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ABSTRACT 

• Background and aims The cell walls of charophytic algae both resemble and differ from those of land 

plants. Cell walls in early-diverging charophytes (e.g. Klebsormidiophyceae) are particularly distinctive, 

in ways that may enable survival in environments that are incompatible with land-plant polymers. This 

study therefore investigates the structure of Klebsormidium polysaccharides. 

• Methods The ‘pectin’ fraction (defined by extractability) of Klebsormidium fluitans, solubilised by 

various buffers from alcohol-insoluble residues (AIRs), was digested with several treatments that 

(partially) hydrolyse land-plant cell-wall polysaccharides. Products were analysed by gel-permeation and 

thin-layer chromatography.  

• Key results The Klebsormidium pectic fraction made up ~30-50% of its AIR, was optimally solubilised 

at pH 3-4 at 100°C, and contained residues of xylose ≈ galactose > rhamnose > arabinose, fucose, 

mannose, glucose. Uronic acids were undetectable and the pectic fraction was more readily solubilised by 

formate than by oxalate, suggesting a lack of chelation. Some land-plant-targeting hydrolases degraded 

the Klebsormidium pectic fraction: digestion by -L-arabinanase, endo--(14)-D-xylanase, and -D-

galactosidase suggests the presence of -(14)-xylan with terminal -L-arabinose, -D-galactose and 

(unexpectedly) rhamnose. ‘Driselase’ released oligosaccharides of xylose and rhamnose (~1:1) and 

graded acid hydrolysis of these oligosaccharides indicated a ‘rhamnoxylan’ with rhamnose side-chains. 

Partial acid hydrolysis of Klebsormidium pectic fraction released rhamnose plus numerous 

oligosaccharides, one of which comprised xylose and galactose (~1:2 Gal/Xyl), suggesting a 

galactoxylan. Lichenase was ineffective, as were endo--(14)-D-galactanase, endo--(14)-D-

mannanase, -D-xylosidase and -D-galactosidase. 

• Conclusions Klebsormidium pectic fraction possesses many land-plant-like linkages but is unusual in 

lacking uronic acid residues and in containing rhamnoxylan and galactoxylan domains. Uronic acids 

allow land-plant and late-diverging charophyte pectins to form Ca2+-bridges, facilitating cell-wall 

polymer association; their absence from Klebsormidium suggests that neutral heteroxylans rely on 

alternative cross-linking mechanisms. This lack of dependency on Ca2+-bridges may confer 

Klebsormidium’s ability to grow in the acidic, metal-rich environments which it tolerates. 

 

Key words: Klebsormidium, charophyte, cell wall, algae, polysaccharide, pectin, xylans, rhamnoxylan, 

galactoxylan, pollution tolerance.  
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INTRODUCTION 

Charophytic green algae (charophytes) are the closest living relatives to land plants and the two groups 

share many evolutionary adaptations. Cell walls are one of these shared adaptations but the charophyte 

lineage is a large and diverse one — some species are aquatic and others terrestrial, and multiple 

morphologies and sizes are found across the clade — so charophyte cell wall structures and polymers are 

correspondingly diverse. Together with land plants, the ‘late-diverging’ charophyte classes 

(Zygnematophyceae, Coleochaetophyceae and Charophyceae) comprise the Phragmoplastophyta (sensu 

Hall et al., 2020) and, as in land plants, the extractable pectic fractions of the cell walls of the late-

diverging charophytes are rich in homogalacturonan with varying degrees of methyl-esterification 

(Popper and Fry, 2003; Sørensen et al., 2011; Cherno et al., 1976; Domozych et al., 2007, 2009, 2010; 

Eder and Lütz-Meindl, 2008, 2010; Anderson, 2016; O’Rourke et al., 2015). Land-plant-like xyloglucan 

has also been chemically identified in a few late-diverging charophyte species (Mikkelsen et al., 2021). In 

contrast, the cell walls of the more basal, ‘early-diverging’, charophyte classes (Klebsormidiophyceae, 

Chlorokybophyceae and Mesostigmatophyceae) have been less well studied.  

Of these early-diverging classes, the Klebsormidiophyceae hold particular interest for studies of cell wall 

evolution. The class has been the subject of much taxonomic discussion because its members are often 

hard to assign (Glass et al., 2023): they all form unbranched uniseriate filaments that display highly 

variable and environmentally-sensitive morphologies, and often clump into thick, deep-green mats. 

Strikingly, however, species in the genus Klebsormidium can live in very diverse environments, from 

damp, shaded sites in European cities, to more extreme locations such as alpine glaciers and soil crusts 

(Karsten et al., 2010, 2013, 2014, Kitzing et al., 2014), arid and sandy South African deserts (Karsten et 

al., 2016), polar regions (Elster et al., 2008, Rippin et al., 2019) and acid mine drainages (Škaloud et al., 

2014). This range of habitats is apparently enabled by a similar range of physiological adaptations 

(Holzinger and Pichrtová, 2016). Some Klebsormidium species, for example, produce specific metabolites 

that protect against desiccation (Kaplan et al., 2012), excessive ultraviolet irradiation (Karsten and 

Holzinger, 2014), cold (Nagao et al., 2008), or multiple environmental stresses (Míguez et al., 2020).  

In addition to these metabolic adaptations and/or acclimations, there is increasing evidence that cell wall 

adaptations also contribute to the success of the genus Klebsormidium. In response to desiccation stress, 

certain species stain positively for callose in their cell walls (Herburger and Holzinger, 2015) and, more 

enigmatically, Klebsormidium cell walls display unusual and distinctive compositions (Rapin et al., 

2023). Most notably, biochemical and immunological studies (O’Rourke et al., 2015; Sørensen et al., 

2011) have shown that galacturonic acid, which is a major chelating component of land-plant pectin, is 

missing from the Klebsormidium cell wall. In most land plants, these uronic acid-containing pectic 
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domains are essential for cell–cell adhesion and cell shaping (Jarvis et al., 2003), cell immunity (Wang et 

al., 2023), and signalling (Albersheim et al., 2011).  

Accordingly, we report here an improved characterisation of Klebsormidium ‘pectin’ (sensu lato), defined 

here operationally as the polysaccharide fraction solubilised by standard treatments for the extraction of 

classic pectin in land plants and late-diverging charophytes. Our findings demonstrate a number of 

unusual polymer structures that may contribute to the wide environmental tolerance of Klebsormidium 

species. 

 

MATERIALS AND METHODS  

Materials 

Klebsormidium fluitans was purchased from the Culture Collection of Algae and Protozoa, Scottish 

Marine Institute, Dunstaffnage, Argyll, UK (https://www.ccap.ac.uk/). Algae were grown on Bold basal 

medium (3N-BBM+V) (Bischoff and Bold, 1963) as the only photosynthetic organism present. 

Driselase and all chemicals and solvents were obtained from Sigma-Aldrich 

(https://www.sigmaaldrich.com). All other enzymes were sourced from Megazyme 

(https://www.megazyme.com). TLC plates were Merck silica-gel 60 plastic-backed plates (https://www. 

merckgroup.com) and beads for the gel-permeation chromatography were from Bio-Rad (www.bio-

rad.com). Data analysis was performed in R (R Core Team, 2021). 

 

Alcohol-insoluble residue pre-treatments 

Freeze-dried algal biomass was stirred for 16 h with 70% ethanol, centrifuged at 5000 g for 10 minutes 

and the supernatant was discarded. The process was repeated 3–5 times with 70% ethanol, finishing with 

final washes of 96% ethanol and then acetone. The washed cells were air-dried at room temperature to 

leave alcohol-insoluble residue (AIR; all abbreviations are listed in the Appendix). 

Pre-treatment A (alkali digestion) was performed by incubation of AIR at 5 mg.mL–1 in 1 M NaOH in 

75% ethanol at 20˚C for 10 min. The mixture was centrifuged at 4000 g for 10 min, then washed 

sequentially in 75% ethanol, 100% ethanol and ethanol containing 0.5% acetic acid (10–20 min each). 

Pre-treatment E (endopolygalacturonase: EPG) digestion was performed by incubation of AIR (20 

mg.mL–1) in 2.5 U.mL–1 EPG in 160 mM acetate (pyridine+, pH 4.7) at 25°C for 16 h and the residue was 

rinsed with water twice. [Note: all buffer concentrations are given as the sum of the charged + uncharged 

form(s).] Sequential application of pre-treatments A and E is referred to as A+E.  
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Pre-treatment A (-amylase digestion) was performed after pre-incubation of AIR (10 mg.mL–1) at 

100°C in aqueous 40 mM lutidine buffer (acetate, pH 6.7) containing 0.25% w/w chlorobutanol 

(antimicrobial) for 15 min followed by cooling to 60°C and incubation for 72 h with 4 U.mL–1 heat-

resistant -amylase (prepared from 10 mL of commercial solution dialysed against water and diluted 4.5-

fold in the lutidine buffer). The mixture was then supplemented with ethanol and ammonium formate (to 

70% and 1% w/w, respectively) and incubated at 20°C for 16 h, thus coagulating any polymers that had 

been dissolved by the heat treatments but not digested; the total insoluble material was washed in 70% 

ethanol several times. 

After each pre-treatment, the remaining AIR was rinsed with acetone and dried in a fume hood. 

 

Sequential extraction of polysaccharides from AIR 

After these pre-treatments, AIR was submitted to a sequential extraction process, starting with 0.2 M 

oxalate buffer (ammonium, pH 4.1) at 100°C for 2 h. After centrifugation, the supernatant was taken as 

pectic fraction P1. The remaining pellet was incubated under identical conditions for an extra 16 h, and 

the supernatant was taken as P2. P1 and P2 were dialysed against water. All dialysis (unless otherwise 

stated) was performed in 12-kDa molecular-weight cut-off (MWCO) tubing. The pellet remaining after 

both hot oxalate treatments was incubated in 6 M NaOH for 72 h at 37°C, i.e. optimal conditions for 

extracting land-plant hemicelluloses (Edelmann and Fry, 1992). After centrifugation, the supernatant 

(‘hemicellulose’) was acidified to around pH 4.7 with acetic acid, dialysed against water and centrifuged, 

giving a pellet (hemicellulose a fraction; Ha) and supernatant (Hb). The AIR pellet remaining after NaOH 

treatment was washed with 0.2 M acetate buffer (Na+, pH 4.7) and the supernatant was collected by 

centrifugation (‘wash’ fraction; W) and dialysed against water. The final insoluble residue was rinsed 

thoroughly with water and taken as -cellulose (C). All centrifugation steps were performed at 5000 g 

for 10 minutes. All six fractions were freeze-dried after dialysis against water (P1, P2, Hb, W) or rinsing 

in water (Hb, C). 

 

AIR extractability assays 

In preliminary work, we monitored the extractability of the operationally defined pectic fractions P1 and 

P2 under various conditions, including three buffers: 0.2 M oxalate, acetate or formate (ammonium, pH 

4.1) at 20, 60 and 100°C. Similar buffers were also tested at pH 3.0–7.0 and 100°C for 2 and 16 h. The 

pectin fractions thus extracted were dialysed against water (in 4-kDa MWCO tubing) and freeze-dried. 
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Acid hydrolysis 

For complete acid hydrolysis of non-cellulosic poly- or oligosaccharides, samples were dissolved or 

suspended at 5 mg.mL–1 in 2 M trifluoroacetic acid (TFA) and incubated at 120°C for 1 h. They were then 

dried, re-dissolved in water, re-dried and finally diluted to the desired concentration. For partial acid 

hydrolysis, samples were dissolved or suspended at 5 mg.mL–1 in 0.5 M TFA and incubated at 80°C for 1 

h, then processed as above. 

 

Enzymic digestion 

Enzymic digestions were performed as in Table 1. After incubation, ethanol was added to 75% v/v, 

samples were incubated on a wheel at about 20°C for at least 6 h, then centrifuged at 3000 g for 10 

minutes; 90% of the supernatant was recovered, dried in a SpeedVac, and finally re-dissolved in water to 

the appropriate concentration. 

 

Thin-layer chromatography (TLC) 

Analytical TLC was performed on plastic-backed silica-gel plates unless indicated otherwise, mostly in 

butan-1-ol/acetic acid/water (4:1:1, v/v/v; BAW), or ethyl acetate/pyridine/acetic acid/water (6:3:1:1, 

v/v/v; EPAW). Sugars were stained with thymol/H2SO4 (Jork et al., 1994). 

Preparative TLC was performed on glass-backed silica-gel plates in the above solvents. The silica layer 

was cut into strips and each strip was eluted into a small volume of water. The suspension was incubated 

under agitation for at least 16 h, then centrifuged (4000 g, 5 min) and the supernatant collected. The 

process was repeated three times. The eluates were combined, dried and redissolved in water at 5 mg.mL–

1. 

 

Sugar quantification  

Sugar quantification was performed on pieces of plastic-backed silica-gel plate. Standard solutions of Glc 

(0.125–5.0 mg.mL–1) as well as the samples of interest were dried on a plate as 1–3-µl dots, then (without 

chromatography) stained with thymol/H2SO4 (Jork et al., 1994). The intensity of the staining was 

measured with ImageJ and MatLab, referenced to the Glc dilution series, and the concentrations in the 
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samples of interest were calculated (Glc equivalents). Each sample of interest was assayed on three 

replicate pieces of TLC plate, and data were averaged ±SD (Rapin et al., 2023). 

 

Gel-permeation chromatography 

Gel-permeation chromatography was performed on a Bio-Gel P-30 column (160 mL bed volume) in 160 

mM acetate (pyridine+; pH ~4.7). Samples of up to 5 mL were loaded and 2-mL fractions were collected. 

The column was routinely flushed for several hours between runs. Gel-permeation chromatography on 

Bio-Gel P-2 column (90 mL bed volume) was performed in an identical fashion. 

 

RESULTS 

Extractability of a Klebsormidium pectic fraction: impact of chemical and enzymic pre-treatments  

Extraction of operationally defined pectic fraction was performed on Klebsormidium alcohol-insoluble 

residue (AIR, i.e. essentially total cellular polymers, and thus enriched in cell-wall polysaccharides). We 

describe the polymer fractions thus extracted as ‘pectin’, regardless of chemical composition. 

Extractability of the major cell-wall fractions was tested in Klebsormidium AIR that had been subjected 

(or not) to a range of enzymic and chemical pre-treatments (Fig. 1a). The extractants used after these pre-

treatments were based on those conventionally applied to land-plant cell walls: extraction of ‘pectins’ P1 

and P2 in boiling oxalate at pH 4.1, ‘hemicelluloses’ Ha and Hb in 6 M NaOH at 37°C, and a pH 4.7 

buffer wash (W), leaving unextracted cellulose (C). 

The total yields of fractionated polymers were between ~50 and 70% of the initial AIR weight: the partial 

losses could be linked to the dialysis process in 12-kDa MWCO tubing, which may have permitted some 

smaller polymers to escape. The cell wall was initially fractionated without any pretreatment (N in Fig. 1 

a): roughly one-third of the extracted polymers were ‘pectic’, another one-third were hemicelluloses plus 

the wash fraction, and the remaining one-third was counted as -cellulose. Analysis of variance 

(ANOVA) suggested that our different extraction conditions (A, E, A+E, A in Fig. 1a) did not affect 

hemicellulose yields [F(4,10)=2.2, p=0.15], but did significantly affect the relative pectic fraction yields 

[F(4,10)=8.8, p<0.01], as discussed in the next three paragraphs. 

Land-plant pectin contains homogalacturonan, which is partially methyl-esterified and thus not fully 

susceptible to EPG digestion. To check for the presence of any homogalacturonan in Klebsormidium, we 

de-esterified the AIR with alkali and then incubated it with EPG (A+E on Fig. 1a); controls were treated 

with alkali only or EPG only (respectively A and E on Fig. 1a). A post-hoc Tukey test showed that none 
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of these three pre-treatments decreased the relative yield of the pectic fraction compared with the 

untreated AIR (N), suggesting the absence of homogalacturonan in Klebsormidium.  

Alternatively to these homogalacturonan-targeting pre-treatments, the Klebsormidium AIR was pre-

treated with thermostable -amylase (A) — aimed at solubilising starch — prior to sequential polymer 

extraction because Glc, the product of acid hydrolysis of starch, may confuse cell wall analyses. A post-

hoc Tukey test suggested that the A pre-treatment caused the proportion of the pectic fraction to drop 

significantly (p<0.05) to about half of the values seen in the A and A+E treatments, with yields from the 

N and E treatments lying roughly in the middle. We interpret these results as indicating the solubilisation 

of some alkaline-extractable non-homogalacturonan ‘pectin’ at the same time as starch, thus diminishing 

the measurable pectic fraction (cf. Fig. 2). 

The pectic fraction was extracted in two parts: P1 and P2, by hot oxalate sequentially for 2 and 16 h 

respectively. To evaluate the extractability of pectic fraction, we report the weight ratio of P1/P2 (Fig. 

1b). In AIR that had received no pre-treatment (N), P1/P2 was roughly 0.6, showing that about a third of 

the extractable pectic fraction had been extracted during the first 2 h. Analysis of variance (ANOVA) 

suggested that different extraction conditions had a significant effect on P1/P2 ratios [F(4,10)=4.7, 

p<0.02], with the post-hoc Tukey test suggesting that A and A+E pre-treatments significantly enhanced 

extractability compared with the N treatment (p<0.05), supporting the idea that pre-incubating 

Klebsormidium AIR in 1 M NaOH at room temperature promoted the extractability of cell-wall polymers. 

 

Extractability of Klebsormidium pectic fraction: impact of extraction process 

Factors affecting the extractability of pectic fraction from untreated algal AIR (i.e., sample N in Fig. 1a,b) 

were evaluated with a range of pH and temperature conditions (Fig. 1c,d). At low temperatures (20 and 

60°C), very little polysaccharide was extracted within 2–16 h in any of three pH 4.1 buffers (oxalate, 

acetate and formate). In comparison, at 100°C, 50–80% of the initial AIR mass was extracted as P1 + P2, 

and the different buffers appeared to differ in effectiveness (formate > acetate ≈ oxalate) (Fig. 1c). 

The impact of pH on the extractability of the pectic fraction was measured at 100°C for each buffer (Fig. 

1d). In most cases, lowering the pH promoted pectic fraction extraction. A possible exception to this trend 

was the increase seen in acetate between pH 6.0 and 7.0. The same order of effectiveness was noted as in 

Fig. 1c (formate > acetate ≈ oxalate), though the trend was weaker in this experiment. 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cae154/7745916 by guest on 27 Septem
ber 2024



Acc
ep

ted
 M

an
us

cri
pt

Sugar residue composition of extracted polysaccharide fractions 

The pectic fraction extracted by various pH 4.1 buffers and temperatures (as in Fig. 1c) exhibited few 

differences in monosaccharide residue profile (Fig. S1), showing that essentially the same 

polysaccharide(s) had been extracted regardless of the extraction temperature (20, 60, 100°C) and time (2 

vs. 16 h) and the nature of the buffer. The sugar composition data are summarised in Table 2; details are 

as follows. 

The sugar residue compositions of the six polysaccharide fractions extracted after each of the five AIR 

pre-treatments are shown in Fig. 2. The most striking result is the virtual absence of uronic acid residues 

in all fractions. In land plants and in late-diverging charophytes, galacturonate would represent a major 

proportion of the cell-wall sugar residues in pectins P1 and P2. In the Klebsormidium pectic fraction, in 

contrast, only neutral sugars were detected, in order of abundance: xylose (Xyl) > galactose (Gal) > 

glucose (Glc) > arabinose (Ara) > rhamnose (Rha) > mannose. In untreated and EPG-treated AIR samples 

(N and E), Gal was noticeably less abundant in P1 than in P2. This corresponds to the lowest P1/P2 ratios 

(Fig. 1b). Moreover, the Glc residues did not diminish after de-starching (N compared with A), 

suggesting that most of the Glc is an integral part of the Klebsormidium pectic fraction rather than of 

starch. Finally, in almost all extracts, small quantities of fast-migrating compounds (probably O-

methylated and/or deoxy sugars) were observed. All the non-‘pectic’ polysaccharide fractions (Ha, Hb, W 

and C) were similar to each other in sugar residue composition, with Glc and Xyl as their main 

components and smaller amounts of Rha and Ara. The presence of Rha, Xyl and Ara in the ‘C’ fraction 

suggests that the polymeric structure(s) containing these sugars have a strong affinity for cellulose. 

 

Enzymic dissection of Klebsormidium pectic fraction  

Given the unique composition of the Klebsormidium pectic fraction, we explored the glycosidic linkages 

of fraction P2 (chosen over P1 because of its higher yield) by dissection with a series of endo- and exo-

hydrolases to characterise its sugar residues and their linkages. The results are summarised in Table 2; 

details are as follows. 

Two hydrolases that digest land-plant pectins were tested: endo--(14)-D-galactanase and endo--

(15)-L-arabinanase (Fig. 3), both of which attack the side-chains of land-plant rhamnogalacturonan-I. 

The galactanase digested potato -(14)-galactan, but not Klebsormidium P2 (Fig. 3a). In contrast, the 

arabinanase released two compounds from P2: one identified as Ara by co-chromatography (‘Prod1’ on 

Fig. 3b), and a second, slower-migrating one, ‘Prod2’. The latter did not fit the ladder pattern of acid-

hydrolysed -(15)-arabinan, suggesting that the oligomer contained different sugars (such as Gal), was 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cae154/7745916 by guest on 27 Septem
ber 2024



Acc
ep

ted
 M

an
us

cri
pt

not -(15)-linked, and/or was not linear. [Note that -(15)-Ara2 is unusual in migrating faster than 

the corresponding monosaccharide in the EPAW TLC system (Nguyen-Phan and Fry, 2019) and in some 

others (Margolles and de los Reyes-Gavilán, 2003).] 

Next, four hydrolases that attack land-plant hemicelluloses were tested on the Klebsormidium pectic 

fraction. Neither lichenase (active on MLG) nor endo--(14)-D-mannanase 1 (active on -(14)-

mannan and -glucomannan) released any sugar from Klebsormidium P2 (Fig. 4a,b), whereas both were 

active on their specific substrates — respectively mannan (not shown) and MLG (Fig. 4b). Lichenase was 

also tested on cellulose and starch, and in buffer alone, demonstrating the selectivity of the enzyme for 

hydrolysis of MLG (Fig. 4b). Finally, endo--(14)-D-xylanase (active on arabinoxylan and 4-O-

methylglucuronoxylan) and endo--(14)-D-mannanase 2 (active on mannan and glucomannan) both 

released oligomeric compounds Prod3 and Prod4 (Fig. 4c). Even though Prod4 co-migrated with 

glucuronate, it was not a common uronic acid as shown by its colour of staining: purple instead of brown. 

In addition, a range of exo-hydrolases was trialled on the Klebsormidium pectic fraction. -D-Xylosidase 

had no effect (Fig. 5a). D-Galactosidases (- and -) were tested on -(14)-galactan, and Gal was 

released only by the -galactosidase, as expected (Fig. 5b). However, when incubated with the 

Klebsormidium pectic fraction, only the -galactosidase released any Gal. Another (unidentified) 

compound, co-migrating with Rha, was also released. Its staining colour was difficult to determine owing 

to its low abundance and it could not reliably be identified as Rha. All samples loaded were ethanolic 

supernatants obtained from the incubated samples; ‘pectin’-containing samples yielded oligomers of 

intermediate size, soluble in ethanol but immobile on TLC (heavy band at the origin in Fig. 5a,b). 

Galactan-containing samples showed no such oligomers (faint bands at the origin in Fig. 5b). 

Finally, we tested the digestion of -amylase-pre-treated Klebsormidium pectic fraction P2 with 

Driselase, which is a commercial mixture of fungal enzymes that hydrolyse most of the polysaccharides 

of land-plant cell walls to yield mono- and disaccharides (Fry, 2000). The ethanol-soluble products were 

analysed by gel-permeation chromatography on Bio-Gel P-2, which revealed oligomers with degrees of 

polymerisation (DP) from 1 to 9 (Fig. 6). Free monosaccharides (Xyl, Ara, Glc) were detectable (peaking 

in fractions 27–28), indicating that these monosaccharides had been linked within the pectic fraction by 

Driselase-labile bonds. Short oligomers (A–D) were visible in fractions 21–27; these migrated at very 

different speeds in the two TLC solvent systems used, and all stained pink (indicating hexose residues 

such as Glc), with the exception of oligomer A, which stained a darker purple (indicating pentoses such as 

Xyl). Judged by retention time on Bio-Gel P-2, A and B were most likely to be disaccharides, C a 

trisaccharide and D a tetrasaccharide. Earlier Bio-Gel fractions (14–20) contained various larger 
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oligomers, and fractions 12 and 13 contained oligomers that were soluble in ethanol but immobile on 

TLC, and thus larger still. 

The larger TLC-mobile Driselase-released oligosaccharides (fractions 14–20 in Fig. 6) were separated by 

preparative TLC with three ascents in EPAW. Ten sub-fractions were obtained, which were re-grouped 

by similarity, affording 10 oligomers (D1–D10) that were separable by TLC in BAW (Fig. S2a). Upon 

total acid hydrolysis, each of these released mainly Rha and Xyl (Fig. S2b); other minor sugars were also 

detectable, such as Ara and Glc.  

The largest oligosaccharide (D1) of this collection was tested for its susceptibility to graded acid 

hydrolysis: Rha was released sooner than Xyl (Fig. 7). This indicates a probable terminal position for the 

Rha residues, as side-chains of the oligomer. Between 32 and 128 min hydrolysis, a series of moderate-

sized oligomers was visible. By 960 min, Rha and Xyl had been released in approximately equal masses 

and the original oligomer and small intermediate oligosaccharides had been completely hydrolysed. 

 

Acid hydrolysis of Klebsormidium pectic fraction 

Mild acid hydrolysis of polysaccharides can generate oligomers that help in polymer analysis. Although 

acid hydrolysis is not as selective as enzymic hydrolysis, the varying susceptibilities to acid hydrolysis of 

certain glycosidic bonds allows for the differential release of particular oligomers. For example, furanose 

residues (such as Ara often is) are particularly acid-labile, whereas uronic acid residues are far more acid-

resistant (reviewed by Fry, 2000). A range of conditions for the production of defined oligomers via mild 

acid hydrolysis was therefore tested on the Klebsormidium P2 pectic fraction (0.5–2.0 M TFA, 40–120°C, 

0.5–2 h). The most informative results came with 0.5 M TFA at 80°C for 1 h, which gave two main peaks 

resolved by gel-permeation chromatography on Bio-Gel P-30 (fractionation range DP ~13–200; Fig. 8a): 

one around fraction 18 (DP too big to migrate on TLC), and a second, wide peak centred on fraction 50 

which contained several oligomers of DP ~4 (judged by comparison with malto-oligosaccharide markers) 

around fraction 48 and the previously detected monomers (Rha, Xyl, Ara, Glc, Gal) around fraction 52.  

Fractions 43–53 from Bio-Gel P-30 (Fig. 8a) were pooled and re-chromatographed on Bio-Gel P-2. One 

broad peak of thymol-positive sugars was observed in the Bio-Gel P-2 fractions 12–28 (Fig. 8b). Many of 

these sugars were well resolved by TLC (Fig. 8b middle and bottom). Nevertheless, to better resolve 

overlapping sugars, we re-ran fractions 17–27 by preparative TLC in EPAW: fractions 17–19 with three 

ascents and fractions 20–27 with two. Spots from these TLC plates (unstained) were eluted, affording ten 

mild-acid-released oligosaccharides (A1–A10). Portions of each of these were examined by analytical 

TLC in BAW (Fig. 9a). Additional portions of the three major bands (A4, A5 and A6) were fully acid 
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hydrolysed and the products resolved by TLC in EPAW: each released mainly Xyl and Gal (ratio ~1:2; 

Fig. 9b), though A4 also released traces of Glc, Ara and Rha. Oligosaccharide A6, although composed 

predominantly of Gal and Xyl residues, was resistant to - and -D-galactosidase and -D-xylosidase 

(Fig. 9c), and thus no conclusive evidence for the anomerism could be obtained. 

 

DISCUSSION 

In this work, the ‘pectic’ fraction from Klebsormidium cell walls was solubilised under a series of pH, 

buffer and temperature conditions, and conclusions were drawn about this novel polymer. Our use of the 

term ‘pectic’ rests on an operational definition (extractability in hot, slightly acidic buffers), regardless of 

the polysaccharides’ chemical composition. In fact, as we show here, the Klebsormidium pectic fraction 

differs fundamentally in its chemical composition from the classic pectins of the later-diverging 

charophytes and the land plants.  

Pre-treating the AIR with alkali led to higher and faster polysaccharide yields, while pre-treatment with 

EPG or with -amylase did not appreciably affect extraction.  We presume that alkali treatment loosens 

interactions within the cell wall, leading to a quicker and more efficient release of polymers. In land-plant 

cell walls, commonly considered interactions between the different fractions (pectin, hemicelluloses, 

cellulose) are non-covalent bonds (hydrogen bonds, Van der Waals interactions, ionic bonds), esters [e.g. 

diferuloyl esters (Yu et al., 2005)] or glycosidic linkages [e.g. between pectin and hemicelluloses 

(Thompson and Fry, 2000) and between pectin and cellulose (in carrot, but not in tomato and strawberry; 

Broxterman and Schols, 2018)]. Glycosidic bonds are unlikely to be cleaved by mild alkali, and ester 

cross-links are unlikely to be present in Klebsormidium cell walls since they contain no detectable 

carboxylic acids. Thus, non-covalent bonds are the most likely to be impacted by incubation in dilute 

alkali, suggesting that they are an important driver of cell wall cohesion in Klebsormidium. The second 

phenomenon observed, i.e. the lack of impact of EPG and -amylase on pectic fraction extraction yields, 

is an indication that homogalacturonan and starch may both be absent from the AIR. 

These conclusions are supported by the impact of varying conditions on the extractability of pectic 

fractions (P1 and P2) from Klebsormidium (Fig. 1c,d). In land plants, pectin is more readily extractable 

with chelating agents (e.g. oxalate at pH ~4–5), as these disturb the egg-box structure of calcium-bound 

homogalacturonan chains (Walkinshaw and Arnott, 1981) in addition to providing optimal pH and 

temperature conditions (Fry, 2000). However, the Klebsormidium pectic fraction was most readily 

extractable with formate, which is non-chelating, and none of the Klebsormidium polysaccharide fractions 
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contained detectable uronic acid residues, agreeing with previous reports (O’Rourke et al., 2015, 

Sørensen et al., 2011, Popper and Fry, 2003).  

Taken together, this points to a radically different organisation of the cell wall matrix compared with the 

Phragmoplastophyta (sensu Hall et al., 2020; i.e. later-diverging charophytes plus all land plants), which 

contain homogalacturonan as a major pectic domain (Albersheim et al., 2011, Domozych et al., 2014). 

Indeed, the main monomer residues detected in the Klebsormidium pectic fraction were Xyl, Gal, Rha and 

small amounts of Glc, Ara and Man. Of these, only Rha, Gal and Ara are common monomers in land-

plant pectic domains; Xyl, Man and Glc are characteristic of land-plant hemicelluloses.  

Enzymic digestion of the Klebsormidium pectic fraction showed that endo--(15)-L-arabinanase, endo-

14--D-xylanase, endo-14--D-mannanase 2 (Table 1 and Fig. 4c) and -L-galactosidase released 

mono- or oligosaccharides. In contrast, endo--(14)-D-galactanase, endo--(14)-D-mannanase 1, 

lichenase, -D-xylosidase and -D-galactosidase all gave negative results. This points to the presence of 

arabinan-like domains, hetero--xylans and -Gal non-reducing termini. It also points to the absence of 

-galactans, -mannans and MLGs. The heteroxylans could be viewed as polymers halfway between 

hemicellulose and pectin; alkali helps cleave non-covalent bonds between xylans and cellulose, helping 

these (nominally pectic fraction) polymers to be released. 

On digestion with Driselase, a series of oligomers was released, predominantly composed of Rha and Xyl 

residues, and we conclude that Rha is likely to be a sidechain in view of its greater susceptibility to 

release as a monosaccharide by mild acid. Given previous enzymic data suggesting the presence of 

heteroxylans — albeit mainly arabinoxylan (Hsieh and Harris, 2019, Jensen et al, 2018) — it is possible 

that a portion of the Klebsormidium pectic fraction is a rhamnoxylan: a backbone of 14--linked Xyl 

residues substituted by Rha residues.  

On mild acid hydrolysis of the Klebsormidium pectic fraction, another series of oligomers, rich in Gal and 

Xyl (but very little Rha), was released. These oligomers may indicate a distinct ‘pectic’ galactoxylan 

which is not susceptible to Driselase digestion and is partially resistant to mild acid hydrolysis. 

Overall, this body of data suggests a pectic fraction with minor Ara-rich domains (evidenced by enzymic 

digestion), rhamnoxylan domains consisting of a Xyl-rich backbone with Rha sidechains (evidenced by 

oligomers produced by Driselase treatment), and galactoxylan domains with an as-yet undefined structure 

(evidenced by oligomers produced by mild acid hydrolysis). Some sugars detected in the total hydrolysate 

were not found in the oligomers, such as mannose and Glc. Their position in the ‘pectic’ polysaccharide 

structure remains unknown. The susceptibility of the Klebsormidium pectic fraction to Driselase should 
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also be noted, as it indicates that sufficient glycosidic bonds are land-plant-like to produce a range of 

oligomers — showing that the Klebsormidium cell wall is not totally alien to the rest of the Streptophyta. 

The unique pectic fraction structure here partially described is unusual for many reasons, the most 

obvious one being the absence of uronic acids. In the land-plant cell wall, homogalacturonan (with 

calcium bridges) forms a gel contributing to cell–cell adhesion and cell shaping. Other mechanisms must 

be in place to ensure such basic cell wall functions in Klebsormidium, creating approximately cylindrical 

cells joined end to end. Such mechanisms may be based on hydrophobic interactions, as such have been 

observed between arabinan side chains of land-plant pectin and cellulose (Gawkowska et al, 2018; 

Zykwinska et al, 2007, 2008). Hydrophobic interactions would radically change the nutritional 

requirements of the alga: where calcium ions are normally an important part of the cell-wall make-up, 

they would be redundant in Klebsormidium walls. This may be one of the factors contributing to the 

tolerance by Klebsormidium of acidic, metal-rich environments. Indeed, this genus of algae is commonly 

found in acid mine drainages, which are often particularly rich in dissolved aluminium ions (Al3+) and 

particularly acidic. In such conditions, most plants suffer a rigidification of their cell walls (Zhu et al., 

2012) as Ca2+ ions are replaced by Al3+ which has a higher affinity for pectin, thus tightening the 

homogalacturonan network and hindering the correct mechanical functions of the cell wall. The absence 

of uronic acid residues, implying the absence of ionic bonds, frees the Klebsormidium cell wall from such 

constraints, and may contribute to the abundance of these species in extreme environments. 

The extractable pectin present in the Phragmoplastophyta is rich in homogalacturonan domains with 

varying degrees of methyl-esterification (Albersheim et al., 2011; Popper and Fry, 2003; Sørensen et al., 

2011; Cherno et al., 1976; Domozych et al., 2007, 2009, 2010; Eder and Lütz-Meindl, 2008, 2010; 

Anderson, 2016; O’Rourke et al., 2015). In contrast, we report here that the Klebsormidium pectic 

fraction lacks uronic acids. Of the charophytes that diverged earlier than the Klebsormidiophyceae, 

Chlorokybus possesses a ‘pseudopectin’ that is anionic (like in the Phragmoplastophyta but unlike in 

Klebsormidium) and comprises residues of neutral sugars (Ara ≈ Glc > L-Gal > Xyl, but negligible Rha 

and D-Gal; a unique combination), uronic acids (GlcA, GalA), and anionic sulphate groups (Rapin et al., 

2023). Chlorokybus pseudopectin is resistant to enzymes that attack land-plant pectin, especially endo--

(14)-poly-D-galacturonase (indicating the absence of homogalacturonan) but also -(15)-

L-arabinanase, -(14)-D-galactanase, -(14)-D-xylanase, - and -D-galactosidases and ‘Driselase’. 

Thus, despite containing GalA residues, Chlorokybus pseudopectin is clearly very different from 

Phragmoplastophyta pectin. The evolution of Phragmoplastophyta pectin from the polysaccharides of the 

earliest-diverging streptophytes was evidently a multi-faceted process involving loss of sulphate, most 

L-Gal and most D-GlcA; re-configuration of GalA, Ara and Xyl; and gain of Rha. The 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cae154/7745916 by guest on 27 Septem
ber 2024



Acc
ep

ted
 M

an
us

cri
pt

Klebsormidiophyceae diverged between the Chlorokybophyceae and the Phragmoplastophyta, and, as we 

report here, their pectic fraction is radically distinct from both the pseudopectin of the earlier-diverging 

Chlorokybus and the classic pectin of the later-diverging Phragmoplastophyta. Overall, it seems that 

during their evolution, the early streptophytes ‘experimented’ audaciously with the structure and function 

of their hot-water-extractable (‘pectic’, sensu lato) cell-wall polysaccharides. In particular, the evolution 

of classic pectin, based on calcium-bridged -(14)-GalA residues, coincided with the evolution of the 

phragmoplast, whose function hinges on this type of pectin (Anderson, 2016).   

Finally, we should re-emphasise that although the cell-wall fraction studied in this work is described as 

‘pectin’ throughout, it does not share the most obvious structural features usually considered 

characteristic of pectin. We call it the pectic fraction because of its extractability properties. However, we 

currently lack a klebsormidiacean (and indeed potentially chlorokybacean)-specific framework for 

describing algal cell walls. The question widens when we consider charophyte cell-wall characterisation 

in general, as some of their polymers do not fit the usual criteria. Depending on the results of further 

characterisation of the Klebsormidium cell wall, maybe its pectic fraction will be renamed 

‘klebsormidiacean heteroxylan’ — a more accurate if longer name. 
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TABLES 
 

Table 1: Enzymes and conditions used to dissect polysaccharides* 

 

Enzyme features Incubation 

Enzyme Source 

Specific 

activity 

(U.mg1) 

Enzyme 

concentration 

U.mL–1 

Buffer 

Substrate 

concentration 

mg.mL–1 †  

Time 

(h) 
Temperature 

Endo--(14)-D-

galactanase 

Aspergillus 

niger 
> 150 1.25 

85 mM acetate  

(pyridine+, pH 4.0) 
1.25 1 25°C 

Endo--(15)-L-

arabinanase 

Aspergillus 

niger 
~ 10 2.5 

85 mM acetate  

(pyridine+, pH 4.0) 
1.25 1 20°C 

Endo--(14)-D-

mannanase 

(mannanase 1) 

Bacillus sp. > 50 5 
25 mM ammonium 

(acetate, pH 8.8) 
1.25 1 20°C 

Endo--(14)-D-

mannanase    

(mannanase 2) 

Aspergillus 

niger 
~ 50 5 

250 mM pyridine (formate, 

pH 3.7) 
1.25 1 20°C 

Endo--(14)-D-

xylanase 

rumen  micro-

organisms 
~  380 5 

40  mM lutidine (acetate, 

pH 6.5) 
1.25 16 20°C 

Lichenase 
Bacillus 

subtilis 
~ 230 5 

40 mM lutidine (acetate, 

pH 6.5) 
1.25 1 40°C 

-D-Xylosidase 
Selenomonas 

ruminantium 
~ 115 8.33 

8.33 mM succinate  

(Na+, pH 5.5) 
8.33 0.5 40°C 

-D-Galactosidase 
Aspergillus 

niger 
~ 170 0.33 

56.67 mM acetate  

(pyridine+, pH 5) 
6.67 48 25°C 

-D-Galactosidase guar ~ 50 50 
85 mM acetate  

(pyridine+, pH 5) 
1.25 48 25°C 

Driselase Irpex lacteus N/A 0.02% 
120 mM pyridine (acetate, 

pH 4.7)  
9.62 16–90 37°C 

 

*The enzyme was dissolved in buffer, then mixed with an aqueous suspension or solution of the 

substrate(s) to give the final concentrations indicated (total volume 20–31 µL). 

† Substrates were dissolved or suspended in water with 0.5% chlorobutanol prior to incubation. All 

enzymes were applied on the Klebsormidium pectic fraction. Additionally, galactanase was assayed on 

commercial -(14)-galactan; arabinanase was assayed on commercial -(15)-arabinan; lichenase was 

assayed on lichenan, barley MLG (high and medium viscosity), starch, and cellulose; and - and -

galactosidase were tested on commercial -(14)-galactan.  
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Table 2: Acid- and enzyme-catalysed hydrolysis of Klebsormidium pectic fraction extract (P2). 

 

Catalyst  Target polysaccharides of land 

plants  

Product(s) from 

Klebsormidium pectic fraction 

(and conclusions drawn) 

See 

Fig. 

Severe acid (2.0 M 

TFA, 120°C, 1 h) 

All glycosidic linkages except in 

cellulose 

Xyl ≈ Gal > Rha > Ara, Fuc, 

Man, Glc 

2 

Moderate acid (0.5 

M TFA, 80°C, 1 h) 

Relatively acid-labile linkages 

(especially furanose residues) in non-

cellulosic polysaccharides 

Monosaccharides [Ara(furanose) > 

Rha > Gal > Xyl, Fuc, Man, 

Glc]; oligosaccharides rich in 

Gal + Xyl 

8,9 

Mild acid (0.1 M 

TFA, 80°C, 0–16 h) 

Relatively acid-labile linkages in 

non-cellulosic polysaccharides  

first Rha; later Xyl (thus the Rha 

was mainly present as side-

chains) 

7 

Endo--(14)-D-

galactanase  

Galactan and type I arabinogalactans 

(rhamnogalacturonan-I sidechain, 

pectin)  

none (thus no mid-chain β-D-

Gal) 

3 

Endo--(15)-L-

arabinanase  

Arabinan (rhamnogalacturonan-I 

sidechain, pectin)  
Ara (thus -L-linked), Prod2  3 

Endo--(14)-D-

xylanase  

Xylan, arabinoxylan & 

methylglucuronoxylan 

(hemicellulose)  

Prod3, Prod4 (thus containing 

mid-chain β-D-Xyl) 

4 

Endo--(14)-D-

mannanase 1  

Mannan, glucomannan 

(hemicellulose)  

none (thus no mid-chain β-D-

Man) 

4 

Endo--(14)-D-

mannanase 2  

Mannan, glucomannan, 

(hemicellulose).  

Side action on arabinoxylan and 

methylglucuronoxylan 

(hemicelluloses)  

Prod4 (mannanase 2 possesses 

some xylanase activity) 

4 

Lichenase  Mixed-linkage glucan 

(hemicellulose)  

none (thus no MLG) 4 

-D-Xylosidase Terminal Xyl residues of 

(hetero)xylans & xylogalacturonan  

none (thus no terminal β-D-Xyl 

residues) 

5 

-D-Galactosidase  Galactoglucomannans  Gal (thus -linked, unlike in 

land-plant rhamnogalacturonan-

I), ?Rha  

5 

-D-Galactosidase  Terminal Gal residues of 

rhamnogalacturonan-I etc.  

none (thus no terminal β-D-Gal 

residues) 

5 

Driselase  All except rhamnogalacturonan-II 

and possibly arabinogalactan-

proteins  

Xyl (thus β-linked, unlike in 

land-plant xyloglucan), Ara, 

Glc, oligomer series 

6 
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Figure Legends 

Fig. 1: Klebsormidium polysaccharide fractions and their extractability. 

(a) Proportions of the sequentially extracted polysaccharide fractions (dialysed in 12-kDa MWCO tubing) 

following a variety of pre-treatments, as proportion of the initial un-treated AIR weight; ‘pectin’ = pectic 

fractions P1 + P2; ‘hemicellulose’ = Ha + Hb; ‘wash’ = W; ‘cellulose’ = α-cellulose. Pre-treatments were: 

N, none; A, ethanolic alkali; E, endo--(14)-poly-D-galacturonase; A+E, A and E applied sequentially; 

A, -amylase. Error bars indicate standard deviations (N = 3). 

(b) Ease of pectic fraction extractability quantified as the P1/P2 weight ratio observed after each pre-

treatment. Error bars indicate standard deviations (N = 3). 

(c) Effect of temperature and buffer salt on pectic fraction extraction from Klebsormidium AIR that had 

not been pre-treated [i.e., ‘N’ of (a)]. The oxalate, acetate and formate buffers were all 200 mM [sum of 

acid + anion(s)], pH 4.1, and with NH4
+ as counter-ion. The extracted pectic fraction was assayed by 

weight, after dialysis against water [in 4-kDa MWCO tubing; cf. 12-kDa tubing in (a) and (b)].  

(d) Influence of pH on pectic fraction extractability in the same three 200-mM buffers, at 100°C, and with 

NH4
+ as a counter-ion.  

 

Fig. 2: Relative quantities of sugar residues in Klebsormidium polysaccharide fractions extracted 

from AIR following various pre-treatments. 

AIR was pre-treated, or not, as described in Fig. 1a (N, A, E, A+E, αA), then the six polymer fractions 

were separated (P1, P2, Ha, Hb, W and C). Each fraction was acid-hydrolysed (2 M TFA, 120°C, 1 h) 

and the resulting monosaccharides were analysed by TLC in (a) BAW, 2 ascents, or (b) EPAW, 2 ascents. 

The error bars indicate the SD of the quantity of each sugar (n = 3, n being the number of replicates of 

each polysaccharide fraction from the same AIR sample). UI, minor sugar(s) that could not be identified 

with any tested markers. Scans of the TLCs were processed with ImageJ and MatLab to quantify the 

sugars, as described by Rapin et al. (2023). 

 

Fig. 3: Enzymic digestion of Klebsormidium pectic fraction with enzymes that target land-plant 

pectin.  

(a) Endo--D-galactanase digestion: commercial -(14)-galactan and Klebsormidium pectic fraction 

were incubated with or without endo--(14)-D-galactanase (Enz); the enzyme was also incubated with 

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/advance-article/doi/10.1093/aob/m

cae154/7745916 by guest on 27 Septem
ber 2024



Acc
ep

ted
 M

an
us

cri
pt

no substrate as a control. The markers are monosaccharides; putative galacto-oligomers (Gal2 to Gal4) are 

also labelled. Note: two sections of the same plate were digitally attached together for clarity. 

(b) -L-Arabinanase digestion: Klebsormidium pectic fraction was incubated with endo--(15)-L-

arabinanase (Enz), and commercial -(15)-arabinan was acid-hydrolysed to produce an oligosaccharide 

ladder. These two samples were chromatographed alone and as a mixture, potentially revealing co-

migration of products.  

Both TLCs were run in EPAW with 2 ascents. When enzyme or polysaccharide was omitted, the buffer 

and incubation time were the same as without the omission. 

 

Fig. 4: Enzymic digestion of Klebsormidium pectic fraction by hemicellulose-active enzymes.  

(a) Effect of endo--(14)-D-mannanase 1. The pectic fraction was incubated with or without mannanase 

1. Note: two sections of the same plate were digitally attached together for clarity.  

(b) Effect of lichenase. The pectic fraction, various glucans and a substrate-free control were incubated 

with lichenase.  

(c) Effect of endo--(14)-D-mannanase 2 or endo--(14)-D-xylanase. The pectic fraction was 

incubated with xylanase, mannanase 2, or their respective buffers (labelled “Kf ‘pectin’”).  

In all cases, analysis was by TLC in EPAW with 2 ascents, and monosaccharides were used as markers; 

(b) also includes a malto-oligosaccharide ladder (Mlt2 to Mlt4). When enzyme or polysaccharide was 

omitted, the buffer and incubation time were the same as without the omission. 

 

Fig. 5: Enzymic digestion of Klebsormidium pectic fraction with exo-enzymes.  

(a) The pectic fraction or a substrate-free control was incubated with or without -D-xylosidase.  

(b) The pectic fraction or commercial -(14)-galactan was incubated with - or -D-galactosidase. 

Controls lacked either enzyme or polysaccharide.  

In all cases, analysis was by TLC in EPAW with 2 ascents. When enzyme or polysaccharide was omitted, 

the buffer and incubation time were the same as without the omission.  

 

Fig. 6: Driselase-digestion products of Klebsormidium pectic fraction after pre-treatment with 

amylase.  
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Klebsormidium pectic fraction P2 from non-pre-treated AIR (type ‘N’ of Fig. 1a) was digested with -

amylase, and the resultant ethanol-insoluble material (including that which had dissolved in the aqueous 

amylase solution) was digested with Driselase. The new ethanol-soluble fraction was dried, re-dissolved 

in water and size-fractionated on a 90-ml bed-volume column of Bio-Gel P-2. Two-mL fractions were 

collected and the thymol-positive ones were run by TLC in (a) BAW or (b) EPAW.  

 

Fig. 7: Mild acid lability of Driselase-released oligosaccharide D1. 

D1 (see Fig. S2a) was submitted to mild acid hydrolysis in 0.1 M TFA at 80˚C for 0–960 min. Controls 

included incubation at 80˚C for 960 min in the absence of acid, and acid incubation in the absence of 

substrate. (a) Analysis of the products by TLC in EPAW with 2 ascents; (b) staining intensity of the two 

major monosaccharides obtained, relative to the intensity of a Rha or Xyl marker (1.5 µg). 

 

Fig. 8: Gel-permeation chromatography of partially acid-hydrolysed Klebsormidium pectic fraction.  

Pectic fraction P2 was partially hydrolysed in 0.5 M TFA at 80°C for 1 h.  

(a) The products were resolved on Bio-Gel P-30: above, profile of total carbohydrate revealed by thymol 

dot-blots; below, fractions 10–60 analysed individually by TLC in BAW. Fractions 43 to 53 (highlighted 

in blue) were pooled.  

(b) This pool was re-run on Bio-Gel P-2: top, total carbohydrate profile; middle, fractions 1–31 run 

individually by TLC in EPAW; bottom, ditto in BAW.  

Note: In both (a) and (b), plates were digitally attached together for clarity. 

 

Fig. 9: TLC of moderate-sized oligosaccharides from partially acid-hydrolysed Klebsormidium 

pectic fraction and their subsequent analysis.  

(a) Ten oligosaccharides (A1 to A10) obtained by partial acid hydrolysis of Bio-Gel P-2 fraction 19 (see 

Fig. 8b), and further purified by preparative TLC (not shown), were developed in BAW with two ascents.  

(b) Oligosaccharides A4, A5 and (in a separate experiment) A6 were then completely acid hydrolysed, 

and the monosaccharides obtained were resolved by TLC in EPAW with two ascents.  

(c) Oligosaccharide A6 was incubated with or without -D-xylosidase (-xyl), -D-galactosidase (-gal) 

or -D-galactosidase (-gal) under the same conditions as in Fig. 5. Controls had the enzymes without 
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substrate. The TLC plates were developed in BAW with two ascents. Note: two sections of the same plate 

were digitally attached together for clarity.  
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