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SUMMARY

Transglycanases remodel cell-wall polymers, having a critical impact on many physiological processes.

Unlike xyloglucan endotransglucosylase (XET) activity, widely studied in land plants, very little is known

about charophyte wall-modifying enzymes – information that would promote our understanding of the ‘pri-

mordial’ wall, revealing how the wall matrix is remodelled in the closest living algal relatives of land plants,

and what changed during terrestrialisation. We conducted various in-vitro assays for wall-remodelling trans-

glycosylases, monitoring either (a) polysaccharide-to-[3H]oligosaccharide transglycosylation or (b) non-

radioactive oligosaccharide-to-oligosaccharide transglycosylation. We screened a wide collection of enzyme

extracts from charophytes (and early-diverging land plants for comparison) and discovered several

homo- and hetero-transglycanase activities. In contrast to most land plants, charophytes possess high

trans-β-1,4-mannanase activity, suggesting that land plants’ algal ancestors prioritised mannan remodelling.

Trans-β-1,4-xylanase activity was also found, most abundantly in Chara, Nitella and Klebsormidium. Exo-

acting transglycosidase activities (trans-β-1,4-xylosidase and trans-β-1,4-mannosidase) were also detected.

In addition, charophytes exhibited homo- and hetero-trans-β-glucanase activities (XET, mixed-linkage glucan

[MLG]:xyloglucan endotransglucosylase and cellulose:xyloglucan endotransglucosylase) despite the paucity

or lack of land-plant-like xyloglucan and MLG as potential donor substrates in their cell walls. However,

trans-α-xylosidase activity (which remodels xyloglucan in angiosperms) was absent in charophytes and

early-diverging land plants. Transglycanase action was also found in situ, acting on endogenous algal

polysaccharides as donor substrates and fluorescent xyloglucan oligosaccharides as acceptor substrates.

We conclude that trans-β-mannanase and trans-β-xylanase activities are present and thus may play key roles

in charophyte walls (most of which possess little or no xyloglucan and MLG, but often contain abundant β-
mannans and β-xylans), comparable to the roles of XET in xyloglucan-rich land plants.

Keywords: charophytic algae, cell wall remodelling, hemicelluloses, in-situ localisation, in-vitro enzyme

activities, mannans, transglycanases, transglycosylases, xylans.

INTRODUCTION

The cells of all land plants (embryophytes), from bryophytes

(mosses, liverworts and hornworts) to the tallest angiosperm

trees, are surrounded by cell walls that define the shape and

size of plant, act as barriers to pathogens, resist turgor pres-

sure and constrain the rate and direction of cell expansion

(Albersheim et al., 2010). Other functions include cell–cell
adhesion in multicellular plants, the sequestration of toxic

metal ions and the production of signalling compounds

(oligosaccharins). A pivotal event in plant evolution was the

emergence of a charophytic green alga from a freshwater

habitat and adaptation to terrestrial habitats with harsh

atmospheric conditions. Charophytes plus land plants con-

stitute a well-supported clade in plant evolution: the

Streptophyta (Leliaert et al., 2012; Morris et al., 2018). It is

presumed that dramatic evolutionary changes befell the cell

wall during the never-to-be-repeated invasion of the land by

an alga roughly 470–500 million years ago (Gensel et al.,

1990; Leliaert et al., 2012; Morris et al., 2018).

Since the first land plants and their immediate algal ances-

tors are now extinct, to explore the transitions in cell-wall bio-

chemistry which took place during colonisation of the land

we necessarily focus on modern streptophytic green algae

(charophytes), the closest extant relatives of land plants.

Thus, to understand how land-plant cell walls came into exis-

tence, we are comparing wall structure and remodelling

mechanisms in land plants (relatively well studied) with those

in their charophytic relatives (relatively unexplored).

© 2021 The Authors.
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Charophytes are a group of mainly freshwater (occasion-

ally terrestrial; Holzinger and Pichrtová 2016) algae includ-

ing the orders Charales, Coleochaetales, Zygnematales

(including or excluding Desmidiales), Klebsormidiales,

Chlorokybales and Mesostigmatales, sometimes counted

as classes (Charophyceae, etc.) (Domozych et al., 2016;

McCourt et al., 2004). They are multicellular (occasionally

unicellular) organisms forming linear or branched fila-

ments or parenchyma- or disc-like structures (Lewis and

McCourt, 2004; Timme et al., 2012). There is debate about

which order of charophytes is most closely related to land

plants. Certain studies suggest the Charales (Karol et al.,

2001), others favour the Coleochaetales (Finet et al., 2010;

Leliaert et al., 2012) or Zygnematales (Leebens-Mack et al.,

2019; Puttick et al., 2018; Timme et al., 2012; Turmel et al.,

2006). These suggestions, however, were mainly derived

from plastid-genome-based phylogenies and/or morpho-

logical characteristics. Certain phylogenetic relationships

were proposed from orthologous genes for some wall-

synthesising enzymes – glycosyltransferases, including cel-

lulose and xylan synthases – and extensins (Fitzek et al.,

2019; Jensen et al., 2018; Møller et al., 2017).

Land-plant cell walls, characterised by a high content of

the most abundant polymer on earth, cellulose, are chemi-

cally quite unlike any walls or extracellular materials pre-

sent in other organisms, e.g. fungi, animals or bacteria. In

comparison with secondary walls, the primary plant cell

wall is usually much thinner and constitutes a dynamic

compartment built up mainly of Glc-, Xyl-, Man-, Gal-,

GalA-, Rha-, Fuc- and Ara-rich (D-glucose, D-xylose, D-

mannose, D-galactose, D-galacturonic acid, L-rhamnose, L-

fucose and L-arabinose) polysaccharides, external to the

plasma membrane. It consists of cellulose (an insoluble,

linear homopolymer of (1→4)-bonded β-D-Glc residues),

hemicelluloses (diverse polysaccharides, generally capable

of hydrogen bonding to cellulose) and GalA-rich pectins

(Albersheim et al., 2010; Fry et al., 2011).

Land-plant hemicelluloses are homo- and heteropolysac-

charides with β-(1→4)-linked backbones composed mainly

of Xyl, Glc and Man, bearing some other minor sugars and

sugar derivatives as side chains. Xyloglucan, a typical

land-plant hemicellulose, is formed of a β-(1→4)-linked Glc

backbone decorated by α-1,6-linked Xyl residues. It may

also carry Gal, Fuc and Ara in its side chains, the occur-

rence of which varies taxonomically. Its complex structure

is routinely defined by one-letter codes (Fry et al., 1993),

the full list of which has been updated (Franková and Fry,

2012b).

Another Xyl-rich hemicellulose of land plants is xylan,

made of a β-(1→4)-linked Xyl backbone, often substituted

with α-Ara, α-GlcA and 4-O-methyl-GlcA residues (Scheller

and Ulvskov, 2010). The main sub-classes of xylan are the

glucuronoxylans, arabinoxylans and glucuronoarabinoxy-

lans.

Other hemicelluloses have β-(1→4)-linked backbones

comprising Man (mannans) or Man plus Glc residues (glu-

comannans), often O-acetylated and often with side chains

of α-1,6-linked Gal residues (galactomannan, galactogluco-

mannan; Moreira and Filho, 2008; Petkowicz et al., 2001).

An additional land-plant hemicellulose, restricted to but

abundant in grasses, cereals, reeds and horsetails, is

mixed-linkage glucan (MLG), which is similar to lichenan

(found in lichens) and whose linear backbone is formed by

β-(1→3,1→4)-Glc residues (Fry et al., 2008b; Simmons et al.,

2013; Sørensen et al., 2008).

Pectins are α-GalA-rich complex polysaccharides classi-

cally based on a linear homopolymer of (1→4)-linked α-
GalA residues (homogalacturonan), often interrupted by

branched pectic domains, namely rhamnogalacturonans

(RG-I and RG-II) and xylogalacturonan (Caffel and Mohnen,

2009; Fry et al., 2011; Ridley et al., 2001). Pectins plus hemi-

celluloses constitute a hydrated matrix occupying the

space between cellulose microfibrils.

Charophytic cell walls exhibit major chemical differences

from those of land plants. They consistently contain cellu-

lose, and some additionally contain homogalacturonan and

xylans (Fitzek et al., 2019; Hsieh and Harris, 2019; O’Rourke

et al., 2015; Popper and Fry, 2003); however, their other pec-

tic domains (e.g. any rhamnogalacturonans), galactans, ara-

binans and hemicelluloses are poorly characterised.

Although xyloglucan and MLG, typical land-plant hemicellu-

loses, appeared to be detectable by immunochemical

approaches including carbohydrate microarrays and in-situ

monoclonal antibody labelling (Domozych et al., 2010, 2012;

Herburger et al., 2018; Popper et al., 2014; Popper and

Tuohy, 2010), chemical analyses have often failed to yield

diagnostic fingerprints, such as isoprimeverose in the case

of xyloglucan (O’Rourke et al., 2015; Popper and Fry, 2003).

Some Zygnematales (Micrasterias and Pleurotaenium) pos-

sess an MLG-like polysaccharide recognised by antibodies

raised against barley (Hordeum vulgare) MLG (Sørensen

et al., 2011). Popper and Fry (2003) and O’Rourke et al.

(2015) reported that none of the charophytes tested con-

tained enzymically detectable xyloglucan, and in this

respect charophytes appeared to differ fundamentally from

all land plants. A xyloglucan-like hemicellulose, however,

was chemically detected in Spirogyra (Ikegaya et al., 2008).

Trace quantities of xyloglucan have recently been chemi-

cally detected in several other charophytes, and more sub-

stantial amounts in Mesotaenium and Netrium (Mikkelsen

et al., 2021).

There is great diversity within the charophytes in their

wall polysaccharide make-up, with, in most cases, more

differences from than similarities to land plants. Of all the

charophytes tested, Coleochaete cell walls seem to show

the strongest resemblance to those of land plants: cellu-

lose present; pectin rich in GalA, Rha, Gal and Ara;

heteroxylans present; and negligible mannans; but lacking

© 2021 The Authors.
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conventional xyloglucan (O’Rourke et al., 2015). This would

support the view that, biochemically, the Coleochaetales

most closely resemble the land plants.

It is possible that typical land-plant wall polysaccharides

are conserved only in certain modern charophytes. In

ancient charophytes (approximately 470 million years ago),

there may have been a broader diversity of unfamiliar wall

polymers, possibly implying that ancient charophytic algae

had to ‘experiment’ with cell-wall chemistry before suc-

cessfully colonising the land.

Despite the availability of some information on charo-

phyte cell-wall chemistry, very little is known about the

enzymes that remodel or tether wall polysaccharides in

these freshwater algae. According to prevailing cell-wall

models, hemicelluloses are hydrogen-bonded to the rigid

cellulose microfibrils, forming a coherent cellulose–hemi-

cellulose network, whereas pectins are ionically or cova-

lently linked to each other (Scheller and Ulvskov, 2010;

Albersheim et al. 2010; Carpita and Gibeaut, 1993). Such a

model, however, is highly simplified and cannot reflect

wall complexity in all plant species.

Recent discoveries of enzymes able to graft one type of

polysaccharide chain onto a different type (Franková and

Fry, 2011b, 2012a, 2013; Herburger et al., 2020a; Johnston

et al., 2013; Schröder et al., 2006; Simmons et al., 2015)

suggest that plants are equipped with efficient enzymes

(transglycosylases) capable of remodelling, tethering or

disassembling the wall polymers.

[A note on nomenclature of enzyme activities – A trans-

glycosylase is an enzyme catalysing the general reaction

X:Yþ Z $ X:Zþ Y

where X and Y (and often Z) are sugar moieties. Transgly-

cosylases can be categorised as endo- versus exo-, homo-

versus hetero-, and dedicated versus mechanistic. The

transglycosylases discussed here can restructure pre-

formed wall polysaccharides (Franková and Fry, 2015); they

functionally differ from polysaccharide synthases, which

rely on sugar-nucleotides as donor substrates. A transgly-

cosylase in the sense used here is any enzyme that cataly-

ses a carbohydrate-to-carbohydrate (‘cutting-and-pasting’)

transglycosylation reaction. A transglycanase (Figure 1) is

an endo-acting transglycosylase, often preferring a long

Figure 1. The mode of transglycanase action on

polysaccharide donor and model oligosaccharide

acceptor substrates.

Homo-transglycanases catalyse transfer between

chemically similar polymers. To assay this type of

activity, non-labelled polysaccharide and a labelled

(tritiated or sulphorhodamine-tagged) oligosaccha-

ride of the same nature are used as the donor and

acceptor, respectively (e.g. mannan and [3H]Man6-

ol, xyloglucan and [3H]XXXGol, etc.). Hetero-

transglycanases, in contrast, graft a segment of

polysaccharide onto a structurally different acceptor

substrate. Thus, chemically divergent donors and

acceptors are employed (e.g. xylan and [3H]Man6-ol

for xylan:mannan hetero-transglycanase, MLG and

[3H]XXXGol for MXE activity, etc.).

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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polysaccharide as donor substrate; it cleaves the backbone

of the donor in ‘mid’-chain and transfers a portion onto

(usually the non-reducing terminus of) another carbohy-

drate molecule (acceptor substrate). A transglycosidase is

an exo-acting transglycosylase, transferring one sugar

residue at the time from the donor substrate onto another

carbohydrate molecule (acceptor substrate). If the donor

is qualitatively similar to the acceptor, the activity is a

homo-transglycanase or -transglycosidase; if it is qualita-

tively different it is a hetero-transglycanase or -

transglycosidase. ‘Transglycanase’ and ‘transglycosidase’

are terms used when we do not wish to specify what type

of sugar–sugar linkage is cleaved in the donor substrate;

‘transglucanase’ and ‘transglucosidase’ specify that the

glycosidic bond cleaved is a glucosyl linkage (rather than

mannosyl, xylosyl, etc.). The term ‘transglucanase’ implies

that the glycosyl linkage cleaved is a glucosyl linkage; it

does not imply anything about the chemistry of the accep-

tor substrate (Glc, Man, Xyl, etc.). Some enzymes that are

principally hydrolases (best suited to cleaving sugar

chains by hydrolysis) also exert limited transglycosylase

activity when the acceptor substrate is concentrated

enough: this is termed mechanistic transglycosylation.

Other enzymes, termed dedicated transglycosylases, can

catalyse transglycosylation even at low micromolar or mil-

limolar acceptor concentrations, such as those found in

muro.]

A typical dedicated plant homo-transglucanase activity –
xyloglucan endotransglucosylase (XET) – is widespread

throughout the land plants and is associated with many

physiological processes such as growth (cell wall expan-

sion), germination, fruit softening, wall assembly and

strengthening (Rose and Bennet, 1999; Fry, 2011; Franková

and Fry, 2013; Nishitani and Vissenberg, 2007). This con-

ventional land-plant enzyme, also demonstrated to act

in vivo (Thompson and Fry, 1997, 2001), ‘cuts and pastes’

mid-chain glucosyl linkages in the backbone of xyloglucan.

Other examples of plant homo-transglycanases include

trans-β-mannanases and trans-β-xylanases (Derba-

Maceluch et al., 2015; Franková and Fry, 2011b; Johnston

et al., 2013; Schröder et al., 2006).

Among hetero-transglycanases, hetero-trans-β-
glucanase (HTG) – the first dedicated transglycanase

shown to target cellulose – was characterised and

sequenced (Simmons et al., 2015). Curiously, HTG is con-

fined, among land plants, to the genus Equisetum (early-

diverging ‘ferns’). Remarkably, it can utilise any of three

donor substrates (cellulose and MLG being preferred over

xyloglucan), but by far its most effective acceptor substrate

is xyloglucan (or oligosaccharides thereof). The enzyme

thus creates stable cellulose–xyloglucan and MLG–xyloglu-
can ‘hybrid’ polysaccharides (by cellulose:XET [CXE] and

MLG:XET [MXE] activity, respectively), which may

strengthen Equisetum tissues by inter-linking dissimilar

cell-wall polysaccharides (Fry et al., 2008a; Herburger et al.,

2020a, 2020b; Mohler et al., 2013).

To discover how hemicelluloses may have been remod-

elled in ancient (e.g. Cambrian) charophytes compared

with early-diverging land plants, we focused on wall-

remodelling enzymes that post-synthetically modify mod-

ern algal and land-plant walls. We tested the ability of

enzyme extracts to exhibit transglycanase activities, graft-

ing segments of various land-plant donor substrates onto

radioisotopically labelled model acceptor substrates

(xyloglucan-, mannan- and xylan-based oligosaccharides)

to form easily detectable radiolabelled polysaccharide

products (Figure 1). For example, in the case of a trans-β-
mannanase assay, a segment of mannan (polysaccharide)

becomes covalently bound to a radiolabelled hexasaccha-

ride of mannose ([3H]Man6-ol) mimicking a second mole-

cule of mannan. The radioactive product formed is thus of

much higher molecular weight than the supplied [3H]Man6-

ol (showing that the enzyme had cleaved a mid-chain bond

in the polysaccharide); the product is also radioactive, and

thus readily detectable and quantifiable (Figure 1). In this

assay, a trans-β-mannosidase (exo-acting), using the man-

nan as the donor, would produce a [3H]heptasaccharide

rather than a [3H]polysaccharide.

In an alternative type of assay, we used a single non-

radioactive model hexa- or heptasaccharide (Man6 or Xyl6,

or xyloglucan-derived XXXG) as both donor and acceptor

substrates to reveal most of the relevant homo-

transglycosidase and homo-transglycanase activities, with

the exception of XET, which requires a donor that is longer

than XXXG.

Based on the discovery of numerous non-mechanistic

transglycosylases, we provide evidence that charophytic

algae are equipped with enzymic toolkits which covalently

modify β-mannans, β-xylans and β-glucans (possibly

xyloglucan-like), potentially enabling the emergence of

well-known land-plant wall processes.

RESULTS

Assembling and screening a collection of enzyme extracts

To explore charophytic transglycosylase activities, we

assembled a laboratory collection of algal cultures, includ-

ing members of the Coleochaetales, Klebsormidiales,

Zygnematales and Chlorokybales. In addition, we collected

macro-algae of the order Charales growing in local ponds.

Between them, these algae represent the range of natural

growth habits (Figure 2), e.g. forming thalli (i, j), filaments

(m–v), cell aggregates (w, x) or reproductive organs (e, g)

on the whorls of branches (f, h). For comparison, we also

included some non-seed land plants, including a liverwort,

a ‘spike moss’ and two horsetails (a–d) – representing

bryophytes, lycopodiophytes and monilophytes, respec-

tively.

© 2021 The Authors.
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Figure 2. Selected Equisetum and charophyte species.

Equisetum arvense: May shoot (a) and a transverse section of part of its stem (b). Equisetum fluviatile: September shoot (c) and a transverse section of part of

its stem (d). Nitella flexilis: antheridium at the second fork of a branchlet (e) and the first fork of the branchlet (f). Chara vulgaris: oogonium and antheridium (g)

and the detail of the stem cortex with a row of stipulodes (h). Coleochaete scutata: irregular discoid thallus (i) and cellular aggregates with numerous granules

and a single parietal chloroplast and empty zoosporangium (j). Penium margaritaceum: filamentous aggregates (k) and the detail of cylindrical cells (l). Zygnema

circumcarinatum: filament (m) and the detail of star-shaped chloroplasts arrayed along the axis of the cell (n). Spirogyra varians: filament of tandem cylindrical

cells (o) and the cells with one elongated helical chloroplast and multiple pyrenoids (p). Klebsormidium nitens: curly medium-long filaments (q) and the barrel-

shaped cells with a single, parietal plate-like chloroplast (r). Klebsormidium fluitans: long filament with H-shaped cross-walls (s) and cylindrical cells with pari-

etal, plate-like chloroplasts (t). Klebsormidium subtile: unbranched filament (u) and barrel-shaped cells with a discoid chloroplast (v). Chlorokybus atmophyticus:

cell aggregates (w) and small packets of sarcinoid (pocket-like) cells encapsulated by a mucilage layer (x). Scale bar = 5 cm (a, c); 200 µm (b, d, e–i, k, m, o, q, s,

u, w); 50 µm (j, l, n, p, r, t, v, x).

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), doi: 10.1111/tpj.15500
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Since algae are aquatic, sometimes tolerating brackish

water, it is likely that their cell-wall enzymes are firmly

embedded in or bonded to the wall matrix and thus not

readily solubilised. To favour wall enzyme extraction, we

used various extractants with low or high salt concentra-

tions, detergents and stabilisers of solubilised proteins (for

details see Figure S1, Figure S2 and Table S1).

In this way, we assembled a collection of 38 enzyme

extracts from four land plant and 11 charophyte species

comprising low-salt buffer extracts (L; either crude [LC] or

ammonium sulphate-precipitated [LA]) of loosely bound

enzymes and high-salt extracts of firmly bonded proteins

(ammonium sulphate-precipitated [HA]) (Figure S1). In

addition, we prepared ‘total’ crude extracts (TC) containing

all extractable proteins (soluble, plus membrane-bound

and ionically wall-bound enzymes; Figure S2). The extracts

were then used in in-vitro transglycanase and transglycosi-

dase assays.

Our initial broad screenings for enzyme activities were

performed on substrates selected from six land-plant-

and lichen-sourced polymers (tamarind [Tamarindus

indica] xyloglucan, barley MLG, lichenan (= lichen-

sourced MLG), carob [Ceratonia siliqua] 1,4-β-mannan,

konjac [Amorphophallus konjac] glucomannan and

wheat [Triticum aestivum] arabino-1,4-β-xylan) and three

tritiated oligomers with a degree of polymerisation (DP)

of 6–7 ([3H]XXXGol, [3H]Man6-ol and [3H]Xyl6-ol). Vari-

ous methods were selected (depending on the sub-

strates’ solubility properties) for detecting changes in Mr

of the radiolabelled material indicative of transglycosyla-

tion.

Charophytic trans-β-glucanases – xyloglucan and MLG

serve as donor substrates for charophytic transglucanases,

although these polysaccharides are undetectable in most

charophyte cell walls

The best-known and functionally characterised transgly-

canase activity in land-plant cell walls is XET, a homo-

transglucanase. Assayed by xyloglucan:XXXGol transgly-

cosylation, this activity was detected in LC, LA and HA

extracts of all plants and algae tested but only at trace

levels in Chlorokybus and Penium (Figure 3(a)). XET activi-

ties (expressed per gram of fresh tissue) extracted from

Chara, Nitella and Coleochaete were often within an order

of magnitude of those from Equisetum. In control assays

with no deliberately added donor substrate (Figure S3), the

yields of [3H]polysaccharide product were <1% of the val-

ues reported in Figure 3(a)). This shows that the donor

substrate responsible for the transglycanase activities seen

in Figure 3(a)) was very predominantly the added tamarind

xyloglucan (and likewise for exogenous MLG, lichenan and

glucomannan; Figure 3(b–d)), and not any polysaccharides

that may have been co-extracted with the Equisetum and

algal enzymes.

No charophyte or Equisetum enzyme extract tested

detectably hydrolysed xyloglucan to chromatographically

mobile products (Figure S4(a)). Thus, the XET activities

were not associated with high xyloglucan endohydrolase

(XEH) activity in charophytes and Equisetum.

A hetero-trans-β-glucanase activity (MXE) was first noted

to exceed XET activity in Equisetum extracts (Fry et al.,

2008a). An appreciable MXE:XET activity ratio was also

found in some charophyte extracts, especially from Coleo-

chaete, Nitella, Chara and Zygnema, with MXE being

assayed as MLG:XXXGol hetero-transglucanase (Figure 3

(b,c)). The distribution pattern of MXE activity was similar

whether the donor substrate was MLG from barley (Fig-

ure 3(b)) or from Iceland moss (Cetraria islandica) (Figure 3

(c)); lichenan), the difference being that the former pos-

sesses both cellotetraose and cellotriose repeat units

whereas the latter is composed very predominantly of cel-

lotriose repeat units (Fry et al., 2008b; Simmons et al.,

2013). Equisetum extracts strongly favoured barley MLG

over lichenan (activity ratio approximately 4–7:1), as

reported before (Fry et al., 2008b; Simmons and Fry, 2017),

whereas the high MXE activities found in some charo-

phytes were less specific (barley MLG:lichenan ratio typi-

cally approximately 1.5–2.0:1).
When expressed per gram of fresh tissue (Figure 3(a–c)),

both XET and MXE activities are diversely distributed

between the various enzyme preparations – LC, LA and HA

– indicating differences in extractability (Figure 3(a–c)).
Ammonium sulphate precipitation often decreased the

measurable XET and MXE activities (compare LC with LA),

possibly owing to losses incurred during dialysis. In some

algae (e.g. Nitella, Klebsormidium, Spirogyra, Zygnema

and axenic Coleochaete), the high-salt (HA) extracts,

obtained after prior low-salt extraction, exhibited relatively

high XET and MXE activities; this suggests the presence of

ionically wall-bound trans-β-glucanases. However, in other

algae (Chara and non-axenic Coleochaete), high-salt

extraction gave negligible XET and MXE activity, indicating

that all extractable activities had been solubilised without

rigorous cleavage of ionic bonds.

We also screened ‘total’ crude extracts (TC) prepared

from four axenic algal cultures. These preparations were

expected to exhibit a broader range of high transglycosy-

lase activities owing to the use of a ‘universal’ extractant

that would efficiently solubilise both weakly and firmly

bonded proteins (see Experimental Procedures). TC

extracts of axenic Coleochaete and Zygnema were indeed

rich in transglycanase activities, especially in XET and

MXE (Figure S5).

MLGs from both barley and Iceland moss were partially

hydrolysed by certain extracts (Nitella > Chara > Equise-

tum > Klebsormidium fluitans ≈ Klebsormidium subtile >
Coleochaete ≈ Spirogyra), giving a broad ladder of

oligosaccharides with a DP of 2 to at least 10 (Figure S4(b,
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Figure 3. Polysaccharide-to-oligoxyloglucan transglycanase activities in diverse extracts from Equisetum and charophytes.

All reaction mixtures contained [3H]XXXGol as the model acceptor substrate. Different polysaccharide donor substrates were employed: (a) tamarind xyloglucan

for XET activity; (b) barley MLG and (c) lichenan both for MXE activity; and (d) glucomannan for glucomannan:xyloglucan hetero-transglycanase activity.

Enzyme extracts (LC, LA, HA) were as in Table S1. All the values were corrected to individual controls containing acceptor plus the enzyme preparation but no

deliberately added donor. Enzyme-free controls gave ‘activities’ close to zero, as shown in Figure S3. n = 3 technical replicates � SE.
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c)). The β-1,3-1,4-glucanase/glucosidase activities indicated

by this evidence were manifested independently from

transglucanase activities and peaked in different extracts;

they therefore did not interfere in our transglucanase

assays.

Other HTG activities were screened with xyloglucan or

Iceland moss MLG as donor and [3H]Man6-ol (mannan

model substrate) as acceptor (Figure 4(a,b)). We detected

moderate HTG activities with xyloglucan or MLG as the

donor; the highest of these activities were in Klebsormid-

ium spp., Coleochaete and one extract from Nitella (Fig-

ure 4(a,b)).

Charophytic trans-β-mannanases – charophytes exhibit

higher extractable trans-β-mannanase activities than land

plants, evidenced by radiochemical assays

It is well documented that β-mannans are present in red

and green algae, bryophytes, pteridophytes, gymnosperms

and angiosperms (Domozych et al., 2010, 2012; Estevez

et al., 2009; Fangel et al., 2012; Popper and Tuohy, 2010;

Usov, 2011), although their abundance, backbone sub-

stituents, complexity and function may vary between

diverse tissues, organs and taxa. Equisetum walls are par-

ticularly rich in Man residues (Gierlinger et al., 2008; Ler-

oux et al., 2015; Nothnagel and Nothnagel, 2007; Silva

et al., 2011). Chemical analyses of isolated wall polymers

showed that Nitella and Chara contain Man-rich hemicellu-

loses (O’Rourke et al., 2015), which supports immunocyto-

chemical and microarray studies performed with anti-

mannan probes (Domozych et al., 2009; Sørensen et al.,

2011). In Klebsormidium spp., Man residues are found in

both hemicellulosic and ‘pectic’ (hot-oxalate-extractable)

polysaccharides, whereas only very low levels of Man resi-

dues are present in Coleochaete and Chlorokybus walls

(O’Rourke et al., 2015).

In this connection we wished to discover whether charo-

phytes possess enzymes able to re-model mannans in a

way similar to the remodelling of xyloglucan by land-plant

XET activity. Figure 4(c,d) shows the results of transgly-

canase assays using the mannan model oligosaccharide

[3H]Man6-ol as acceptor substrate and glucomannan or

mannan as donors. The highest charophyte transglycanase

activities detected in these experiments were with konjac

glucomannan as donor substrate, observed in extracts

from Chara, Nitella and Coleochaete (Figure 4(c)), the activ-

ities with Chara and Nitella being 1.5–14× higher than

those from Equisetum. We also detected notably high

homo-transglycosylation (trans-β-mannanase) activities

with (the less soluble) carob mannan as donor – in extracts

of the same three algae and also Penium, Zygnema and

Klebsormidium nitens (Figure 4(d)). With β-mannan as

donor, the homo-trans-β-mannanase activities from mem-

bers of the Charales, Coleochaetales, Zygnematales and

Klebsormidiales were approximately 0.4–8.0× higher than

those from Equisetum.

The ability to transglycosylate mannan-based polysac-

charides was accompanied in some cases by an ability to

hydrolyse them. In particular, the low-salt extracts of

Nitella showed high β-mannanase and β-mannosidase

activities, yielding oligomannans and free Man from man-

nan and glucomannan (Figure S4(d,e)). Other extracts with

a detectable ability to hydrolyse mannans were those from

Chlorokybus and Klebsormidium. Konjac glucomannan

was also partially hydrolysed by the same extracts.

Reliable transglycanase assays depend on the longevity

of the acceptor substrate during the assay – [3H]Man6-ol in

the Figure 4 data. Some of the extracts tested were able to

partially break down [3H]Man6-ol to smaller products dur-

ing the 24-h incubations (Figure S6). In particular, Equise-

tum, Chara and Nitella extracts produced a range of

degradation products ([3H]Man2–5-ol). Hydrolysis of the

0.1 µM [3H]Man6-ol acceptor substrate was diminished

when non-radioactive mannan or glucomannan (0.3%) was

also present as a potential donor substrate (Figure S4(d,

e)). Nevertheless, the data in Figure 4 show that any

hydrolysis of the [3H]Man6-ol did not preclude the detec-

tion of polymeric products of trans-β-mannanase.

Another transglycanase activity, potentially a hetero-

trans-β-mannanase, was detected with [3H]XXXGol (accep-

tor) and glucomannan (donor), mostly in extracts from

horsetails, Chara, Nitella and K. nitens (Figure 3(d)). The

ability of β-(1→4)-glucomannan to serve as a modest donor

substrate could be conferred by its structural resemblance

to the β-(1→4)-glucan backbones of xyloglucan and MLG,

with alternation of Glc and Man (the C-2 epimer of Glc)

residues in a ratio of 1:1.6 (Jian et al., 2011). Unbranched

1,4-β-mannan and yeast α-mannan did not serve as donors

when [3H]XXXGol was tested as a possible acceptor.

Homo-trans-β-mannanase and homo-trans-β-mannosidase

activities evidenced by assays on non-radioactive

mannohexaose

The presence of trans-β-mannanase (i.e., endo-)activity in

Chara and Nitella was supported by assays with substrate

concentrations (1.4 mM) of non-radioactive manno-

hexaose (Man6) used as both donor and acceptor (Fig-

ure 5(c)). The principal diagnostic product was a large

oligosaccharide estimated to be Man10, which was clearly

distinguishable from the contaminants (Ct) present in the

commercial Man6. Little or no trans-β-mannanase

(screened on model Man6 alone) was detected in extracts

of charophytes other than the Charales. Since trans-β-
mannanase activity could be detected mostly on poly-

meric but not oligomeric mannan (Figure 4(c,d), Figure 6

(c)), it is likely that the extracts of other four orders favour

longer mannans.
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Figure 4. Polysaccharide-to-oligomannan transglycanase activities in diverse extracts from Equisetum and charophytes.

All reaction mixtures contained [3H]Man6-ol as the model acceptor substrate. The polysaccharide donor substrates were: (a) xyloglucan, for xyloglucan:mannan

hetero-transglycanase activity; (b) barley MLG, for MLG:mannan hetero-transglycanase activity; (c) glucomannan, for glucomannan:mannan transglycanase

activity; and (d) 1,4-β-mannan, for homo-trans-β-mannanase activity. Enzyme extracts (LC, LA, HA) were as in Table S1. All the values were corrected to individual

controls containing acceptor plus the enzyme preparation but no deliberately added donor. n = 3 technical replicates � SE.
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Figure 5(c) also gives evidence for trans-β-mannosidase

(exo-)activity, converting Man6 to Man7 plus Man5, espe-

cially in LC extracts of Chara, Nitella and the three land

plants tested (a liverwort and two horsetails).

Time courses for the action of the Chara vulgaris LC
extract on 3 mM Man6 (purified; free of higher-DP contami-

nants) showed that trans-β-mannanase reactions were

detectable in the first hour, generating Man10 (Figure 7(a)).

The yield of Man10 peaked at 2–4 h, and then diminished

as some of it was further modified (Figure 7(a)). Some loss

of Man10 occurred by further endo-transglycosylation,

generating oligosaccharides (DP > 11) or polysaccharides

that were too large to migrate during thin-layer chromatog-

raphy (TLC). That these and the other products were

enzymically generated is indicated by comparison with

enzyme-free controls (Figure 7(c)).

Trans-β-mannosidase (exo-acting) also acted on Man6,

albeit apparently slower than trans-β-mannanase, forming

a wide range of transglycosylation products with a DP of

7–11 (2–24 h; Figure 7(a)). It is interesting that the yield of

Man7 approximately equalled that of Man5, suggesting the

exo-transglycosylation reaction Man6 + Man6 ↔ Man7 +

Figure 5. Profiling transglycosidase activities on xylan-, xyloglucan- and mannan-derived model oligosaccharide substrates.

thin-layer chromatography (TLC) plates showing products of (a) trans-β-xylanase activity; (b) the lack of trans-α-xylosidase activity; and (c) trans-β-mannosidase

and trans-β-mannanase activities. In (c), spots of DP7 and DP ≥ 10 are transglycosidase and transglycanase products, respectively. LC extracts screened were

from Selaginella apoda (1), Marchantia polymorpha (2), Equisetum fluviatile (June) (3), Equisetum arvense (September) (4), Chara vulgaris (5), Nitella flexilis

from Colinton (6), N. flexilis from Heriot (7), Coleochaete scutata (8), Klebsormidium subtile (9), Klebsormidium fluitans (10), Spirogyra varians (11), Chlorokybus

atmophyticus (12), Penium margaritaceum axenic (13), Zygnema circumcarinatum axenic (14), Klebsormidium nitens axenic (15) and Coleochaete scutata axenic

(16). C, enzyme-free control; M, markers: xylo-oligosaccharides (Xyl1–6) and manno-oligosaccharides (Man1–6), oligoxyloglucans (XXXG, XXLG and XLLG),

sucrose (Suc), cellotriose (Cell3) and isoprimeverose (Isopr); Ct, contaminant in the commercial substrate. Species colour coding: green, land plants; pink, Char-

ales; purple, Coleochaetales; cyan, Zygnematales; red, Klebsormidiales; grey, Chlorokybales. The stained spots seen consistently in some enzyme preparations

are co-extracted glycerol, glucose and sucrose, labelled (i), (ii) and (iii), respectively, in (c). TLC solvent: BAW.
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Man5. Further similar reactions subsequently formed

Man8, Man4, Man9, etc. The remarkable longevity of these

products indicates that the enzyme(s) with trans-β-
mannosidase activity favour transglycosylation over

hydrolysis. Although clear-cut evidence for this action was

found in algae and some early-diverging land plants (a

lycophyte, a bryophyte and a pteridophyte) (Figure 5(c),

Figure 7), no transglycosylase activities acting on Man6

were found in angiosperms (Franková and Fry, 2011b).

Experiments on purified Man6 showed that transglycosy-

lation was detectable at substrate concentrations as low as

100–500 µM (Figure 7(b,d)). As these concentrations may be

lower than the molar concentrations of mannan non-

reducing termini in muro, it is likely that trans-β-
mannanase and trans-β-mannosidase contribute to man-

nan remodelling in the Charales in vivo.

Some charophytes have trans-β-xylanase activity

comparable to that of land plants

Almost all charophyte extracts tested exhibited at least

some trans-β-xylanase activity with arabinoxylan as donor

and [3H]Xyl6-ol as acceptor, as assayed by the glass fibre

washing method (Figure 6(a)). The highest activities (com-

parable to those in land plants) were found in Chara,

Nitella and Klebsormidium. Their LC extracts had 6–21×
higher trans-β-xylanase activity (430, 227 and 113 kCPM;

Figure 6(a)) than MXE (20–40 kCPM; Figure 3(b,c)). More-

over, trans-β-xylanase from K. subtile exhibited the highest

activity (113 kCPM) of all transglycanases tested in this

species (i.e. XET, MXE and trans-β-mannanase; Figures 3, 4

and 6(a)). TLC of the reaction products (Figure 6(b,c)) con-

firmed polymer formation (chromatographically immobile

Figure 6. Distribution of trans-β-xylanase activity in

extracts from land plants and charophytes.

(a) Glass fibre assay of transglycanase products

formed by LC extracts grafting arabinoxylan (poly-

meric donor) onto [3H]Xyl6-ol (oligoxylan model

acceptor; n = 4 technical replicates � SE). (b) Fluo-

rograph of products separated by TLC (solvent:

BAW), showing radiolabelled polymeric products at

the origin (arrow) and by-products with degree of

polymerisation (DP) 2–5. (c) Radioisotope scan of
3H-labelled products formed by the Chara extract.

Non-radiolabelled donor substrate (arabinoxylan)

was stained with thymol (below x-axis); the [3H]

Xyl6-ol was below the limit of thymol detection.
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radioactive spots) and showed that with the charophyte

and Equisetum extracts, the majority of the [3H]Xyl6-ol was

still intact at the end of the 24-h incubation period; thus,
3H-polymer formation was not limited by depletion of the

acceptor substrate. In the charophyte and Equisetum

extracts, only small proportions of the [3H]Xyl6-ol were

degraded to products of lower DP, by hydrolysis and/or

transglycosylation; larger proportions were, however, par-

tially degraded by the Selaginella and Marchantia extracts,

the major product being [3H]Xyl4-ol (Figure 6(b)). Despite

this partial degradation, however, we were still able to

detect trans-β-xylanase products in the Selaginella and

Marchantia extracts (chromatographically immobile prod-

ucts; Figure 6(b)). Any transglycosylation occurring with

[3H]Xyl6-ol as both donor and acceptor to produce [3H]-

Xyl7-ol (by trans-β-xylosidase activity) or [3H]Xyl9–10-ol (by

trans-β-xylanase activity), reported previously when no

polysaccharide was added (Franková and Fry, 2011b),

would not have been detectable because the prevailing

concentration of the arabinoxylan polysaccharide would

have outcompeted the trace levels of [3H]Xyl6-ol as a donor

substrate. With xylan as donor and [3H]Xyl6-ol as acceptor,

trans-β-xylanase would yield a radioactive polymer, xylan–
[3H]Xyl6-ol, and this was indeed detected by the glass fibre

method (Figure 6(a)) and by TLC (Figure 6(b,c)). In contrast,

trans-β-xylosidase acting with xylan as donor and [3H]Xyl6-

ol as acceptor would yield [3H]Xyl7-ol, but detection of this

activity would have been severely limited by the low molar

concentration of non-reducing terminal β-Xyl residues pro-

vided by the high-Mr xylans used; indeed no [3H]Xyl7-ol

was detected (Figure 6(b)).

The presence of trans-β-xylanase in several charophytic

extracts, especially from Chara, Nitella and K. subtile, was

confirmed by assays using substrate concentrations

(1.5 mM) of xylohexaose (Xyl6) as both donor and acceptor

(Figure 5(a)). Prominent products were Xyl8–10, which

would be produced by reactions such as Xyl6 + Xyl6 ↔
Xyl9 + Xyl3 (Franková and Fry, 2011b). Accordingly, the

taxonomic distribution of the trans-β-xylanase pattern

observed on model Xyl6 (Figure 6(a)) was similar to that

observed with arabinoxylan + [3H]Xyl6-ol (Figure 6(a))

despite different detection methods having been

employed.

Trans-α-xylosidase, widespread in angiosperms, is

undetectable in charophytes

Practically all angiosperms tested possess trans-α-
xylosidase (TaX) activity, which modifies and stabilises

xyloglucan (Franková and Fry, 2012a). This transglycosi-

dase introduces α-1,4-D-xylobiose side chains into xyloglu-

can structures, generating the xyloglucan building block V,

and can be assayed with XXXG (xyloglucan heptasaccha-

ride) as both donor and acceptor substrate (Franková and

Fry, 2012b):

2 XXXG $ VXXG þ GXXG, i:e:

2 Xyl3:Glc4 $ Xyl4:Glc4 þ Xyl2:Glc4:

Since we found that XET activity exists in most charophyte

species (Figure 3(a)), we wished to find out whether TaX –
another xyloglucan-modifying enzyme – is also present in

charophytes. However, as in early-diverging land plants

(bryophytes, lycophytes and pteridophytes), no TaX

Figure 7. Kinetic properties of oligomannan-remodelling transglycosylases from Chara vulgaris.

(a) Time-dependent action of Chara transglycosylases (LC extract) on 3 mM Man6 (acting as both the donor and the acceptor); the early product formed by trans-

β-mannanase activity is indicated with a yellow arrow; later products formed by accompanying trans-β-mannosidase activity are shown by black arrows. (b)

Action of Chara transglycosylases for 24 h at various concentrations of Man6. (c) Enzyme-free control for (a). (d) Enzyme-free control for (b). M, markers:

laminari-oligosaccharides (Lam1–3), cello-oligosaccharides (Cel1–5) and manno-oligosaccharides (Man1–4). TLC solvent: BAW.
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activity was found in LC extracts of their charophytic rela-

tives (Figure 5(b)). If TaX were present, typical reaction

products with a DP of 8–10 would have been formed from

XXXG used as substrate.

Also, no free Xyl was released, indicating the absence of

α-xylosidase (i.e., hydrolytic) activity (Figure 5(b)).

Charophytic transglycanase activity also detected on

homologous algal polysaccharide donor substrates

The enzyme activities discussed above were assayed with

land-plant carbohydrates as substrates. Selected algal

polysaccharide preparations were also tested as likely

native donor substrates. Extracts of several axenic algae

displayed transglycanase activity against Coleochaete ‘pec-

tins’ and ‘hemicelluloses’ (operationally defined by their

extractability in oxalate and NaOH, respectively; O’Rourke

et al., 2015). Coleochaete ‘hemicellulose’ became grafted

onto radiolabelled model acceptor substrates (XXXGol,

Man6-ol and Xyl6-ol) by all four algal TC extracts (Figure 8).

Transglycanase activity was also observed in Coleo-

chaete enzymes with oxalate-soluble Coleochaete ‘pec-

tins’ + [3H]XXXGol and in Zygnema enzymes with the

same ‘pectins’ + Man6-ol (Figure 8(a,b)).

Transglycosylase activity also detected in situ on

endogenous wall polysaccharides

The results shown in Figure 9 clearly demonstrate that

some charophytes contain transglycanase activities cap-

able of catalysing endo-transglycosylation with homolo-

gous charophytic polysaccharides as donor substrates.

Fluorescence microscopy showed that a fluorescently

labelled oligoxyloglucan (XXXGol-SR), used as acceptor,

became incorporated into the native charophytic walls.

This indicates an ability of algal endogenous transglycosy-

lase activities (comparable to XET and MXE) to remodel

the algae’s own hemicelluloses. Strong fluorescent signals

were detected in the branchlets and a spiral of peripheral

cells of the oogonium of Chara, innermost layer of Coleo-

chaete cells, semicells and isthmus of Penium and fila-

ments of Klebsormidium (Figure 9). In Zygnema filaments,

hemicellulose-to-oligoxyloglucan transglycanase activity

was detected in cell walls, especially the cross-walls (Fig-

ure 9(j,k)). The nature of algal hemicelluloses participating

in transglycosylation reactions is not yet well defined.

Evidence for CXE activity in a charophyte

Sixteen extracts were dot-blotted onto test papers

designed for the detection of XET, MXE and CXE activity

(Figure S7). The fluorescent spots in Figure S7(c) are the

result of CXE activity, recently discovered in Equisetum

(Simmons et al., 2015), and therefore do not indicate

endogenous polysaccharide contaminants possibly co-

extracted with the enzymes. The presence of XET, MXE

and CXE activities in the Nitella extract (position B7 on

Figure S7) suggests the presence of a transglycanase with

lax substrate specificity, like that of HTG known from

Equisetum (positions A1,2 and B1,8).

DISCUSSION

Charophytic homo-trans-β-glucanase activity can remodel

land-plant xyloglucan, which, however, is not widespread

among charophytes

Trans-β-glucanase activity is defined as the catalysis of an

enzymatic reaction in which the cleaved bond is a non-

terminal β-glucosyl linkage in the donor polysaccharide’s

backbone, regardless of the nature of the acceptor sub-

strate.

In-vitro assays of charophyte trans-β-glucanase activity

with land-plant xyloglucan as donor substrate. We show

here that extractable charophytic enzymes can catalyse

various transglycosylation reactions in vitro with land-

plant poly- and oligosaccharides as substrates. Transgly-

canase screens on 36 enzyme extracts from charophytes

and non-seed land plants revealed XET activity able to

remodel land-plant xyloglucan (Figure 3(a)). Our current

finding of extractable XET activity in many charophytes is

in agreement with previous assays on enzyme extracts

from Klebsormidium, Spirogyra, Coleochaete, Nitella and

Chara (with soluble xyloglucan as donor; Fry et al., 2008a)

and from Zygnema and Klebsormidium (in ‘dot-blot’

assays with xyloglucan-impregnated papers; Herburger

et al., 2018). The ‘dot-blot’ approach also revealed that XET

activity could be blotted out of Chara tissues (and even the

non-charophytic green alga Ulva) onto xyloglucan-

impregnated papers (Van Sandt et al., 2007).

Moreover, Chara vulgaris expresses mRNA for a putative

XTH ancestral enzyme (Van Sandt et al., 2007), and

BLASTp analysis of the Penium margaritaceum, K. nitens

and Chara braunii genomes identified XTH-like motifs in

Penium, predicting the occurrence of XET activity (Jiao

et al., 2020). However, the presence or predictions of XTH-

like genes in charophytes and XET activity that can act on

land-plant xyloglucan plus XXXGol does not of itself prove

that charophytes possess conventional land-plant xyloglu-

can (existing structures defined by Fry et al., 1993 and

updated by Franková and Fry, 2012b) as a potential sub-

strate in their walls.

In-vitro and in-situ assays of charophyte transglycanase

activity with endogenous charophytic polysaccha-

rides. All the above assays used land-plant-derived

xyloglucan as donor and labelled XXXGol as acceptor.

Nevertheless, we found that extractable polysaccharide-to-

oligoxyloglucan transglycanase activities also acted

in vitro on endogenous polysaccharides extracted from

Coleochaete scutata. In these reactions, lengths of
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Coleochaete hemicelluloses and ‘pectins’ (charophytic

donor substrate) were covalently grafted onto [3H]XXXGol

(land-plant-typical acceptor substrate) by endogenous

charophytic enzymes, suggesting the transglycanases’ rel-

evance in remodelling algal cell walls in vivo (Figure 8(a)).

However, there is no evidence that the Coleochaete-

Figure 8. Transglycanase activities on native homologous hemicelluloses and ‘pectins’ extracted from Coleochaete scutata.

(a) Polysaccharide-to-oligoxyloglucan transglycosylation with [3H]XXXGol as acceptor substrate. (b) Polysaccharide-to-oligomannan transglycosylation with [3H]

Man6-ol as acceptor substrate. (c) Polysaccharide-to-oligoxylan transglycosylation with [3H]Xyl6-ol as acceptor substrate. Enzyme preparations were TC (total

crude extract; Figure S2). 3H-Labelled polymeric transglycosylation products were assayed by the glass fibre washing method (n = 3 technical replicates � SE).

The negative values are a result of prevailing glycosylhydrolase activities such as β-xylosidase and β-mannosidase partially hydrolysing the radiolabelled

oligosaccharides.
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derived donor substrate utilised in in-vitro assays was

xyloglucan, nor that an acceptor substrate closely resem-

bling XXXGol was present in charophytes.

In-situ tests by fluorescence microscopy in land plants

have demonstrated endogenous enzymes acting on

endogenous donor polysaccharides, with only the

(fluorescently labelled) acceptor substrate being exoge-

nous (Vissenberg et al., 2000). A similar approach in algae

revealed that labelled xyloglucan oligosaccharides can

serve as acceptor substrates for endogenous transgly-

canases acting on endogenous (unidentified) donor

polysaccharides in the cell walls of all five species tested

Figure 9. In-situ detection of transglycosylase action on endogenous charophyte polysaccharides. Fluorescence and the corresponding bright-field micrographs

of algae fed with 5 µM xyloglucan-oligosaccharide–sulphorhodamine conjugates that became incorporated into the cell walls by the action of polysaccharide:xy-

loglucan transglycanase activities (presumably similar to XET and/or MXE). (a–c) Chara vulgaris, (d–f) Coleochaete scutata, (g–i) Penium margaritaceum, (j–l)
Zygnema circumcarinatum, (m–o) Klebsormidium nitens. Fluorescence is seen in (a) branchlets of Chara, (b) tube cells (TC) spirally twisted around Chara oogo-

nium, (d,e) Coleochaete thallus, panel (d) showing the innermost layer (IL) of Coleochaete sulphorhodamine-labelled walls, (g,h) semicells (SC) and isthmus

(IM) of Penium, (j,k) Zygnema cylindrical cells, especially in the cross-walls (CW), and (m,n) the filaments of Klebsormidium. Specimens in (c), (f), (i), (l) and (o)

are controls that had been pre-boiled, thus denaturing enzymes. Scale bar = 400 µm (a–c); 100 µm (d–i); 50 µm (j–o). Note: The bright-field image for (b) shows a

different but very comparable specimen.
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(Figure 9). As all specimens were thoroughly destained in

our experiment and the boiled controls with the same

acceptor did not become labelled, the possibility of non-

enzymatic binding of short fluorescent oligosaccharides

can be excluded. Incorporation of labelled xyloglucan

oligosaccharides into three algae – Chara, Zygnema and

Klebsormidium – was also observed by Herburger et al.

(2018). However, the same reservation applies as in the

previous paragraph: there was no evidence that the Chara,

Zygnema and Klebsormidium donor substrate utilised in

the in-situ assays was xyloglucan, nor that an XXXGol-like

acceptor substrate was present in charophytes.

Most charophytes possess little or no xyloglucan, so the

question arises as to whether the detected transglycanases

have the opportunity to act in charophytes in vivo. Until

recently, the evidence for the possible presence of xyloglu-

can in charophytes was drawn mostly from screening for

genes encoding the glycosyltransferases (polysaccharide

synthases) which synthesise it (Del-Bem, 2018; Fitzek et al.,

2019; Mikkelsen et al., 2014, 2021) and from immunodetec-

tion with antibodies that recognise xyloglucan-like epi-

topes (Domozych et al., 2009; Eder et al., 2008; Herburger

et al., 2018; Mikkelsen et al., 2014, 2021; Sørensen et al.,

2011). Mikkelsen et al. (2021) reported immunological evi-

dence for the presence of xyloglucan-like polysaccharides

in some charophytes (e.g. Chara, Coleochaete, Cosmarium,

Cylindrocystis, Mesotaenium Netrium, Mougeotia and

Spirogyra) and for their absence in others (such as Pleuro-

taenium, Closterium, Teilingia, Chlorokybus and Kleb-

sormidium). However, in many charophytes, the

xyloglucan-crossreacting polymers could not be destroyed

by digestion with XEH – unlike the classic xyloglucan pre-

sent in land-plant hemicellulose preparations.

Chemical evidence for xyloglucan as a major hemicellu-

lose in charophytes is scant. Charophyte cell-wall matrix

polysaccharides certainly contain monosaccharide resi-

dues similar to those present in land plants, including

xylose and glucose (O’Rourke et al., 2015), but such studies

do not indicate which sugars are linked to each other. Ter-

minal and sometimes also 2-linked Xyl residues, which

occur in (but do not prove the identity of) xyloglucan, were

found in numerous charophyte walls, e.g. Penium and

Netrium, and 4,6-linked Glc residues (which in land-plant

hemicellulose would be due to the Xyl–Glc linkages of

xyloglucan) were also found, though generally not in suffi-

cient abundance to account for the terminal and 2-linked

Xyl (Sørensen et al., 2011). It is possible that the analysed

wall preparations still contained some starch (which also

contains 4,6-linked Glc residues, and could be confused

with xyloglucan) even after the 40°C amylase treatments.

Similar evidence, short of proof, was also obtained from

Spirogyra (Ikegaya et al., 2008). Mikkelsen et al. (2021)

recently obtained clear chemical evidence for xyloglucan

oligosaccharides released from certain charophytes by

xyloglucan endoglucanase. However, these oligosaccha-

rides were not quantified, and appreciable quantities (evi-

denced by TLC) appeared to be present only in

Mesotaenium and Netrium. Likewise, the only algae from

which Driselase was able to release readily detectable iso-

primeverose (the ‘fingerprint’ of xyloglucan) were Meso-

taenium and Netrium (Mikkelsen et al., 2021); enzymatic

dissection of other charophytic walls with Driselase has

yielded no detectable isoprimeverose (Mikkelsen et al.,

2021; O’Rourke et al., 2015; Popper and Fry, 2003). In con-

trast, all land plants tested do yield TLC-detectable iso-

primeverose. Thus, in the majority of charophytes,

xyloglucan is either scarce or absent – in contrast to the

land-plant primary cell wall, where xyloglucan is usually

abundant.

This indicates that xyloglucan, if present at all in most

charophytes, is either present at very low abundance, is

differentially localised temporally and spatially (as demon-

strated in Klebsormidium and Zygnema; Herburger et al.,

2018) or possesses a different structure from land-plant

xyloglucan (Pattathil et al., 2010; Popper, 2008; Sørensen

et al., 2011). Thus, the nature, composition and linkage

arrangement of the true substrates which presumably work

in muro as the donors and acceptors for the homo- and

hetero-transglucanase activities detected in vitro (Figure 3

(a–c)) need to be investigated. It is possible that such

enzyme activities were present in the ancient charophytes

from which land plants evolved, probably during the Cam-

brian (Morris et al., 2018), yet involved in remodelling

hemicelluloses present at that time that chemically resem-

bled xyloglucan without actually being this specific

polysaccharide as known from land plants.

Charophyte hetero-trans-β-glucanase activities can

remodel land-plant MLG

Mirroring the above observations, we also found that

many of the same 36 algal and plant extracts can act on

land-plant- and lichen-derived substrates to exhibit

MLG-to-XXXGol hetero-transglucosylation activity in vitro

(Figure 3(b,c)). These demonstrations of hetero-

transglycosylation reactions are again in agreement with

previous assays on charophytic enzyme extracts (Fry et al.,

2008a; Herburger et al., 2018).

There is enzymological (Sørensen et al., 2011) and other

evidence (Eder et al., 2008; Herburger et al., 2018) for the

presence of MLG in certain charophytes. Therefore – if

XXXGol-like acceptor substrates are also present (but see

reservations above) – such MLG could potentially partici-

pate in hetero-transglucosylation reactions in charophytes

in vivo.

Additional charophytic HTG activities were detected with

xyloglucan or MLG as donor and a manno-oligosaccharide

([3H]Man6-ol) as acceptor (Figure 4(a,b)). Such activities

could, with similar reservations, participate in hetero-
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16 Lenka Franková and Stephen C. Fry



transglucosylation reactions in vivo. As Glc is the C2-

epimer of Man, it is likely that charophyte trans-β-
glucanases cleaving β-glucans related to xyloglucan or

MLG might have a certain tolerance for a β-mannan-related

acceptor substrate.

Trans-β-mannanase, the most active transglycanase

observed in charophytes

Trans-β-mannanase activity implies an enzymatic reaction

in which the cleaved bond is a non-terminal β-mannosyl

linkage in the donor polysaccharide’s backbone. Our first

evidence suggesting trans-β-mannanase activity came from

the detection of hetero-transglycosylation reactions with

glucomannan as donor and [3H]XXXGol as acceptor (Fig-

ure 3(d)). This activity is relatively high in some Kleb-

sormidium, Chara, Nitella, Coleochaete, Penium and

Zygnema extracts, often exceeding the glucan:XXXGol

transglucosylation rates measured on xyloglucan and the

MLGs (Figure 3(a–c)). Hetero-transglycosylation between

glucomannan and fluorescently labelled XXXGol was also

observed in extracts of young Zygnema and K. crenulatum

cultures (Herburger et al., 2018). However, since glucoman-

nan has both β-Man and β-Glc linkages in the backbone,

we cannot be certain whether the activity observed is

hetero-trans-β-mannanase or HTG activity.

In experiments with [3H]Man6-ol as acceptor, we

detected remarkable activity with donor mannan (Figure 4

(d)) comparable to that with donor glucomannan (Figure 4

(c)), indicating a preferential homo-trans-β-mannanase

activity. Glucomannan was favoured mainly by extracts

from Chara and Nitella (Figure 4(c,d)), whose trans-β-
mannanase activities even exceeded those of the trans-β-
glucanases remodelling xyloglucan and MLG (XET and

MXE, respectively; Figure 3(a–c)). Such activity was also

high (often >200 kCPM per 24 h per g fresh weight) in

Klebsormidium, Zygnema, Penium and Coleochaete

extracts (and detectable in Chlorokybus), exceeding the

glucomannan:XXXGol transglycanase activity (Figure 3(d)).

This indicates a widespread occurrence of homo-trans-β-
mannanase activity across the Charophyta. Such activity

was also detectable in extracts of the land plant Equise-

tum, and has been detected in some angiosperms

(Schröder et al., 2006), but it is not commonly distributed

throughout most land plants (Franková and Fry 2011b,

Franková and Fry, 2013).

Using non-labelled mannan hexasaccharide as both

donor and acceptor, we confirmed trans-β-mannanase

activity in certain charophytes, especially the Charales,

yielding a probable decasaccharide (Figure 6(c)) via reac-

tions such as

Man6 þ Man6 ! Man10 þ Man2:

In addition, trans-β-mannosidase activity (i.e., exo-

acting) was detected (Figure 6(c)) in most of the

charophyte enzyme preparations, and also in Equisetum

extracts, yielding manno-heptasaccharide(s) via the reac-

tion

Man6 þ Man6 ! Man7 þ Man5:

Despite using commercial, land-plant-derived mannans,

we were able to demonstrate that charophytic enzymes

can remodel mannans by the means of trans-β-mannanase

activities in vitro. These activities, when assayed on poly-

meric substrates, were often 5–10 times higher in charo-

phytes than in the pteridophyte Equisetum, suggesting

that mannan-based polymers of charophyte walls might be

continuously remodelled according to growth demands or

covalently linked to other wall polysaccharides by trans-

mannanases.

It is not yet known whether charophyte cell walls pos-

sess homo- or hetero-mannans and how these polymers

are branched and decorated with solubility-influencing

residues, such as acetyl groups.

Trans-β-xylanase activity detected in charophytes

Trans-β-xylanase reactions involve cleavage of a non-

terminal β-xylosyl linkage in the donor’s backbone. Evi-

dence for such a reaction came from assays with land-

plant arabinoxylan as donor polysaccharide and [3H]Xyl6-ol

as acceptor, yielding 3H-labelled chromatographically

immobile polysaccharide products (Figure 6). This activity

was readily detected in extracts from several non-seed

land plants (a pteridophyte, a club moss and a liverwort)

and some charophytes (Charales and Klebsormidiales) and

at trace levels in extracts from all charophytes tested.

The same conclusions were confirmed with assays con-

taining non-labelled xylan hexasaccharide as both donor

and acceptor: trans-β-xylanase activity was readily revealed

in the non-seed land plants, Charales and Klebsormidiales,

and at trace levels in extracts from all charophytes tested,

yielding a nonasaccharide (Figure 6(a)) via reactions such

as

Xyl6 þ Xyl6 ! Xyl9 þ Xyl3

Trans-β-xylosidase activities (i.e., exo-acting) were also

detected (Figure 6(a)), especially in the Equisetum extracts,

with probable traces in other extracts, yielding a heptasac-

charide via the reaction

Xyl6 þ Xyl6 ! Xyl7 þ Xyl5

β-Xylosidase (exohydrolase) activity was negligible, as

indicated by minimal free Xyl production.

Xylan-related polysaccharides have been detected in

Chara corallina, Cosmarium turpini, Nitella, Chara vulgaris,

Klebsormidium fluitans, K. subtile, and K. flaccidum by

linkage analysis, immunolocalisation, chemical dissection

of the cell walls and the analysis of products formed by

heterologously expressed xylan synthases (Domozych

et al., 2010; Herburger et al., 2018; Jensen et al., 2018;
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Sørensen et al., 2011). Moreover, genes for biosynthesis of

1,3;1,4-β-xylans and substituted heteroxylan have been

found in some Coleochaetales, Zygnematales, Charales

and Klebsormidiales (Hsieh and Harris, 2019; Leliaert et al.,

2012). Only traces of xylans were detected in Coleochaete,

Chlorokybus, Spirogyra and Zygnema (Sørensen et al.,

2011, O’Rourke et al., 2015), which correlates with low

trans-β-xylanase activities found in extracts of the above

species (Figure 6). On the other hand, trans-β-xylanase
activities in xylan-rich algae (Chara, Nitella and Kleb-

sormidium) can contribute to elongating short xylans and/

or glycosidically attaching them to other (hetero-)xylans.

The lack of trans-α-xylosidase and α-xylosidase suggests a

non-conventional nature of charophytic xyloglucan

TaX activity, which grafts new Xyl residues from one

xyloglucan oligosaccharide onto the non-reducing termi-

nus of another to create Xyl-Xyl-Glc (V) units (Franková

and Fry, 2012a), is widespread in angiosperms but essen-

tially absent in non-seed plants examined to date. Neither

TaX nor α-xylosidase activity was detected in extracts from

charophytes when XXXG (a typical fragment of land-plant

xyloglucan) was used as substrate (Figure 5(b)), which

might suggest that xyloglucan-like polysaccharides are rel-

atively unimportant in the charophyte species tested. How-

ever, the absence of TaX in Equisetum and Marchantia,

which do possess xyloglucan, shows that TaX presence/ab-

sence cannot be relied on to predict xyloglucan presence.

Only a trace of TaX activity (formation of V, DP8) was

detected in a Selaginella (another noon-seed plant) extract.

Whether or not ‘conventional’ xyloglucan is present in

charophytes, different β-glucan-based hemicelluloses (with

sugar residues substituted or linked in the unfamiliar man-

ner), potentially fore-runners of land-plant xyloglucan, may

be present in charophytes.

Transglycosylase and glycosyl hydrolase activities peak in

different extracts

Our reported transglycanase activities were not abundant in

every extract or species tested, although glycosyl hydrolase

activities were present in most enzyme extracts. Examples

show the polysaccharide hydrolase activities (Figure S4)

and simultaneous [3H]Man6-ol hydrolase activities

(Figure S6) of numerous extracts used for polysaccharide-

to-oligomannan transglycanase assays (e.g. compare

Figure 4). There was no simple relationship between the

hydrolase activities and the measured transglycosylase

activities. This implies that transglycosylation is not an

inevitable side reaction accompanying enzymic hydrolysis.

Charophyte transglycosylase reactions are not purely

mechanistic

In our routine screens for transglycanases and transgly-

cosidases we typically used 0.3% (w/v) (approximately 3–

1100 µM) polymeric donor and approximately 0.1 µM 3H-

labelled oligomeric acceptor, or approximately 1500 µM
model oligomers (acting as both donor and acceptor).

These concentrations are lower than those often used to

detect trans-β-mannanase, trans-β-xylanase and trans-β-
xylosidase activities, reported for land plants (Derba-

Maceluch et al., 2015; Johnston et al., 2013; Prakash et al.,

2012; Schröder et al., 2006). Hemicelluloses generally con-

stitute approximately 20–30% of the land-plant primary

cell-wall dry weight (Varner and Lin, 1989), and approxi-

mately 60% of the wall’s fresh weight is water (Monro

et al., 1976). Thus, wet cell walls contain approximately

10% (w/v) hemicellulose. The substrate concentrations we

used are therefore lower than those present in muro, so it

is likely that charophyte transglycosylases can catalyse

non-mechanistic transglycosylation in vivo and are physio-

logically relevant. This is also supported by in-vivo experi-

ments (Franková and Fry, 2011a) and by the results of

transglycanase assays on homologous (native) substrates

(Figure 8). Since nucleotide-sugar-dependent glycosyl

transferases and polysaccharide synthases are not present

in the cell wall matrix, the remodelling of wall polymers

secreted from the transport vesicles could be achieved by

the action of homo- and hetero-transglycanases.

CONCLUSIONS

By employing a broad range of assays we detected three

homo- and two hetero-transglycanase activities in extracts

of charophytic algae. These were XET, trans-β-mannanase,

trans-β-xylanase, MXE and probably β-mannan:xyloglucan

transglycosylase. We also found traces of trans-β-
xylosidase activity; however, TaX, which is widespread in

angiosperms, was undetectable in charophytes and most

non-seed land plants.

Since algae possess xyloglucan- and MLG-remodelling

transglycanase activities typical of land plants, but only

low or undetectable levels of the appropriate substrates,

we hypothesise that mechanisms modifying wall structure

were probably highly conserved in ancient charophytes,

even though the polysaccharide substrates changed funda-

mentally during terrestrialisation.

Transglycanase action was also demonstrated in the

walls of living charophytes (in-vivo and in-situ detection –
Figure 9; Franková and Fry, 2011a; Herburger et al., 2018).

Therefore, we suggest that transglycosylation may play a

key role in remodelling charophytic wall polysaccharides

in vivo. We conclude that trans-β-mannanase and trans-β-
xylanase activities may be charophytic alternatives to the

land plants’ major XET activity, being important enzymic

tools for charophytic algae that contain little or no conven-

tional xyloglucan but possess abundant mannan- and

xylan-based hemicelluloses. Moreover, transglycanase

activity on polysaccharide preparations extracted from

Coleochaete provides in-vitro support for our conclusion
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that charophytic enzymes are capable of remodelling

endogenous charophytic polysaccharides in vivo. This

work initiates an exploration of which algal cell-wall com-

ponents may have acquired new roles during the evolu-

tionary transition to terrestrial life.

EXPERIMENTAL PROCEDURES

Polysaccharide and oligosaccharide substrates

1,4-β-Mannan (borohydride-reduced, non-acetylated; C. siliqua,
catalogue reference P-MANCB, DP ≈ 15, Mr ≈ 2500), arabinoxylan
(T. aestivum, P-WAXYM, Mr ≈ 300 000), lichenan (1,4:1,3-β-linkage
ratio ≈ 2:1; C. islandica, P-LICH, Mr ≈ 275 000), glucomannan (low
viscosity, partially acetylated; A. konjac, P-GLCML, Mr ≈ 950 000)
and MLG (1,4:1,3-β-linkage ratio ≈ 3:1; medium viscosity, H. vul-
gare, P-BGBM, Mr ≈ 245 000) were obtained from Megazyme,
Bray, Co. Wicklow, Ireland; (http://secure.megazyme.com/).
Xyloglucan (T. indica, Mr ≈ 1,000,000) was kindly donated by Dr K.
Yamatoya (Dainippon Pharmaceutical Co., Osaka). Sulphorho-
damine conjugates of oligoxyloglucan were prepared as described
(Miller et al., 2007). Fluorescent dot-blot kits, [3H]XXXGol, [3H]
Man6-ol and [3H]Xyl6-ol were obtained from EDIPOS (http://fry.bio.
ed.ac.uk/edipos.html).

Substrate preparation and purification

Commercial Man6 (Megazyme) was freed of contaminating
oligosaccharides by gel-permeation chromatography (on Bio-Gel
P-2 and P-10) or by preparative TLC. Oligomannans were eluted in
pyridine/acetic acid/0.5% chlorobutanol in water (1:1:98) and indi-
vidual fractions were profiled by TLC (Franková and Fry, 2011b).

Coleochaete ‘pectins’ and ‘hemicelluloses’, operationally defined
by their extractability in 100°C ammonium oxalate and 37°C 6 M

NaOH (containing 0.25% NaBH4 and 4% H3BO3), respectively, were
extracted from the alcohol-insoluble residue of water-rinsed and
freeze-dried C. scutata axenic culture and then dialysed against
water (O’Rourke et al., 2015). The polysaccharides were freeze-dried,
weighed and re-dissolved in water to make 0.5% (w/v) solutions.

Plant material

Equisetum fluviatile (June shoots), Equisetum arvense (Septem-
ber shoots), Marchantia polymorpha and Selaginella apoda were
grown at the King’s Buildings, University of Edinburgh. Nitella
flexilis was collected in May from ponds near Heriot (Scottish
Borders, UK) or Colinton (Edinburgh, UK); Chara vulgaris was
collected in May from a pond at Blackford (Edinburgh). Cultures of
Coleochaete scutata, K. subtile, K. fluitans, Spirogyra varians and
Chlorokybus atmophyticus (sourced from the Culture Collection of
Algae and Protozoa, SAMS, Scottish Marine Institute, Dun-
staffnage, Argyll, UK; https://www.ccap.ac.uk/) were from our lab-
oratory collection, grown in 3N-BBM+V (Bold’s Basal Medium
with threefold nitrogen and vitamins; https://www.ccap.ac.uk/wp-
content/uploads/MR_3N_BBM_V.pdf ) at 21°C in constant light.
These cultures were not axenic but each named alga was the only
photosynthetic organism present. Axenic cultures of C. scutata, K.
nitens, Penium margaritaceum and Zygnema circumcarinatum
were purchased from SAG (Göttingen University; https://sagdb.
uni-goettingen.de/) and further sub-cultured and maintained as
recommended by SAG. An axenic culture of C. vulgaris was kindly
provided by Prof Burkhard Becker (Cologne University) and cul-
tured in BBS (Bold’s Basal medium plus Soil extract) (http://

cshprotocols.cshlp.org/content/2018/11/pdb.rec102871.full?text_
only=true).

Enzyme preparation

Four types of enzyme extract were prepared: LC, LA and HA (Fig-
ure S1) and TC (Figure S2), which are expected to contain the algal
components listed in Table S1.

• LC = low-salt buffer extract, crude, not ammonium sulphate-
precipitated

• LA = low-salt buffer extract, finally ammonium-sulphate precipi-
tated

• HA = high-salt/Triton extract from low-salt residue, finally
ammonium sulphate-precipitated

• TC = ‘total’ crude extract in high-salt/Triton buffer, not ammo-
nium sulphate-precipitated

All steps were conducted at 4°C unless otherwise stated. Algal
cultures were thoroughly rinsed with de-ionised water and then
vigorously homogenised by mortar and pestle in extraction buffer
(0.3 M succinate [Na+, pH 5.5] supplemented with 15% glycerol
and 20 mM ascorbate) containing 3% (w/v, suspension) polyvinyl
polypyrrolidone at an extraction ratio of 1:4 (g fresh weight:ml
extractant). After 3 h of gentle stirring, the homogenate was fil-
tered through three layers of nylon gauze and then centrifuged at
10 500 g for 45 min; the supernatant was LC. One-third of the LC
was divided into small aliquots for storage at −80°C and the other
two-thirds was adjusted to 30% or 70% saturation of ammonium
sulphate (for pteridophyte or charophyte extracts, respectively)
and stored for 3 h. The pellet obtained after centrifugation (10
500 g, 45 min) was re-dissolved in extraction buffer and dialysed
against water (2 × 12 h) followed by 0.04 M succinate (Na+, pH 5.5,
containing 2% glycerol and 2.6 mM ascorbate; 1 × 12 h). The dialy-
sate was centrifuged at 2000 g for 2 min and aliquots of the super-
natant were stored at −80°C as ‘LA’ (Figure S1). The low-salt-
inextractable cell wall residue remaining from the previous extrac-
tion was rinsed with water and re-extracted with buffer containing
high salt and a detergent (0.1 M succinate [Na+, pH 5.5] containing
1 M NaCl and 0.05% Triton X-100) by gentle stirring for 12 h. The
extract was then centrifuged, ammonium sulphate-precipitated
and finally dialysed as described above to yield HA (Figure S1).

An alternative ‘total extraction’ protocol was performed as fol-
lows. Axenic algal cultures were freeze-dried and then extracted
with 0.2 M succinate (Na+, pH 5.5) containing 1 M NaCl, 0.02% Tri-
ton and 5% glycerol. The extraction ratio varied from 1:10 to 1:20
(g freeze-dried culture:ml extractant) according to the density of
the final homogenate. After homogenisation with pestle and mor-
tar followed by 3 h stirring, the homogenate was centrifuged
(10 500 g, 45 min) and de-salted on an 8.3-ml bed-volume dispos-
able gel-permeation chromatography column (‘PD-10’, containing
Sephadex G25; Amersham Biosciences). Proteins were eluted with
3.5 ml 0.05 M succinate (Na+, 5.5). The eluates were doubled in
concentration by partial freeze-drying and stored in small aliquots
at −80°C as TC (Figure S2).

Transglycanase (endo-)activity assays

The following transglycanase substrates were employed: tamarind
xyloglucan, MLG, lichenan, glucomannan and 1,4-β-mannan (all
as donors) and [3H]XXXGol, [3H]Man6-ol and [3H]Xyl6-ol (as accep-
tors). All polysaccharides were pre-washed in 70% ethanol and
then solubilised by vigorous stirring and boiling for 10 min except
for 1,4-β-mannan, which was solubilised in 2.5 M NaOH and then
neutralised with 50% acetic acid immediately before use.
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The standard reaction mixture contained 1–2 kBq (approxi-
mately 1.11–2.22 pmol) tritiated oligosaccharide (dried in a PCR
tube), 10 µl 0.6% (w/v) polysaccharide in 200 mM succinate buf-
fer (Na+, pH 5.5) and 10 µl of enzyme extract. After 24 h incuba-
tion at 22°C, the reaction was stopped by addition of 4 µl formic
acid. Half the volume was assayed for transglycanase products
(see next paragraph; Franková and Fry, 2015) and half was anal-
ysed for 3H-labelled hydrolysis products by TLC (Franková and
Fry, 2011b). A control sample contained all components except
the polysaccharide donor substrate. If this sample is positive, it
indicates the presence of naturally occurring polysaccharides,
co-extracted with the enzymes, serving as competing donor
substrates. However, our collection of enzyme extracts gave
only negligible (E. fluviatile) or no (all charophytes) ‘activity’ in
these control assays (Figure S3), thus excluding false scoring of
apparent transglycosylation on the intended (exogenous) donor
substrate. Another control with both donor and acceptor and
heat-inactivated enzyme (100°C, 15 min) was also assayed as a
check for non-enzymatic trapping of acceptor within the
polysaccharide matrix.

The 3H-labelled polysaccharide products were separated from
unreacted oligosaccharides by one of three methods (Franková
and Fry, 2020). Transglycanase assays with [3H]XXXGol as accep-
tor substrate were based on binding of the polymeric reaction
products to filter paper (filter paper affinity method) or on the
reducing solubility of dried polymeric radioactive products in a
solvent that dissolves oligomers (glass fibre bulk washing
method; Franková and Fry, 2015). The latter method was also used
when [3H]Xyl6-ol was the putative acceptor substrate. In assays
with [3H]Man6-ol as acceptor substrate, reaction products were
subjected to TLC on Merck silica-gel ‘60’ TLC plates developed in
propan-1-ol/methanol/water (PMW, 2:1:1, one ascent) or in butan-
1-ol/acetic acid/water (BAW, 2:1:1 three ascents). Dry TLC plates
were assayed by fluorography, radioisotope-scan profiling or scin-
tillation counting. The error bars represent three to four technical
replicates (n = 3–4) � SE.

Transglycosidase (exo-)activity assays

The reaction mixture contained 7.5 µl enzyme extract plus 2.5 µl of
a model oligosaccharide substrate (final concentration 1.4–
1.5 mM). After 24 h incubation at 22°C the reaction was stopped
with 2 µl formic acid. An aliquot (2 µl; approximately 3 µg) was
dried on a silica TLC plate, developed in BAW (2:1:1, three
ascents) and stained for sugars (dipping in 0.5% thymol in 5% sul-
phuric acid and 96% ethanol; visualisation by 10-min heating at
105°C).

Radioisotope detection

Dry filter papers were soaked in approximately 2 ml Gold Star ‘O’
liquid scintillation cocktail and assayed for 3H in a liquid scintilla-
tion counter.

Radioactive products separated by TLC were quantitatively pro-
filed by 1-h counting in a LabLogic AR2000 radioactivity scanner
(http://www.lablogic.com/). In the trans-β-mannanase assays, a 1-
cm segment centred on the origin was cut off the plate and
assayed by scintillation counting. Qualitative documentation of
radioactive bands, with optimal resolution, was achieved by fluo-
rography: TLC plates were dipped through 7% (w/v) 2,5-
diphenyloxazole in diethyl ether and exposed to pre-flashed film
at −80°C. After fluorography, the scintillant was removed by gen-
tle 2-h washing in toluene (with two changes), and the plate was
dried and stained with thymol.

Microscopy

Non-fixed algal specimens were observed on a Nikon Eclipse E600
microscope and photographed with a Leica camera using Leica
LAS AF software. In-situ detection of transglycanase action on
native algal walls was performed by using fluorescently tagged
acceptor substrate (XXXGol-SR). Water-washed algal specimens
were incubated in fresh algal culture medium containing 5 µM
XXXGol-SR for 12 h and then rinsed with ethanol/formic acid/wa-
ter (1:1:1; two times for 15 min), followed by a series of 10–100%
ethanol (10 min each). The fluorescence was visualised with a flu-
orescence microscope (Leica DM2000 LED) and with a confocal
laser-scanning microscope (Leica TCS-SP8; excitation wavelength
488 nm, emission wavelength 560 nm).
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D.R. et al. (2015) Hetero-trans-β-glucanase, an enzyme unique to Equise-

tum plants, functionalizes cellulose. The Plant Journal, 83, 753–769.
Simmons, T.J., Uhrin, D., Gregson, T., Murray, L., Sadler, I.H. & Fry, S.C.

(2013) An unexpectedly lichenase-stable hexasaccharide from cereal,

horsetail and lichen mixed-linkage β-glucans (MLGs): implications for

MLG subunit distribution. Phytochemistry, 95, 322–332.
Sørensen, I., Pettolino, F.A., Bacic, A., Ralph, J., Lu, F., O’Neill, M.A. et al.

(2011) The charophycean green algae provide insights into the early ori-

gins of plant cell walls. The Plant Journal, 68, 201–211.
Sørensen, I., Pettolino, F.A., Wilson, S.M., Doblin, M.S., Johansen, B.O.,

Bacic, A. et al. (2008) Mixed-linkage (1→3), (1→4)-β-D-glucan is not

unique to the Poales and is an abundant component of Equisetum

arvense cell walls. The Plant Journal, 54, 510–521.
Thompson, J.E. & Fry, S.C. (1997) Trimming and solubilization of xyloglu-

can after deposition in the walls of cultured rose cells. Journal of Experi-

mental Botany, 48, 297–305.
Thompson, J.E. & Fry, S.C. (2001) Restructuring of wall-bound xyloglucan

by transglycosylation in living plant cells. The Plant Journal, 26, 23–34.
Timme, R.E., Bachvaroff, T.R. & Delwiche, C.F. (2012) Broad phylogenomic

sampling and the sister lineage of land plants. PLoS One, 7, e29696.

Turmel, M., Otis, C. & Lemieux, C. (2006) The chloroplast genome sequence

of Chara vulgaris sheds new light into the closest green algal relatives of

land plants. Molecular Biology and Evolution, 23, 1324–1338.
Usov, A.I. (2011) Chapter 4 – Polysaccharides of the red algae. Advances in

Carbohydrate Chemistry and Biochemistry, 65, 115–217.
Van Sandt, V.S.T., Stieperaere, H., Guisez, Y., Verbelen, J.-P. & Vissenberg,

K. (2007) XET activity is found near sites of growth and cell elongation in

bryophytes and some green algae: new insights into the evolution of pri-

mary cell wall elongation. Annals of Botany, 99, 39–51.
Varner, J.E. & Lin, L.S. (1989) Plant cell wall architecture. Cell, 56, 231–239.
Vissenberg, K., Martinez-Vilchez, I.M., Verbelen, J.P., Miller, J.G. & Fry, S.C.

(2000) In vivo colocalization of xyloglucan endotransglycosylase activity

and its donor substrate in the elongation zone of arabidopsis roots. The

Plant Cell, 12, 1229–1237.

© 2021 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2021), doi: 10.1111/tpj.15500
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