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A B S T R A C T   

Ulva are hardy green seaweeds that contain the sulfated polysaccharide ulvan and grow in two distinct mor
phologies: foliose and tubular. The authors hypothesise that ulvan from tubular species are more structurally 
complex than ulvans from foliose species. Herein, using standardised methods, the glycosyl linkage positions and 
sulfate ester substitutions of constituent monosaccharides of ulvan isolated from foliose (U. lacinulata and U. 
stenophylloides) and tubular (U. prolifera and U. ralfsii) species of Ulva were investigated. Comparison of native 
ulvans with 80 and 100 ◦C desulfated counterparts indicated that 4-linked rhamnose is predominantly 3-O- 
sulfated in all four ulvans. Ulvans from the foliose species predominantly contained →3,4)-Rhap-(1→, →4)- 
GlcAp-(1→ and →4)-IdoAp-(1→, collectively accounting for 67 to 81 mol% of the total linkages. In contrast, these 
same linkages in ulvans from the tubular species only collectively accounted for 29 to 36 mol%. Instead, ulvan 
from tubular species contained a combination of →2,3,4)-Rhap-(1→, terminal Rhap-(1→, →4)-GlcAp-(1→, →4)- 
Xylp-(1→, and/or →4)-Galp-(1→ in high proportions; some of the latter three residues were also likely O-2 
sulfated. The results presented here suggest that ulvan from foliose species are predominantly unbranched 
polysaccharides composed of repeat disaccharides while ulvans from tubular species contain a greater diversity 
of branch and sulfate substitution locations.   

1. Introduction 

Ulva are hardy green seaweeds (marine macroalgae) with high 
growth rates and high proportions of bioactive sulfated polysaccharides. 
Species of Ulva occur in two distinct morphologies: a flat sheet-like 
foliose form, and a filamentous tubular form. The morphological 
distinction between foliose and tubular species of Ulva is so pronounced 
that many tubular species were considered a separate genus, Enter
omorpha, until genetic analysis consolidated them into the Ulva genus 
(Hayden et al., 2003). Both morphologies are targets for a broad range of 
applications including human and animal feed products, nutraceuticals, 

bioremediation, and production of the bioactive sulfated poly
saccharide, ulvan (Kidgell, Magnusson, de Nys, & Glasson, 2019; Law
ton, Sutherland, Glasson, & Magnusson, 2021). 

Ulvans are sulfated cell wall polysaccharides predominantly 
composed of rhamnose, glucuronic acid, iduronic acid and xylose 
(Kidgell et al., 2019). These sugars occur primarily as 4-linked repeat 
disaccharides: ulvanobiuronic acid type A3S, (→4)-β-D-GlcpA-(1 → 4)- 
α-L-Rhap3S-(1→), and B3S, (→4)-α-L-IdopA-(1 → 4)-α-L-Rhap3S-(1→), 
and ulvanobiose U3S, (→4)-β-D-Xylp-(1 → 4)-α-L-Rhap3S-(1→) (Lahaye 
& Robic, 2007). Additional repeat structures with β-D-GlcpA as a branch 
at O-2 of Rhap3S residues and sulfation at O-2 of Xylp residues have also 
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been identified (Lahaye & Ray, 1996). Notably, the majority of sulfation 
is reported to occur on O-3 of Rhap (Ray & Lahaye, 1995). The order of 
the disaccharides, total size (molecular weight) of the polysaccharide, 
degree of sulfation, and other structural components of the molecule all 
influence the bioactivity of ulvan (Kidgell et al., 2019). Elucidation of 
the detailed structure of ulvan using NMR and linkage (methylation) 
analysis has involved a limited number of Ulva species. Most of these 
studies investigated ulvan from a single species, including the tubular 
species, U. compressa (Chattopadhyay et al., 2007; Lopes et al., 2017) 
and U. intestinalis (Gosselin, Holt, & Lowe, 1964), and foliose species, 
U. rigida (Ray & Lahaye, 1995) and U. lactuca (Brading, Georg-Plant, & 
Hardy, 1954; Medcalf, Lionel, Brannon, & Scott, 1975). Comprehensive 
assessments of the composition and structure of ulvans from multiple 
species and morphologies of Ulva have been conducted in recent years 
(Glasson et al., 2022; Kidgell et al., 2020). 

A recent comparison of purified ulvans isolated from eight species of 
Ulva from Aotearoa New Zealand found the composition and rheology of 
ulvans from foliose species were significantly different to those from 
tubular species (Kidgell et al., 2020). Ulvans from tubular species had 
higher weight average molecular weight (Mw = 260–406 kDa), formed 
gels with higher storage moduli (G’ = 22.7–74.2 Pa), and contained less 
iduronic acid (IdoA = 4–7 mol%) compared to foliose species (Mw =

190–254 kDa; G’ = 0.1–6.6 Pa; IdoA = 7–18 mol%). NMR spectroscopy 
indicated there were also morphology-based differences in the fine 
structure (glycosidic linkage and sulfation pattern) of these ulvans, with 
the spectra of ulvans from tubular species displaying greater signal 
complexity, indicative of a more heterogeneous structure, compared to 
foliose species (Kidgell et al., 2020). Glasson et al. (2022) reported 
similar structural differences between ulvans from tubular and foliose 
species of Ulva collected from different geographical regions and culti
vation conditions. Ulvan from U. ohnoi (foliose species) contained a high 
proportion of the (→4)-β-D-GlcpA-(1 → 4)-α-L-Rhap3S-(1→) repeat unit, 
whereas ulvans from tubular U. tepida and U. prolifera appeared to be 
either more highly branched or sulfated, and contained more galactose 
(Glasson et al., 2022). 

Based on this previous research, the authors hypothesise that ulvans 
from tubular species of Ulva are more structurally complex than ulvans 
from foliose species. To investigate this hypothesis, the glycosyl linkage 
positions and sulfate ester substitutions of component monosaccharides 
from four ulvans were identified and quantified. The four ulvans 
assessed, two from foliose species (U. lacinulata and U. stenophylloides) 
and two from tubular species (U. prolifera and U. ralfsii), were isolated 
using standardised conditions and were characterised previously 
(Kidgell et al., 2021). The aims of this study were to: (I) identify dif
ferences in the glycosyl linkage composition of ulvans isolated from 
foliose and tubular species of Ulva, and (II) determine the position and 
extent of sulfation of monosaccharide constituents of ulvans from the 
different Ulva morphologies. 

2. Methods 

2.1. Materials 

The following were purchased from Sigma-Aldrich: anhydrous pyridine 
(#270970), anhydrous DMSO (#276855), anhydrous methanol 
(#322415), hydrochloric acid (#258148), 2-(N-morpholino)-ethane
sulfonic acid (MES, #M8250), potassium hydroxide (#221473), N-Cyclo
hexyl-N′-(2-morpholinoethyl)carbodiimide methyl-p-toluenesulfonate 
(#C106402), sodium borodeuteride (#205591), 2-amino-2-(hydroxy
methyl)-1,3-propanediol (Tris base #T1503), glacial acetic acid 
(#695092), triethylamine (#471283), dimethyl sulfoxide (DMSO, 
#276855), iodomethane (#289566), ammonium hydroxide (#221228), 
methanol (#322415), ethyl acetate (#34858), acetic anhydride (#91204), 
dichloromethane (DCM, #34856), sodium carbonate (#222321), sodium 
nitrate (>99.0 %, #S5506), and sodium azide (>99 %, #S2002). 

Other reagents were sourced as follows: trifluoroacetic acid 

(synthesis grade, Scharlau, Spain, #AC31420100), sodium hydroxide 
(50 % w/w, Fisher Scientific, Thermo Fisher Scientific, New Zealand, 
#SS254), perchloric acid (BDH Chemicals, #87003), acetic acid (Fisher 
Scientific, #A38S), myo-inositol (research grade, Serva, Germany, 
#26310). 

Purified ulvans isolated from Aotearoa New Zealand Ulva as 
described in Kidgell et al. (2021) were used. Ulvans isolated from 
U. prolifera and U. ralfsii (cult.) were chosen as they had higher than 
median (Kidgell et al., 2019) proportions of rhamnose (60 mol%) and 
galactose (16 mol%), respectively. Ulvan isolated from Ulva lacinulata 
(reported as U. rigida in Kidgell et al. (2021), the name has since been 
changed (Hughey, Gabrielson, Maggs, & Mineur, 2022)) was chosen for 
its high proportion of iduronic acid (18 mol%). Ulvan from Ulva sten
ophylloides (reported as U. sp. B (cult. B) in Kidgell et al. (2021), the 
name has since been changed (Nelson, D’Archino, Neill, & Robinson, 
2021)) was included to represent the more ‘conventional’ sugar 
composition of ulvan. Note that in Kidgell et al. (2021) foliose and 
tubular species were referred to as “blade” and “filamentous”, 
respectively. 

2.2. Derivatisation and linkage analysis 

The glycosyl linkage compositions of the four ulvans were deter
mined by methylation analysis following solvolytic desulfation and 
reduction of uronic acid residues to their dideuterio-labelled neutral 
sugars. 

2.2.1. Desulfation 
Solvolytic desulfation of native ulvans was carried out based on 

methods previously described (Nagasawa, Inoue, & Tokuyasu, 1979; 
Usov, Adamyants, Miroshnikova, Shaposhnikova, & Kochetkov, 1971), 
with some modifications. Ulvans were converted to the pyridinium salt 
form by dialysing (MWCO 6–8 kDa) against 10 volumes of 0.1 M 
pyridine-HCl (pH 7) three times, followed twice by Type 1 water, each 
for 8–12 h. The pyridinium salt forms were then dissolved (2.5 mg mL− 1) 
in an anhydrous mixture of DMSO-methanol-pyridine (89:10:1) under 
an atmosphere of argon in a sealed Kimax tube and heated (80 ◦C or 
100 ◦C, 4 h) in a dry block heater. Once cooled, the solution was dialysed 
(6–8 kDa) against Type 1 water four times, for 8–12 h each, and the 
desulfated ulvan recovered by freeze drying. The extent of desulfation 
was evaluated by Fourier transform infrared spectroscopy (FTIR), 
monitoring the S––O bond at ~1250 cm− 1 (see supplementary data for 
more detailed information). 

2.2.2. Carboxyl reduction 
Native and desulfated (80 ◦C or 100 ◦C) ulvans were carboxyl 

reduced using a modification of Sims and Bacic (1995). Ulvans (5 mg) 
dissolved in MES-KOH (2.5 mL, 30 mM, pH 4.75) were sonicated in an 
ice bath (30 mins) following addition of N-cyclohexyl-N′-(2-morpholi
neoethyl) carbodiimide metho-p-toluensulfonate (400 μL, 500 mg mL− 1) 
before heating to 30 ◦C for 3 h. The activated residues were reduced with 
sodium borodeuteride (NaBD4; 1 mL, 70 mg mL− 1 in 0.05 M NaOH) for 
18 h at 25 ◦C, buffered with Tris-HCl (1 mL, 2 M, pH 8.0). The remaining 
reductant was neutralised with glacial acetic acid (1–10 drops) prior to 
dialysis (molecular weight cut-off 6–8 kDa) against Type 1 water (three 
times, 24 h each). Carboxyl-reduced samples were recovered by freeze 
drying. The carboxyl reduction procedure was repeated 2–3 times, until 
the uronic acid content was <5%w/w as determined by constituent 
sugar analysis using HPAEC-PAD (Nep et al., 2016). 

2.2.3. Methylation analysis 
Carboxyl reduced ulvans were methylated using a modified method 

based on Ciucanu and Kerek (1984). To increase solubility in DMSO, 
samples were converted to the triethylammonium (TEA) salt form by 
exhaustive dialysis against triethylamine-HCl (0.1 M, pH 7.0) followed 
by Type 1 water and recovered by freeze drying (Stevenson & Furneaux, 
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1991). The TEA salt forms (0.5 mg, in duplicate) dissolved in DMSO 
(200 μL) were combined with freshly prepared NaOH/DMSO slurry 
(200 μL; ~120 mg NaOH pellets ground in 1 mL DMSO) and iodo
methane (3 × 50 μL aliquots interspaced with 30–60 min sonication/ 
stirring). Type 1 water (2 mL) and glacial acetic acid (100 μL) were 
added prior to exhaustive dialysis (MWCO 6–8 kDa) against 10 volumes 
of Type 1 water until the conductivity of the dialysate was <1 μS cm− 1. 
Per-O-methylated ulvans were recovered by freeze drying and methyl
ated a second time. 

Partially methylated alditol acetates (PMAAs) were prepared from 
the per-O-methylated, carboxyl reduced ulvans using a method based on 
Harris, Henry, Blakeney, and Stone (1984). The permethylated poly
saccharides were hydrolysed (2.5 M TFA, 1 h, 121 ◦C), dried, and myo- 
inositol (10 μg) added as an internal standard. The samples were 
reduced (1 M NaBD4 in 2 M NH4OH, 18 h, 25 ◦C; excess NaBD4 neu
tralised by glacial acetic acid after 18 h) followed by the iterative 
addition and evaporation to dryness of acetic acid in methanol (5 % v/v, 
2 × 500 μL) and methanol (2–4 × 500 μL) until the dried sample 
appeared crystalline. The partially methylated alditols were then acet
ylated by adding glacial acetic acid (40 μL), ethyl acetate (200 μL), 
acetic anhydride (600 μL), perchloric acid (60 %, 23 μL) and incubating 
(25 ◦C, 15 min). Type 1 water (2 mL) and 1-methylimidazole (40 μL) 
were added prior to dichloromethane (DCM, 2 mL) for partitioning. 
Following mixing and centrifuging (rcf 733, 5 min), the aqueous layer 
was discarded, and the DCM phase was rinsed with 0.5 M Na2CO3 (2 mL) 
and Type 1 water (2 mL, twice). Finally, the DCM was evaporated under 
a stream of air and the residual PMAAs dissolved in acetone (analytical 
grade) for analysis. 

PMAAs were analysed on an Agilent 8890 GC system coupled with a 
5977B mass selective detector. Samples (1 μL) were auto-injected at 
250 ◦C, using splitless mode, onto a BPX90 fused-silica capillary column 
(25 m × 0.22 mm i.d., 0.25 mm film thickness) at 80 ◦C with a He flow 
rate of 1.5 mL min− 1. The temperature was held for 1 min before 
increasing to 130 ◦C at 50 ◦C min− 1, then to 250 ◦C at 5 ◦C min− 1 with a 
final hold of 10 min. The separated derivatives were analysed using an 
electron impact mass detector (70 eV, source temperature 230 ◦C, 
quadrupole temperature 150 ◦C), scanning from 40 to 400 m/z. Data 
were processed in Agilent OpenLabs software (Ver. 2.4). 

2.3. NMR spectroscopy 

Native and desulfated (80 ◦C or 100 ◦C) ulvans were D2O exchanged 
three times before being made up to a final concentration of 25 mg 
mL− 1. Acetone (0.1%v/v) was added as an internal standard to all 
samples and assigned as the reference peak (31.45 ppm 13C and 2.225 
ppm 1H). NMR data was collected on a 500 MHz Jeol type JNM- 
ECZ500R/S1 NMR operating at a proton frequency of 500.160 MHz 
with a two channel 5-mm FG/RO Digital auto tune Royal probe. Spectra 
were acquired at 70 ◦C following 120 s of equilibration once tempera
ture was reached; pw90 values for proton and carbon were re-calibrated 
for optimum values at 70 ◦C. Proton NMR spectra were recorded with a 
spectral width of 10 ppm, 32,768 complex data points, resolution of 
0.19 Hz, 45-degree excitation pulse, each with a 5 s delay time and an 
acquisition time of 5.24 s. Heteronuclear single quantum coherence 
(HSQC) experiments were carried out using the pulse program 
hsqc_dec_phase_pfgzz (absorption pfg zz filter hsqc with x-decoupling) 
supplied by Jeol. NMR chemical shifts were assigned based on the 
literature sources detailed in Kidgell et al. (2021) (de Carvalho et al., 
2018; de Freitas et al., 2015; Lahaye, Inizan, & Vigouroux, 1998; Reisky 
et al., 2019). 

2.4. Data analysis 

PMAAs were identified by GC retention time relative to the internal 
standard myo-inositol and from electron impact mass spectra, compared 
to previously prepared PMAA standards and online resources (https://gl 

ygen.ccrc.uga.edu/ccrc/specdb/ms/pmaa/pframe.html) (Doares, 
Albersheim, & Darvill, 1991; Glasson et al., 2022). The relative mol% of 
individual PMAA derivatives was calculated by standardising the peak 
area by the respective molecular mass of the derivative. 

FTIR figures were produced using R Studio (Ver. 1.4) from data 
exported from Opus (Ver. 8.1). Figures produced in propriety software 
were refined in Adobe Illustrator (Ver. 24) and Inkscape (Ver. 1.1). 

NMR spectra were analysed and processed in MestreNova (Ver. 
14.2.1). Processing included reducing T1 noise, manual phase correc
tion using the methyl peak of rhamnose as pivot, auto-baseline correc
tion, normalising intensity to the rhamnose methyl peak as a value of 
100, referencing chemical shift to acetone internal standard, and, if 
necessary, denoise by VOI compression (Puig-Castellví, Pérez, Piña, 
Tauler, & Alfonso, 2018). 

3. Results 

The glycosyl linkage compositions of the carboxyl reduced native 
ulvan (NAT) and 80 ◦C and 100 ◦C desulfated ulvans (DS80, DS100) 
prepared from each of the four Ulva species are shown in Table 1. The 
major constituent monosaccharides, rhamnose (Rha), glucuronic acid 
(GlcA), xylose (Xyl), iduronic acid (IdoA), and galactose (Gal), were all 
predominantly 4-linked (Table 1). Rha and GlcA residues dominated the 
composition of all four ulvans, accounting for 68–87 mol% of NAT 
ulvans, consistent with the results from HPAEC-PAD constituent sugar 
analysis (Table 2). Comparison of the glycosyl linkage compositions of 
native ulvans (NAT) with their desulfated counterparts (DS80 and 
DS100) indicated that 4-linked Rha is predominantly 3-O-sulfated in all 
four ulvans (Table 1, Fig. 1). Additionally, the linkage analysis suggests 
that some 4-linked Xyl is 2-O-sulfated in all four ulvans, and that minor 
proportions of 4-linked GlcA may be 2-O-sulfated in the ulvans from 
tubular species. 

The ulvans from foliose and tubular species of Ulva had distinctly 
different glycosyl linkage compositions, as discussed below. 

3.1. Foliose species: U. stenophylloides and U. lacinulata 

The predominant glycosyl linkages of NAT ulvans from the foliose 
species, U. stenophylloides and U. lacinulata, were →3,4)-Rhap-(1→ and 
→4)-GlcAp-(1→, with lower proportions of →4)-IdoAp-(1→ also present 
(Table 1). These glycosyl linkages comprised 81 and 67 mol% of the 
total linkages from U. stenophylloides and U. lacinulata, respectively. 
Smaller amounts of other rhamnose, xylose and galactose linkages were 
also present (Table 1). 

The position of sulfate esters on constituent monosaccharides was 
determined by monitoring the change in proportion of glycosyl linkages 
between native and desulfated ulvans. A reduction in proportion of O-3 
linkages during desulfation indicates that the majority of 4-linked Rha 
residues in ulvan from U. stenophylloides were sulfated. There was a 
progressive loss of the 3-O-sulfate esters between NAT, DS80, and DS100 
ulvans as evidenced by the successive decrease in the proportion of 
→3,4)-Rhap-(1→ from 44, to 34, to 13 mol%, respectively, with a 
simultaneous increase in the proportion of →4)-Rhap-(1 → from 2, to 10, 
to 31 mol%. A small proportion of 3-O-sulfate esters remaining in DS100 
ulvan was expected due to incomplete desulfation (see supplementary 
data). The loss of 3-O-sulfate esters from Rha was supported by 1H–13C 
HSQC NMR spectra of native and 100 ◦C desulfated ulvan from 
U. stenophylloides (Fig. 1, Figs. S4-S6). The HSQC spectrum of desulfated 
ulvan had a resonance at 13C 71.7 ppm / 1H 3.94 ppm (Fig. 1, Table S2), 
where a non-sulfated C3/H3 of Rha was expected (Reisky et al., 2019). 
This resonance was absent in the HSQC spectrum of the native ulvan 
(Fig. 1), suggesting the majority of C3 of Rha was sulfated. Desulfation at 
100 ◦C showed changes in other resonances, particularly in the anomeric 
region, probably as a result of the loss of 3-O-sulfate esters from Rha. The 
inverse change in proportion of →2,4)-Xylp-(1 → to →4)-Xylp-(1 → and 
→3)-Rhap-(1 → to Rhap-(1→, between native and desulfated ulvans 

J.T. Kidgell et al.                                                                                                                                                                                                                                

https://glygen.ccrc.uga.edu/ccrc/specdb/ms/pmaa/pframe.html
https://glygen.ccrc.uga.edu/ccrc/specdb/ms/pmaa/pframe.html


Carbohydrate Polymers 333 (2024) 121962

4

from both foliose species, suggest the presence of 2-O-sulfate on some of 
the Xyl and a 3-O-sulfate on terminal Rha (Table S1). The glycosyl 
linkage compositions of ulvan from U. lacinulata indicated the majority 
of →4)-Rhap-(1 → residues were also 3-O-sulfated, although the higher 
proportion of →2,3,4)-Rhap-(1 → in this ulvan generally complicates 
interpretation of both the linkage analysis data and NMR spectra 
(Figs. S3, S7-S10). 

The NAT ulvans from U. stenophylloides and U. lacinulata contained 
6.0 and 10.4 mol% of →2,3,4)-Rhap-(1→ (fully substituted Rha), 
respectively (Table 1). Assuming minimal undermethylation has 
occurred and the O-3 position of Rha is predominantly sulfated, the 
presence of →2,3,4)-Rhap-(1→ in the glycosyl linkage compositions of 
NAT ulvans indicates the O-2 of a portion of →4)-Rhap-(1→ residues 
must be either sulfated, glycosidically linked to another sugar, or 
substituted with another functional group. As observed with →3,4)- 
Rhap-(1→, there was a progressive decrease in the proportion of 
→2,3,4)-Rhap-(1→ between NAT, DS80, and DS100 ulvans from both 
species, suggesting 3-O and/or 2-O-sulfation. Comparing the net change 
in linkage proportions between NAT and DS100 ulvans for each species 
provides an indication of the extent of sulfation (Table 3). For U. 

stenophylloides, two thirds of the reduction in →2,3,4)-Rhap-(1→ is 
accounted for by an increase in →2,4)-Rhap-(1→ (Table 3), while only 
half of the reduction in →2,3,4)-Rhap-(1→ is accounted for by →2,4)- 
Rhap-(1→ in U. lacinulata (Table 3). These trends suggest there may be 
some minor sulfation at the O-2 position in addition to the expected O-3 
sulfation. Sulfation at the O-2 position of Rha in ulvan from U. lacinulata 
is further supported by the fact that there is a higher proportion of →4)- 
Rhap-(1→ produced from desulfation at 100 ◦C than can be accounted 
for by the reduction in →3,4)-Rhap-(1→ residues (Table 3). There is 3 
mol% of →4)-Rhap-(1→ residues in DS100 ulvan not accounted for by a 
reduction in →3,4)-Rhap-(1→, and 3.8 mol% of →2,3,4)-Rhap-(1→ not 
accounted for by an increase in →2,4)-Rhap-(1→, suggesting that some 
of the →2,3,4)-Rhap-(1→ may be 2,3-disulfated. 

3.2. Tubular species: U. ralfsii and U. prolifera 

The NAT ulvan of tubular U. ralfsii predominantly contained fully 
substituted rhamnose, →2,3,4)-Rhap-(1→, and →4)-GlcAp-(1→ (45.1 
mol% combined), while NAT ulvan of U. prolifera was mainly composed 
of →2,3,4)-Rhap-(1→, →3,4)-Rhap-(1→, and terminal Rhap-(1→ (54.8 
mol% combined) (Table 1). There was a greater variety of linkages 
detected in the ulvans from the two tubular species compared to the two 
foliose species (U. stenophylloides and U. lacinulata) reported in the 
previous section. Where →3,4)-Rhap-(1→, →4)-GlcAp-(1→, and→4)- 
IdoAp-(1→ accounted for 81 and 67 mol% of linkages of NAT ulvan from 
U. stenophylloides and U. lacinulata, respectively, these residues only 
accounted for 35.9 and 29.2 mol% of NAT ulvan of U. ralfsii and 
U. prolifera, highlighting the difference in ulvan composition from 
different Ulva morphologies. The NMR spectra collected from U. ralfsii 
and U. prolifera ulvans were not diagnostic for structure and sulfation 
patterns due to low resonance intensity (Figs. S11-S18). However, there 
were features of the spectra that highlighted the differences in the 
structure of the ulvans from these tubular species compared with the 
foliose species. In addition to the resonances for the primary disaccha
ride units, A3s [→4)-β-D-GlcpA-(1→4)-α-L-Rhap3S-(1→], B3s [→4)-α-L- 

Table 1 
Glycosyl linkage composition (relative mol%, average of duplicate analyses) of the carboxyl reduced native (NAT) and desulfated (80 ◦C and 100 ◦C; DS80 and DS100, 
respectively) ulvans isolated from U. stenophylloides, U. lacinulata, U. ralfsii, and U. prolifera. The total mol% of deduced linkages for each monosaccharide is presented 
in bold. Glycosyl residues with ≥1 mol% are presented; see supplementary Table S1 for the complete data set.    

U. stenophylloides U. lacinulata U. ralfsii U. prolifera 

Derivative Deduced Linkage NAT DS80 DS100 NAT DS80 DS100 NAT DS80 DS100 NAT DS80 DS100 

2,3,4-Rhaa Rhap-(1→ -b 1.2 1.9 2.4 2.4 3.0 3.0 3.0 3.3 16.9 15.0 17.7 
2,4-Rha →3)-Rhap-(1→ 1.7 1.4 – 3.4 1.4 – 2.2 2.2 1.8 7.2 8.0 7.7 
2,3-Rha →4)-Rhap-(1→ 1.9 9.9 31.3 4.6 10.7 28.6 – 3.1 8.4 3.0 7.0 10.8 
3-Rha →2,4)-Rhap-(1→ – 1.1 3.2 – 1.3 3.5 – 6.4 16.1 – 4.3 11.4 
2-Rha →3,4)-Rhap-(1→ 43.8 34.0 13.0 35.8 32.5 14.8 13.3 9.3 5.1 17.0 12.8 6.6 
Rha →2,3,4)-Rhap-(1→ 6.0 4.8 1.7 10.4 5.8 3.1 23.5 15.5 7.0 20.9 16.3 8.4  

Total Rha 53.4 52.3 51.1 56.5 53.9 53.1 42.0 39.6 41.6 64.9 63.4 62.6 
2,3,4,6-Glc GlcAp-(1→ – 1.2 – 1.9 – – – – – – – – 
2,3,6-Glc →4)-GlcAp-(1→ 31.4 31.2 32.9 22.1 24.1 25.4 21.6 24.8 24.5 9.7 10.6 11.9 
3,6-Glc →2,4)-GlcAp-(1→ – – – – – – 3.6 2.0 – 4.7 4.2 3.2 
2,6-Glc →3,4)-GlcAp-(1→ – – – – – – – – – 1.4 1.3 1.2  

Total GlcA 31.4 32.4 32.9 24.0 24.1 25.4 25.2 26.9 24.5 15.7 16.0 16.3 
2,3-Xyl →4)-Xylp-(1→ 3.8 6.3 7.0 5.0 6.0 6.2 10.2 12.3 13.9 6.5 9.8 11.5 
3-Xyl →2,4)-Xylp-(1→ 1.6 – – 1.3 – – 3.1 2.4 2.1 4.7 3.1 2.5  

Total Xyl 5.4 6.3 7.0 6.3 6.0 6.2 13.3 14.8 15.9 11.2 12.9 14.0 
2,3,6-Ido →4)-IdoAp-(1→ 5.8 6.9 7.0 9.1 12.5 13.2  1.6 2.0 2.5 2.6 3.0  

Total IdoA 5.8 6.9 7.0 9.1 12.5 13.2 0.0 1.6 2.0 2.5 2.6 3.0 
2,3,4,6-Gal Galp-(1→ – – – – – – – 1.2 2.6 – – – 
2,3,6-Gal →4)-Galp-(1→ – – – – – – 13.3 12.0 9.1 – – – 
2,3,4-Gal →6)-Galp-(1→ – – – 1.0 1.1 1.1 – 1.5 2.0 1.2 2.4 2.5 
2,6-Gal →3,4)-Galp-(1→ – – – 1.3 – – 1.5 – – 2.3 – – 
2,3-Gal →4,6)-Galp-(1→ – – – – – – 1.0 – – – – –  

Total Gal 0.0 0.0 0.0 2.4 1.1 1.1 15.8 14.6 13.7 3.5 2.4 2.5  
Othersc 3.9 2.1 2.1 1.7 2.3 1.0 3.7 2.5 2.2 2.3 2.7 1.7  

a 2,3,4-Rha = 1,5-di-O-acetyl-1-deuterio-2,3,4-tri-O-methylrhamnitol etc. 
b -, not detected. 
c Other minor linkages <1 mol%. 

Table 2 
Constituent sugar composition (normalised mol%) of native ulvan from U. 
stenophylloides, U. lacinulata, U. ralfsii, and U. prolifera quantified by HPAEC- 
PAD. See Kidgell et al. (2021) for details.   

Ulvan species 

Sugar U. stenophylloides (cult.B) U. lacinulata U. ralfsii (cult.) U. prolifera 

Rha 48a 49 38 60 
GlcA 31 26 24 17 
Xyl 7 6 16 15 
IdoA 11 18 4 7 
Gal 2 tr.b 16 tr.  

a Values are the averages of duplicate analyses. 
b Sugars <1 mol% are considered trace (tr.) 
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IdopA-(1→4)-α-L-Rhap3S-(1→] and U3s [→4)-β-D-Xylp-(1→4)-α-L- 
Rhap3S-(1→] observed in ulvans from both foliose and tubular species, 
the HSQC spectra from U. ralfsii and U. prolifera ulvans had anomeric 
resonances at 13C 100.1–103.1 ppm / 1H 4.98–5.09 ppm. These reso
nances were tentatively assigned to α-Gal residues based on literature 
(Maurya et al., 2023; Zavadinack et al., 2021). In addition, a resonance 
observed at 13C 110.6 ppm / 1H 5.26 ppm was tentatively assigned to a 
Galf residue (Arata, Quintana, Raffo, & Ciancia, 2016; Capek et al., 
2020). Resonances at 13C 57.6–58.8 ppm / 1H 3.44–3.49 ppm assigned 
to methoxy substituents, such as 3-O-Me rhamnose, were more intense 
in the two tubular species than the foliose species (Kidgell et al., 2021). 

The degree and position of sulfation was also different in ulvans from 
tubular species of Ulva compared to foliose species. There was twice the 

relative mol% of Xyl in ulvans from tubular species, U. ralfsii and 
U. prolifera, compared to foliose species (Table 1, Table 2), which was 
mostly present as →4)-Xylp-(1→ with lower proportions of →2,4)-Xylp- 
(1→ that decreased with desulfation (Table S1), indicating possible 2-O- 
sulfation. Small proportions of glucuronic acid in both ulvans may also 
be sulfated at O-2, as evidenced by the minor proportions of →2,4)- 
GlcAp-(1→ decreasing due to desulfation with a concomitant increase in 
→4)-GlcAp-(1→ (Table 1, Table S1). With respect to the Rha residues, 
U. ralfsii NAT and DS100 ulvans had near equal stoichiometric ratios of 
→3,4)-Rhap-(1→ to →4)-Rhap-(1→ and →2,3,4)-Rhap-(1→ to →2,4)- 
Rhap-(1→ (Table 3), indicating that Rha in this ulvan was exclusively 3- 
O-sulfated. While the ratio of →2,3,4)-Rhap-(1→ to →2,4)-Rhap-(1→ in 
U. prolifera was almost equal, the increase in →4)-Rhap-(1→ during 

Fig. 1. Superimposed 1H–13C HSQC spectra of native and desulfated (100 ◦C, DS100) ulvans from foliose Ulva stenophylloides (Top) and tubular Ulva ralfsii (Bottom). 
The arrow indicates the shift in resonance of C3-H3 of rhamnose due to desulfation. Labels and numbers correspond to carbon/proton coupling pair of ulvan units: G 
and R = GlcpA and Rhap3S of A3S; I and Ri = IdopA and Rhap3S of B3S; X and Rx = Xylp and Rhap3S of U3S; L = tentative assignments of galactose based on literature 
and intensity of resonances. Non-superimposed HSQCs from all derivatised ulvans are in the supplementary data. Chemical shifts relative to acetone at 31.45 and 
2.225 ppm for 13C and 1H, respectively; intensities normalised to the rhamnose methyl peak (~18.1 ppm 13C and ~ 1.30 ppm 1H). 
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desulfation only accounted for three quarters of the decrease in →3,4)- 
Rhap-(1→ between NAT and DS100 ulvans (Table 3). The source of this 
discrepancy is unclear but may involve the large proportion of Rhap-(1→ 
detected in ulvan from U. prolifera (Table 1). 

The ulvan from U. prolifera contained greater proportions of terminal 
rhamnose (Rhap-(1→, 15–18 mol%) and →3)-Rhap-(1→ (7–8 mol%) 
than ulvans from the other species examined or reported in the literature 
(Table 1). These residues help explain the unusually high proportion of 
rhamnose (60 mol%) previously detected by constituent sugar analysis 
(Table 2). The high proportion of galactose detected in the NAT ulvan 
isolated from U. ralfsii (16 mol%; Table 1, Table 2) was predominantly 
→4)-Galp-(1→ (13 mol%), with minor proportions of Galp-(1→, →6)- 
Galp-(1→, →3,4)-Galp-(1→, and →4,6)-Galp-(1→ (Table 1, Table S1). 
Comparing NAT and desulfated ulvans from U. ralfsii indicate that the 
→6)-Galp-(1→ may be partially O-4 sulfated (Table S1). The loss of 4-O- 
sulfate esters from Gal was tentatively supported by 1H–-13C HSQC 
NMR spectra of native and 100 ◦C desulfated ulvans from U. ralfsii and 
U. prolifera (Fig. 1, Figs. S12-S18). The HSQC spectrum of the native 
ulvans had a resonance at 13C 73.9 ppm / 1H 4.89 ppm, which was 
absent in the HSQC spectrum of the desulfated ulvans (Bilan, Vinogra
dova, Shashkov, & Usov, 2007; Farias, Valente, Pereira, & Mourão, 
2000). Partial 4-O-sulfation of terminal galactose residues could also 
explain the reduction of →4)-Galp-(1 → with increasing desulfation and 
the concomitant increase in the proportion of Galp-(1 → (Table 1, 
Table S1). 

4. Discussion 

This study is a detailed investigation of the glycosyl linkage com
positions of ulvans from multiple species of Ulva. The carbohydrate 
composition, linkage pattern and sulfate ester positions on constituent 
monosaccharides of ulvans isolated from foliose (U. lacinulata and U. 
stenophylloides) and tubular (U. prolifera and U. ralfsii) species of Ulva 
were investigated. The positions of sulfate esters were determined by 
comparing the linkage compositions of native ulvans (NAT) to desul
fated ulvans (DS80 and DS100). The results confirm that all four ulvans 
studied were consistent with the literature consensus of the ulvan 
polysaccharide containing a 4-linked backbone of GlcA, IdoA, Xyl, and 
3-O-sulfated Rha (Chattopadhyay et al., 2007; Glasson et al., 2022; 
Lahaye & Robic, 2007; Lopes et al., 2017; McKinnell & Percival, 1962; 
Ray & Lahaye, 1995). However, the results also highlighted the disparity 
in glycosyl linkage proportions between ulvans from the different 
morphologies of Ulva. Ulvans from foliose species were predominantly 
4-linked GlcA/IdoA and 3-O-sulfated Rha. While ulvans from tubular 
species also contained high proportions of 4-linked GlcA and 3-O- 
sulfated Rha, there was also a substantially higher proportion of other 

glycosyl linkage residues. In addition to the majority of Rha being 3-O- 
sulfated in all the ulvans examined, there was also evidence of low levels 
of 2,3-disulfation in Rha residues in ulvan of foliose species and sulfation 
on Xyl and GlcA residues in ulvans from tubular species. Further, NMR 
data showed that tubular species contained greater proportions of 
methoxy substitution than foliose species. These results confirm our 
hypothesis that, among the ulvans studied here, those from tubular 
species of Ulva are more complex in structure. 

The simpler structure of ulvans from foliose species can be inferred 
from the higher proportions of limited glycosyl linkages, while ulvans 
from tubular species contained a higher diversity of glycosyl linkages. 
The glycosyl linkages of the A3S disaccharide (→4)-GlcAp-(1→ and 
→3,4)-Rhap-(1→) and B3S disaccharide (→4)-IdoAp-(1→ and →3,4)- 
Rhap-(1→) account for 81 % and 67 % of the linkages for NAT ulvan 
from foliose U. stenophylloides and U. lacinulata, respectively. Such high 
proportions of A3S and B3S disaccharides suggests that ulvans of foliose 
species are predominantly linear (unbranched) sections of repeat 
disaccharide units, as has been reported for ulvan (Lahaye & Robic, 
2007; Paradossi, Cavalieri, & Chiessi, 2002). In contrast, the same three 
residue components comprising the A3S and B3S disaccharides only ac
count for 36 % and 29 % of NAT ulvans from tubular U. ralfsii and 
U. prolifera, respectively. Even with the inclusion of →4)-Xylp-(1→ and 
→2,4)-Xylp-(1→ (respectively representing the U3S and U2S’3S di
saccharides in combination with Rha-3-sulfate) only 48 % and 38 % of 
the residues in the ulvans from U. ralfsii and U. prolifera are accounted 
for, respectively. The greater complexity of ulvans in tubular species of 
Ulva can also be inferred from the NMR spectra collected. Despite the 
samples of ulvan for foliose and tubular species being prepared and run 
identically, there are a higher number of low intensity resonances in the 
1H–13C HSQC spectra for ulvans of tubular species (Figs. S12-S18) 
compared to the lower number of high intensity resonances for ulvans of 
foliose species (Figs. S4-S10). Size-exclusion chromatography coupled 
with multi-angle laser light scattering shows that ulvans from U. ralfsii 
(tubular) and U. stenophylloides (foliose) have similar elution volumes, 
but the U. ralfsii ulvan has a much higher molecular weight (Kidgell 
et al., 2021). This indicates that the U. ralfsii ulvan has a more compact, 
branched structure which is consistent with the greater complexity 
observed in the NMR spectra. 

A uniting feature of all four NAT ulvans was that over 90 % of 1,4- 
linked rhamnose were 3-O substituted, which reduced to 30–40 % 
following 100 ◦C desulfation; clear evidence for the majority of rham
nose in native ulvan being 3-O-sulfated. At least some 3-O substitution 
was expected on desulfated Rha as the desulfation procedure did not run 
to completion in this experiment (see supplementary data). The authors 
acknowledge that this is a limitation to the study, but as the desulfation 
method employed eventually caused depolymerisation of the poly
saccharide (Fig. S2), structural integrity was prioritised over complete 
liberation of the sulfate esters. The authors also note that the IdoA 
content observed from glycosyl linkage analysis (Table 1) was approx
imately half of what was detected in constituent sugar analysis by 
HPAEC-PAD (Table 2) for all ulvans. This reduction may be due to the 
acid lability of iduronic acid (Conrad, 1980) and the additional deri
vatisation steps required for glycosyl linkage analysis. 

All four ulvans also contained varying proportions of →2,3,4)-Rhap- 
(1→. The presence of a fully substituted sugar like →2,3,4)-Rhap-(1→ is 
a characteristic sign that the sugars were undermethylated (Biermann & 
McGinnis, 1989) during analysis. However, the near-stoichiometric shift 
of the O-3 substitution of rhamnose from acetyl (sulfated) to methyl 
(desulfated) as the degree of desulfation increased between NAT, DS80, 
and DS100 PMAA derivatives (Table 1) indicates complete methylation. 
In the case of ulvan from U. prolifera, the →2,3,4)-Rhap-(1→ could be 
attributed to 3-O-sulfation combined with O-2 branching to the high 
proportion of terminal Rhap-(1→ residues detected. Indeed, the 17 mol 
% of terminal Rhap-(1→ residues in DS100 ulvan from U. prolifera 
almost matches the 21 mol% non-sulfate branches on the other DS100 
residues detected (Table 1). In contrast, the combined proportions of 

Table 3 
The stoichiometric change of rhamnose glycosyl linkages from native (NAT) 
ulvans isolated from U. stenophylloides, U. lacinulata, U. ralfsii, and U. prolifera 
that were 100 ◦C desulfated (DS100). Values were calculated from the data 
presented in Table 1 by subtracting the relative mol% of glycosyl linkages for 
DS100 ulvans from corresponding NAT ulvans. A positive value indicates an 
increase in the occurrence of a linkage residue with desulfation and a negative 
value indicates a decrease in occurrence.   

Net stoichiometric change in mol% between NAT and DS100 
ulvans 

Deduced Linkage U. stenophylloides U. lacinulata U. ralfsii U. prolifera 

Rhap-(1→  1.9a  0.6  0.3  0.8 
→3)-Rhap-(1→  − 1.7  − 3.4  − 0.4  0.5 
→4)-Rhap-(1→  29.4  24  8.4  7.8 
→2,4)-Rhap-(1→  3.2  3.5  16.1  11.4 
→3,4)-Rhap-(1→  − 30.8  − 21  − 8.2  − 10.4 
→2,3,4)-Rhap-(1→  − 4.3  − 7.3  − 16.5  − 12.5 
Total Rha  − 2.3  − 3.4  − 0.4  − 2.3  

a ‘Not detected’ values were considered “0” for calculations. 
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terminal sugars in each of the other DS100 ulvans from the other three 
Ulva species only accounts for one third to one half of the branches 
present, assuming all O-3 substituents on 1,4-linked rhamnose moieties 
are sulfate esters (Table 1). The exceptionally high proportions of ter
minal rhamnose (15.0–17.7 mol%) detected in ulvan from U. prolifera is 
a unique finding in the ulvan literature. Generally, only lesser quantities 
of terminal glucuronic acid (1–8 mol%) and terminal rhamnose (1–3 mol 
%) are reported for ulvans (Chattopadhyay et al., 2007; Glasson et al., 
2022; Gosselin et al., 1964; Ray & Lahaye, 1995). 

The more minor occurrences of →2,3,4)-Rhap-(1→ in the ulvans 
from foliose species may be attributable to minor 2,3-O-disulfation, as 
reported by Glasson et al. (2022). In support of this theory, the increase 
in proportion of →2,4)-Rhap-(1→ only accounts for three quarters to half 
of the decrease in →2,3,4)-Rhap-(1→ in the ulvans, and there is a second, 
unidentified, resonance next to the C3-H3 resonance for 3-O-sulfated 
Rha (13C 79.4 ppm / 1H 4.59 ppm) on the 1H–13C HSQC spectra for 
these ulvans (Fig. 1, Figs. S15-S18, Table S3) which could potentially be 
C2-H2 of 2-O-sulfated Rha. Terminal GlcAp-(1→ were also detected in 
the ulvan from foliose species and has been previously reported as a 
branch on O-2 of Rha (Lahaye & Ray, 1996). 

The source of the high →2,3,4)-Rhap-(1→ residues in ulvan from 
U. ralfsii is unclear. The stoichiometric shift of →2,3,4)-Rhap-(1→ to 
→2,4)-Rhap-(1→ and →3,4)-Rhap-(1→ to →4)-Rhap-(1→ indicate 
extensive 3-O-sulfation, but the O-2 substitution on the resulting →2,4)- 
Rhap-(1→ cannot be assigned. 

The high proportion of galactose detected in ulvan from U. ralfsii (17 
mol%) occurred predominantly as →4)-Galp-(1→, with minor pro
portions of Galp-(1→, →6)-Galp-(1→, →3,4)-Galp-(1→, and →4,6)-Galp- 
(1→. Ulvan samples from tubular U. tepida and U. prolifera have been 
reported to have similarly high proportions of galactose (13.8 mol% and 
27.1 mol%, respectively) in a wide range of glycosyl residues, the most 
common being →4)-Galp-(1 → and →3,4)-Galp-(1 → (Glasson et al., 
2022). Despite not being considered a major constituent of ulvan, high 
proportions (7–27 mol%) of galactose are commonly detected in ulvans 
from tubular species of Ulva (e.g., U. compressa, U. intestinalis, and 
U. linza) (Chattopadhyay et al., 2007; Glasson et al., 2022; Kidgell et al., 
2021; Lopes et al., 2017; Matloub et al., 2016; Qi et al., 2013; Ray, 2006; 
Tabarsa, You, Dabaghian, & Surayot, 2018). These high proportions of 
galactose are well in excess of the literature median of 2.1 mol% (Kidgell 
et al., 2019). However, it is important to note that this median is pro
duced from literature where over 75 % of the data is related to ulvans 
from foliose species of Ulva. Ulvans from foliose species consistently 
report low proportions of galactose. For example, assessment of the 
composition of 19 ulvans from five foliose species (U. armoricana, U. 
lacinulata, U. rotundata, U. scandinavica, and U. olivascens) collected at 
different times and locations found that galactose ranged from 1.0 to 3.1 
mol% (Lahaye et al., 1999). 

The source of the galactose in U. ralfsii could potentially be from an 
entrained microorganism. Dinoflagellates of the Gymnodinium genus are 
known to contain sulfated galactans (Hasui, Matsuda, Yoshimatsu, & 
Okutani, 1995) and be present in New Zealand waters (MacKenzie, 
2014). Co-extracted sulfated galactans from such a microorganism 
would be very difficult to separate from sulfated ulvans by the methods 
employed in this paper. However, the collected Ulva samples were 
carefully sorted by hand and rinsed prior to mono-cultivation, and ge
netic barcoding clearly identified U. ralfsii without any confounding 
genetic material present (Lawton et al., 2021). Therefore, it is unlikely 
that the source of galactose is due to another organism. But further 
research is needed to determine the role of galactose in ulvan, or if it is a 
contaminant. Based on the literature and the data collected within this 
paper, it appears that high proportions of galactose are a unique, yet not 
ubiquitous, component of ulvans from tubular species of Ulva. 

5. Conclusion 

The glycosyl linkage compositions of the four ulvans assessed 

confirm that constituent monosaccharides are predominantly 1,4-linked 
and that the vast majority of rhamnose is 3-O-sulfated. There were 
multiple distinct differences between the ulvans from foliose and tubular 
species of Ulva. Ulvan from tubular species exhibited a more branched 
structure and a greater diversity of sulfate ester substitution positions, 
while the ulvans from foliose species closely resembled the literature 
definition of ulvan structure (Lahaye & Robic, 2007). The predominance 
of →2,3,4)-Rhap-(1→ in ulvans from tubular species suggests extensive 
O-2 substitution, likely due to rhamnose side chains in ulvan from 
U. prolifera and to an unknown target in U. ralfsii. Additionally, minor 
proportions of sulfate esters detected on O-2 of 1,4-linked glucuronic 
acid for ulvans from tubular species further highlight the differences 
between ulvans of different Ulva morphologies. Ulvan from foliose 
species have a more consistent (likely linear) structure and have been 
more thoroughly studied. In contrast, ulvans from tubular species have a 
more complex structure that likely contributes to the higher molecular 
weight and gelling capacity observed in Kidgell et al. (2021). Ulvans 
from tubular species are also less thoroughly studied and may have 
different biological activities compared to ulvans from foliose species. 
These results support the hypothesis that ulvans from tubular species of 
Ulva have more complex structure than those from foliose species and 
highlight the importance of considering the morphology of Ulva in ulvan 
applications. 
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Puig-Castellví, F., Pérez, Y., Piña, B., Tauler, R., & Alfonso, I. (2018). Compression of 
multidimensional NMR spectra allows a faster and more accurate analysis of 
complex samples. Chemical Communications, 54(25), 3090–3093. 

Qi, X. H., Mao, W. J., Chen, Y., Chen, Y. L., Zhao, C. Q., Li, N., & Wang, C. Y. (2013). 
Chemical characteristics and anticoagulant activities of two sulfated polysaccharides 
from Enteromorpha linza (Chlorophyta). Journal of Ocean University of China, 12(1), 
175–182. 

Ray, B. (2006). Polysaccharides from Enteromorpha compressa: Isolation, purification and 
structural features. Carbohydrate Polymers, 66(3), 408–416. 

Ray, B., & Lahaye, M. (1995). Cell-wall polysaccharides from the marine green alga Ulva 
“rigida” (Ulvales, Chlorophyta). Chemical structure of ulvan. Carbohydrate Research, 
274, 313–318. 
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