in the biosynthesis of cell wall com
ponents, several RhaTs have been reported in various plant species as 
targeting different types of specialized metabolites. As a consequence of 
the conjugation to specialized metabolites, Rha is commonly forming 
O-glycosidic bonds with flavonoids as well as some other type of com
pounds, including steroidal alkaloids [10] and triterpenoid saponins 
[11]. There are a few exceptions of Rha C-linked to flavones (C-C bonds) 
[14]. In Arabidopsis, the flavonol-3-O-RhaT UGT78D1 catalyzed the 
transfer of Rha to the 3-OH position of quercetin and kaempferol [72], 
and 7-O-RhaT UGT89C1 catalyzed the conversion of flavonols to 
flavonol 7-O-rhamnosides [73]. Flavonol rhamnosides play an impor
tant role in plant development, as described in a previous section. 

Sugar decorations can affect the biological activity of flavonoid 
glycosides. For example, quercetin 3-O-glucoside has been reported as 
an antioxidant flavonol, whereas either quercetin 3-O-rhamnoside or 7- 
O-rhamnoside exhibited antiviral activity [74,75]. However, it has not 
been examined whether quercetin decorated with Rha has the same 
effect as quercetin glucoside. Kaempferol di-rhamnoside in Arabidopsis 
leaves confer resistance to a specialist lepidopteran larva [76], while 
kaempferol with other sugar decorations have not been so far reported 
as similarly bioactive. In addition, an increasing amount of kaempferol 
3-O-rhamnoside-7-O-rhamnoside in Arabidopsis 3-O-glucosyltransferase 
ugt78d2 mutant has been associated with reduced levels of endogenous 
auxin and basipetal auxin transport in shoots, which indicates that this 
kaempferol di-rhamnoside plays an important role in the inhibition of 
auxin transport [77]. Some flavonol glycosides have shown pharmaco
logical activities, including Montbretin A (MbA), a flavonol glycoside 
used as a candidate to treat type-II diabetes due to its inhibition of 
human pancreatic α-amylase [78]. In the ornamental plant montbretia 
(Crocosmia x crocosmiiflora), a myricetin 3-O-rhamnosyltransferase 
UGT77B2 participates in the biosynthesis of MbA [79]. In Arabidopsis, 
the glycosyltransferases UGT79B2 and UGT79B3 are characterized as 
the anthocyanin RhaTs, which transfer Rha residue to cyanidin and 
cyanidin 3-O-glucoside. The RhaT UGT79B2 and UGT79B3 are involved 
in tolerance to low temperature and salt stress. The overexpression of 
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UGT79B2/B3 in Arabidopsis was shown to increase anthocyanin accu
mulation and enhance ROS scavenging [80]. 

Studies on other RhaTs have shown that the rhamnosylation of an
thocyanins affects flower colors. For instance, in garden lobelia (Lobelia 
erinus), two RhaTs (ABRT2 and ABRT4) are involved in the rhamnosy
lation of delphinidin 3-O-glucoside to form the lobelinins, the antho
cyanins responsible for the blue color in the Aqua Blue cultivar. In 
contrast, in the Aqua Lavender cultivar, truncated versions of ABRT2 
and ABRT4 are responsible for the flower color changes from blue to 
mauve-colored [8]. In petunia (Petunia hybrida), the rt gene encodes a 
RhaT that is involved in the rhamnosylation of anthocyanin-3-O-glu
cosides to produce magenta or blue/purple anthocyanins [81]. 

Different flavanone glycoside compositions determine aspects of the 
flavor in citrus fruits. The biosynthesis of the bitter metabolites neo
hespiridin and naringin, which are mostly present in pomelo and 
grapefruit, requires 1,2-RhaT (Fig. 3) [82]. In contrast, the formation of 
the tasteless flavanone-7-O-rutinosides hesperidin and narirutin, char
acteristic of less bitter citrus fruits such as mandarins and oranges, is 
catalyzed by a 1,6-RhaT (Fig. 3) [83]. In citrus fruits, flavanone 

glycosides play a role as antifungal agents, which is consistent with the 
high levels of these compounds in young tissues and lower concentra
tions in mature tissues [84]. Further works will be necessary to deter
mine other roles that these compounds may play in citrus species. 

In maize, SM2 has RhaT activity and catalyzes the conversion of the 
C-glycosylflavone isoorientin to RIO, the penultimate step in the 
biosynthesis of maysin in silks (Fig. 1) [7]. It is not clear whether the Rha 
residue in maysin plays a significant role on the corn earworm anti
feedant properties of this compound. Indeed, isoorientin appears to be 
equally effective against corn earworm, when compared to maysin [85], 
suggesting that the presence of Rha is not making maysin more bio
logically active. Rha is also critical for the biosynthesis of steroidal 
glycoalkaloids, which are involved in microbial and insect pests defense 
in some solanaceous species, such as potato and tomato. The RhaT SGT3 
in potato (Solanum tuberosum) has been shown to catalyze the final step 
of α-chaconine and α-solanine biosynthesis [86]. A question that re
mains is why Rha is used as a decoration, instead of more abundantly 
distributed Glc groups. 

Fig. 3. Biosynthesis of O-rutinosides or O-neohesperidosides in citrus fruits. Neohesperidin and naringin biosynthesis are mediated by a 1,2-RhaT and these com
pounds are mostly present in bitter citrus plants such as pomelo. In contrast, the biosynthesis of hesperidin and narirutin is catalyzed by a 1,6-RhaT, which is mostly 
present in non-bitter species such as mandarin. RhaT, rhamnosyltransferase. 
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4.3. Sugar specificity of rhamnosyltransferases 

The amino acid residues in RhaT determining the Rha-specific 
recognition have not been completely revealed. Conserved residues 
that interact with the UDP portion of the UDP-sugar substrate and the 
two phosphates in the sugar donor-binding pocket of GTs have been 
identified as important from crystal structures [71]. The recent crys
tallization of RhaT UGT89C1 showed that the amino acid residues 
Trp335, Asp356, and His357 located in the PSPG (Plant Secondary 
Product Glycosyltransferase) motif play a key role in determining sugar 
specificity through direct interactions with the Rha ring [87]. In contrast 
to the previous results, Asp356 is not unique to RhaT, but is also present 
in some xyloxyltransferases, arabinosyltransferases, and galactosyl
transferases [71]. To better understand whether the Trp335, Asp356, 
and His357 residues are conserved among RhaTs from different plants, 
the amino acid sequences of characterized RhaTs were compared. The 
alignment results indicated that Asp356 is conserved in all RhaTs except 
Cm1,2RhaT; Trp335 is conserved in six RhaTs, and His357 is only pre
sent in UGT89C1 and SM2 (Fig. 4). Other residues such as His332, 
Gly334, Glu340, and Pro352 in UGT89C1 are conserved in all RhaTs, 
but also in other glycosyltransferases. Currently, no residue is found to 
be specific for RhaT, suggesting that Rha specific recognition involves 
structural folds that go beyond just conserved residues. The crystalli
zation of other RhaTs will allow us to get a better understanding of the 
sugar specificity. 

5. Conclusions and future prospects 

As we have seen in this review, Rha-containing metabolites resulting 
from the incorporation of Rha onto metabolites from primary and 
specialized metabolism, have diverse functions in plants. These include 
pectin polymers (RG-I and RG-II) that contribute to keeping the integrity 
of plant cell walls, anthocyanin rhamnosides that determine petal colors, 
or flavanone rhamnosides that affect organoleptic properties of citrus 
fruits. Despite the progress made in understanding the biosynthesis of 
Rha-containing metabolites, instances of Rha catabolism and derham
nosylation from Rha-containing metabolites in plants have been rarely 
described. In bacteria, Rha is isomerized, phosphorylated, and cleaved 
into a common triose phosphate plus L-lactaldehyde [88]. Given that 
L-lactaldehyde has not been reported in plants, it is likely that Rha 
breakdown in plants is different from Rha catabolism in bacteria [89]. 
For the derhamnosylation of Rha-containing natural products, 
α-L-rhamnosidase catalyzes the cleavage of terminal Rha residues, as 
determined for bacteria and fungi [90–95]. Until now, studies on plant 
α-L-rhamnosidase are limited to reports 45 years ago in buckthorns and 
buckwheat [96–98]. It will be interesting to determine how Rha residues 
are removed from Rha-containing metabolites in plants. Is the plant 
derhamnosylation process similar as in fungi and bacteria, involving 
α-L-rhamnosidases? Could the cleaved Rha be recycled and use for 
incorporation into other specialized metabolites or cell wall 
components? 

Fig. 4. Amino acid sequence alignment of glycosyltransferases from different plant species. From UGT89C1 to SM2 correspond to rhamnosyltransferases (RhaTs, 
indicated with the yellow bar on the left); UGT74F2 and UGT71G1 correspond to Arabidopsis and Medicago truncatula O-glucosyltransferases, respectively (indicated 
by the green bar); UGT78D3 corresponds to an Arabidopsis arabinosyltransferase (indicated with the blue bar); and UGT79B1 corresponds to an Arabidopsis xylo
syltransferase (indicated with the orange bar). The amino acid residue Asp356 (red arrow) in UGT89C1 has been reported to play a key role for substrate specificity 
and is conserved in all the RhaTs except in 1,2RhaT from Citrus maxima, as well as in UGT74F2 and UGT78D3. Residues conserved in almost all the RhaTs and other 
glycosyltransferases are highlighted in blue. 
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Another interesting question pertains to how Rha flux into primary 
and specialized metabolites is controlled in commelinid monocots and 
dicots. As shown in Table 1, Rha quantities in cell walls of grasses are 
significantly less than in the cell walls of dicots, with the consequence 
that pectins in the cell walls of grasses are 4–7 times lower than in dicots 
[99]. However, recent transcriptomic and proteomic analyses showed 
no significant differences on gene transcript abundances and the trans
lated levels of relevant enzymes for pectin biosynthesis between maize 
and Arabidopsis [100,101]. These results suggest that the presence of less 
pectins in maize cell walls compared with Arabidopsis is determined by 
mechanisms related to the metabolism or transport of pectin polymers, 
but probably not to pectin biosynthesis itself. In Arabidopsis, Rha could 
be partitioned for incorporation into pectin polymers and Rha-decorated 
flavonols [46]. Thus, Rha residues that would normally accumulate as 
part of pectin polymers that are not deposited into the cell walls could be 
recycled and then incorporated with flavonols as flavonol rhamnosides. 
It will be important to determine and compare the amounts of Rha in 
Rha-decorated flavonols and in cell walls between the grasses and the 
dicots. 

Recently, a mechanism was revealed for the recruitment of an 
enzyme involved in cell wall biosynthesis to catalyze sugar decorations 
in the aglycone backbone of specialized metabolites. In spinach (Spi
nacia oleracea), SOAP5 belongs to the cellulose synthase-like G (CslG) 
clade in the cellulose synthase (CesA) superfamily that is related to cell 
wall assembly. Yet, SOAP5 was shown to have glucuronosyltransferase 
activity, with the ability to transfer glucuronic acid to the aglycone core 
of triterpenoid saponins, even though SOAP5 has less than 10 % amino 
acid similarity with other canonical glucuronosyltransferases [58]. 
Thus, it will be interesting to investigate the possibility that the capacity 
to conjugate Rha to specialized metabolites for enzymes annotated as 
participating in cell wall biosynthesis, particularly those in the cellulose 
synthase-like family. 

Finally, the role of Rha at different plant developmental stages has 
yet to be fully elucidated. Many rhamnosylated compounds have pro
tective effects against biotic (fungi and insects) and abiotic (e.g., UV 
radiation) stress conditions. The identification of the organs and stages 
where the genes implicated in the biosynthesis of Rha and related 
compounds are highly expressed will be useful to predict the more 
critical periods during plant development when Rha is required. For 
example, the soybean (Glycine max) RhaT UGT79A6 is expressed mostly 
in young leaves, and lower in flowers, pods and pod shells, but not in 
seeds and roots [102]. According to the Maize Genetics and Genomics 
Database (https://www.maizegdb.org/), the RhaT SM2 and the RHM 
SM1 are primarily expressed in silks participating in maysin biosyn
thesis, but also in the leaves of young maize plants, suggesting a 
yet-unknown function for Rha or Rha-derived metabolites in young 
maize plants. In Arabidopsis, the RhaT UGT78D1 is highly expressed in 
young leaves, mature flowers, and seeds. Taken together, these results 
indicate that compounds decorated with Rha could play a key role in 
early stages and in reproductive organs. 
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