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Abstract

More than 500 million years agplantterrestrialization was the most significant event for life
onland,aswe know it today The common ancestor of all land plants colonised the land from
the freshwater habitat and had to cope with a variety of abiotic and biotic stressors to ensure
survival. This required various adaptations, including chaofjg cell wall.

While much is known about the cell walls of seed plants, there is a significant ¢fa@ in
knowledge a the cell walls of streptophyte algae and sgan@ducing langlants.To expand

this knowledge, the cell walls of severstreptophyteagae Chara spp.), bryophytes
(Anthoceros agrestiandPhyscomitrium pateng)nd fernsRsilotum nudum, Salvinispp. and
Ceratopteris richard) were isolated and characterized in this wdm using gas
chromatography, mass spectrometry, photometry and immunocytoclyenisialytical
investigations revealed thdet main polysaccharide classes of the cell walls of seed plants were
alsopresentin the cell walls of the speciaesvestigated although there were differences in
quantity and structure within the subclass&gpitopes of the pectic polysaccharides
homogalacturonaandrhamnogalacturonahand of the hemicelluloseylans and xyloglucans

were alsadetectedoy antibodies directed against glycan epitopes via indirect enligkes
immunosorbent assays.

In addition to polysaccharides, cell wall glycoproteiaspeciallyarabinogalactaproteins
(AGPs), are also part of the cell wdh. this work, these glycoproteins, if present, were also
isolated and characterized in the different species. The search for these AGPs in the cell walls
of the Charalesmembers demonstrated that only the galactan core structure of pyranosidic
1,3, 1,6 and 1,3,6galactose (Ga) known from seed plant AGPs was found, but not the
connection of the carbohydrate and the profeant via hydroxyproline. Furthermorethe
branched galactans were charaetsti by a unique feature: higimountsof the unusual
monosaccharidd-O-methyl Gal.

In all investigated land plant species, AGPs were present. In contrast to seed plant AGPs, the
galactan core structure of the AGPs of bryophytes and ferns contained lower amounts of 1,6
linked Gap, indicating highly branched, shorter side chains. Within the bryophytes, a hornwort
AGP was isolated for the first time and revealed an unukiBd-Galp branching point
Furthermore, differences were determined with regard to the terminal resichggssperm

AGPs contain mainly 1;6nked and terminal furanosidic arabinose (Aneesidues, which was
comparablen the moss AGBf PhyscomitriumIn AnthoceroAGP, tAraf residues dominated

and were accompanied by low amounts of pyranosidiatand 1,3Araf. The AGP of the
eusporangiate ferfAsilotumexhibited mainly 1,3inked Ard and both{Ara residues, but these

in an equal ratio and thus resembled A®BP isolated from a lycophytdn contrast, all
leptosporangiate ferns were characterized bylidked Ard and tAraf. All AGPs of the
analysed species had in common that they contained end groups with rhRtme)sad/or

the unusuaB-O-methylatedRha, which is not part of angiosperm cell waks principal
componentanalysis of AGPlinkage structure®ver the streptophyte lineage revealed that
angiosperm AGParehighly conservedwhereasAGPs of bryophytes and ferssiow much

more vareties.







Zusammenfassung

Vor mehr als 50Millionen Jahren war der Landgang der Pflanzen das bedeutsamste Ereignis
fur Leben an Land, wie wir es heute kennen. Der gemeinsame Vorfahre aller Landpflanzen
siedelte aus dem SuR3wasser auf das Land tber und musste mit einer Vielzahl von abiotischen
und biotischen Bessoren umgehen, um das Uberleben zu sichern. Dies erforderte verschiedene
Anpassungen, die auch die Veranderung der Zellwand umfasste. Wahrend schon viel Gber die
Zellwande von Samenpflanzen bekannt ist, gibt es jedoch eine erhebliche Widsetber

die Zellwande von streptophytischen Algen und sp@meduzierenden Landpflanzennl)
dieses Wissen zu erweitemurden in dieser Arbeit digellwande von mehremAlgen(Chara

spp.) Bryophyten (Anthoceros agrestisind Physcomitriumpaten$ und Farnen(Psilotum
nudum Salvinia spp. und Ceratopteris richard)) isoliert und mit Hilfe von
Gaschromatographie, Massenspektrometrie, Photometrie und dbenunchemie
charakterisiert. Analytische  Untersuchungen  zeigten, dass die  wichtigsten
Polysaccharidlassen der Zellwande von Samenpflanzen auch in den Zellwanden der
untersuchten Arten vorkommen, allerdings Unterschiede in Menge und Aufbau innerhalb der
Subklassen aufweisen.Epitope der PektinPolysaccharide Homogalacturonan und
Rhamnogalacturonah sowie die der Hemicellulosen Xylane und Xylogane wurden
aulBerdem mit Antikdrpern, die gegen Glykanepitope gerichtet sind, Uber indiekyent
Immunoassay nachgewiesen

Neben den Polysacchariden sind auch Zellw@iykoproteing insbesondere
ArabinogalaktarProteine (AGB), Teil der Zellwand. In dieserArbeit wurden diese
Glykoproteine, sofern vorhandeausallen untersuchten Arten isoliert und charakterisi2ie.

Suche nach diesen AGPs zeigte in den ZellwandeQlaralesMitglieder, dass nuraksaus
Samenpflanzen bekannte GalakRiickgratauspyranosidischet,3-, 1,6 und 1,3,6Galaktose

(Galp) gefunden wurde, nicht aber die Verbindung des Kohlenhyaingtdes Pratinteils Gber
Hydroxyprolin. Au3erdemzeichneen sichdie verzweigten Galaktane durch ein einzigartiges
Merkmal aus: einen hohen Gehalt der ungewohnlick@A\dethylgalaktose

In allen untersuchten Landpflanzenarten waren AGPs vorhamddgbegensatzu den AGPs

der Samenpflanzen enthielt das GalakRirtkgrat der AGPs von Bryophyten und Farnen
geringe Mengen af,6- verknupfterGalp, was auf stark verzweigtkilrzere Seitenketten
hindeutet.

Innerhalb der Bryophyten wurde zum ersten Mal ein HmosAGP isoliert dasseine
ungewodhnlicle 1,3,4Galp Verknipfung aufwiesAulerdem wurden kterschiedebei den
terminalen Restefflesestelt. AngiospermemAGPs enthalten hauptsachli¢hranosidische
1,5verknupfe und terminale ArabinosReste(Araf), was im MoosAGP vonPhyscomitrium
vergleichbar warlm AGP vonAnthocerosdominierte tAraf, die mit geringen Mengen an
pyranosidischerAra und 1,3Araf einhergingenDasAGP des eusporangiaten FaRslotum

wies hauptséachlicii,3-verknipfte Ar& und beide HAra-Resteauf, allerdingsim gleichen
Verhdaltnis und &hneltedamit dem aus einem Lycophyten isolemt AGR Alle
leptosporangiaten Farwearendagegerdurchl,2-verkipfte Ard und tAraf gekennzeichnet

Allen AGPs der untersuchten Artamar gemeinsam, dass sie Endgruppen mit rRfmase
und/oder der ungewohnlicheé8iO-Methylrhamnose enthielten, das den Zellwéanden von
Angiospermen kht vorkommt Eine Hauptkomponentefinalyse der AGP
Verknupfungsstrukturen Gber die Streptophytéme ergab, dass die AGPs der Angiospermen
hoch konseriert sind wahrend dieAGPsderBryophyten und Fameineviel grof3ere Vielfalt
aufwiesen
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Introduction

The Terrestrialization and the Evolution of Land Plants

Theterrestrializatiorwas one of the most significant events in the evolution of plants. More
than 500 million years ago (mya), the first plant organisms successfully conquered the land and
land plants, the embryopleg, emergedFurstJansenet al, 2020; Domozych & Bagdan,
2022).

It is assumed that the latest common ancestor of the embryophytes evolved from the
streptophyte algae. These belong, together with the embryophytes, to the streptophytes (Delaux
et al, 2019). Approximately 1200 725 mya, thegreen lineagesplit into two clades: the
chlorophytes and the streptophytes (Fig. 1; Fiasiseret al, 2020). The most streptophyte
algae first colonized fresh water until the common ancestor of land plants ventured onto land.
These algae are separated into the ldwanching KCMgrade (Klebsormidiophyceae,
Chlorokybophyceae and Mesostigmatophyceae) and the Highweching ZCGgrade
(Zygnematophyceae, Coleochaetophyceae and Charophyceae). The latest common ancestor of
all embryophytes is phylogenetically most closely relatedeaZjgnematophyceae (de Vries

& Archibald, 2018; Fursflanseret al, 2020).

The embryophytes can be divided into vascular andvasoular plants (Harriet al, 2022).

Around 470 mya, the newascular plants, the bryophytes, evolved, which can be further
subdivded into hornworts, liverwortand mosses/fanget al, 2022) The vascular plants, can

be separated into spebearing or seetlearing plants. The spebearing vascular plants,
which include thdycophytesand ferns, emerged around 440 mya and 400 mya (Pires & Dolan,
2012). The first seed plants, which can be further isudetl into gymnosperms and
angiosperms, emerged around 310 mya, with the latter evolving around 180 mya and
representing the fruibearing plants (Dehoet al, 2019). To date, more than 370,000 species

of embryophytes have been discovered (Hatril, 2022).

Before this biodiversity could develogrrestrializatiorrequired enormous adaptations to the
environment conditions on land. The greatest challenges included abiotic stressors such as
drought, dehydration, unfiltered UV radiation, and fluctuating temperature changes (Popper
al., 2011; de Vries & Archibalt, 2018; Becker al, 2020; Fursfanseret al, 2020;Harris et

al., 2023.

These adaptations are particularly evident on a morphological, physiological, and molecular
level (Beckert al, 2020) and are thus also reflected in the plant cell wall. This also needed to
change to cope successfully with these new environmental conditions (de Vries & Archibalt,
2018).
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Figure 1.Phylogenetidree of thegreen lireage(accordingo Delauxet al, 2019). KCM: Klebsormidiophyceae,
ChlorokybophyceaeéMesostigmatophycea@CC: Zygnematophyceae, ColeochaetophyceaeGiratophyceae

The Plant Cell Wall

The plant cell wall is a complex, highly dynamic and polysacchaiithe construct that
surrounds everyplant cell Popperet al, 201) and is important in all stages of plant
morphology, growth, and developméherouxet al, 2013a).

These cell walls mainly provide the cell with stabilization and protection against external
influences, such as pressure differences or infections by pathogens @aaskaf009). In
addition, cells can communicate with neighboring cells beyond the cell walls, for example to
deal more rapidly with changing environmental circumstances. Thus, the cell wall not only
defines the cell in its structure, but also plays a crueialin its survival (Schellest al, 2007).

The first wall between two cells after mitosis is the middle lamella, a thin pedtinayer.
Afterwards, the primary wall is built, in some cases supplemented by a secondary cell wall.
The primary cell wall is ubiquitous in every plant cell and is only- @Q um thick and consists
mainly of polysaccharides and cell wall proteins (Popper, 2008).

The main polysaccharides are cellulose, hemicelluloses and pectins. The cellulose is preferably
present in microfibrils that are crebsked with hemicelluloses. This creieked network is

embedded in a matrix of pectin.




Cell wall proteins are also part of this architecture. The hydroxypraltheglycoproteins
(HRGPs) represent one of the major groups. These proteins can be subdivided in three classes,
which are characterized by their glycosylation pattern: arabinogalpotteins (AGPS),
extensins (EXT and prolinerich proteins (PRPs). Glycosylation decreases in these groups
from 90 % to 50 to marginally glycosylated (Johnsenal., 2018).

The different components of the cell wall are summarized and described in detail in the result
chapter of the review "The cell wall of liverworts and hornworts" (see chautethe results

It should be taken into account that the composition of the cell walls can vary greatly depending
not only on the species, organ or tissue, but also on the cell wall type (&aaka2009; Smith

et al, 2017).

In addition to the primary wall mentioned above, there is sometimes also a secondary wall,
which is a layer on top of the primary wall as soon as it has completed its growth. This type of
wall is generally found in wood tissue, increases the stabilitysaredgth of the cells during
growth and tends to have a hydrophobic character due to lignin incorporation (Popper, 2006;
Sgrenseet al, 2010).

Arabinogalactan-proteins

AGPs are cell wall glycoproteins that belong to the HRGPs (see above). These glycoproteins
consist of a protein and a carbohydrate part and are structurally represented by the most
commonl y ac chelpotsesdo niiow an ot dbteal (1983), médified byhEdiet al

(2010), which is shown in Figure 2A. AGPs can be classified in classical, hybrid and chimeric.
The protein of classical AGPs consists of @ekminus, 100 150 amino acids and, in some
AGPs, a hydrophobic-®&rminal glycosylphosphatidylinositol (GPI)&ror (Youlet al, 1998;

Seifert & Roberts, 2007; Met al, 2018). Hybrid AGPs show motifs of AGPs and additionally
other HRGPmotifs (Classeret al, 2005) and chimeric AGPs show in additison-HRGP

protein domains (Showalter & Basu, 2016). In AGPs, the protein content accounts I0r 2

% of the total molecule and is rich in the amino acids proline (P), alanine (A), serine (S) and
threonine (T; Showalteet al, 2010). Within the sequence, the occurrence of characteristic
dipeptide motifs of AP, PA, SP, TP as well as of valine and glycine followed by proline (VP
and GP) is common (Showalter & Basu, 2016). The protein part is mostly covalently linked to
the carlohydrate moiety via hydroxypliae (Hyp), which is postranslationally modified from

proline by prolyl 4hdroxylase (P4H; Seifert & Roberts, 2007; Seifettal, 2021). The
polysaccharide part mainly contains the monosaccharides Ara and Gal and is classified as type
Il arabinogalactan (AG@l) due to the linkage patterns of these monosaccharides €EMik,

2010). These AGI moieties consist mainly of a pyranosidic 4,3,6 and 1,3,6galactose




(Galp) core structure, to which are attached mostly furanosidic arabinodgr@sidues, which
occur terminally, 1,3 or 1,5linked (Fig. 2B). In addition, some minor pyranosidic
monosaccharides like rhamnose (Bhducose (Fup) or glucuronic acid (Glcp) are also

present as terminal end groups (Showalter & Basu, 2016).

plasma

cell wall membrane  _ cytoplasm

GPl-anchor

Figure 2. Structural proposal of AGPA.: AGP localization in the cell wall, attached to the plasma memlwiane
GPl-anchoraccording toYoul et al (1998) ancEllis et al (2010).B: Detailed view of thaglycan part of AGPs
according tcClasseret al (2000) andRuprechtet al (2017).

The synthesis of AGPs takes place in the endoplasmic reticulum (ER) and the Golgi apparatus,
wherebythe transport of AGPs to the cell wall and the plasma membrane is transparted
Golgi vesicles (Youkt al, 1998).In addition to the hydroxylation of Hyp by P4H (mentioned
above), glycosylation of the glycan part by glycosyltransferases (GT) also occurs post
translationally (Maet al, 2018). The GTs belong to different GT families, which are
categorized in the carbohydraetive enzymes database (CAZy; www.cazy.org). To date, only

a few GTs involved in AGP biosynthesis have been characterized. These include, for example,

members of the GT 29 and GT31 family, which are responsible for galactosylation, GT14




members for glucuronosylation and GT77 members for arabinosyl@lmwalter & Basu,
2016).

Furthermore, this A@lycan part is essential for the various functions of AGPs. To name only
a few, they are involved in somatic embryogenesis, cell division and growth, pattern formation,
xylem differentiation, pollen tube formation, plant microbe intBoms and programmed cell
death (Seifert & Roberts, 2007; Maal, 2018).

The Investigated Plants

More than 1200 750 mya, thegreen lineagedivided into chlorophytes and streptophytes
(FurstJanseret al, 2020) The streptophytes, in turn, can be classified in streptophyte algae
and embryophytes, the land plants. Thus, all extant land plants are sister to these algae (de Vries
& Archibald, 2018).

To get more information about the latest common ancestor of all land plants, it is necessary to
study both the streptophyte algae and the land plants to gain a complete picture of its
development and evolution.

Therefore, in this work, both streptophyte algae as well as bryophytes and ferns were
investigated in order to obtain a wide spectrum of plants that live both in water and on land.

1. Streptophyte Algae

The streptophyte algae belong to the green algae and grow mainly in freshwater or terrestrial
environments (Furslanseret al, 2020). Phylogenetically, these algae can be classified into
six classes, separated into two grades, the lwaerching KCMgrade and the higher
branching ZCGgrade, mentioned above (de Vries & Archibald, 2018).

It is generally accepted that the latest common ancestor of all land plants originated from the
ZCC-grade, but it has long been discussed to which class of these three the latest common
ancestor belongs (Becker & Marin, 2009). Phylogenetic studies haveleteth this
understanding, leading to the conclusion that the common ancestor is most closely related to
the Zygnematophyceae.

Previously, it was thought to belong to the Charophyceae, mainly due to their more complex
morphological structure and multicellularity (Kaedlal, 2001; McCourtt al, 2004).

Cell walls of a member of the Zygnematophyceae have been analysed in the working group and
confirmed presence of AGlikke molecules (Pfeifeet al,, 2022). To characterize the cell walls

of members of the Charophyceae and to search@®ts in this group, three further species of

this class were investigated.




Chara globularis, Chara subspinosa, Chara tomentosa

The genuharabelongs to the streptophyte algae and mastisg are found in ponds, lakes

or streams (Arbeitsgruppe Characeen Deutschlands, 2016). These macrophytic algae have in
common a complex structure with an apical growth, which resembles that of horsetails. This
thallus consists of nodes, internoda®d rhizoids for anchoring in the soil. Additionally, side
branches extend from the nodes (Fig. 3A; Arbeitsgruppe Characeen Deutschlands, 2016). Each
node bears a whole of branchlets, which has beltg. cThe gametangia are located at these

bract cells (Fig. 3ASchneideret al, 2016. In case of a dioeciouShara species either the

oogonium or the antheridium is situated ther

A RN branchlet
A

'} upperand lower

row of stipulodes e W
Node / ~. spin cell ST
1l ‘ d N
Internod i) cortex U7 o
ernode | YU/TIA J
/ A
tylacanthous
R,
BRI,
: oogonium T)'“"“Z.I
Side branch 2 X171
antheridium ‘ e »'
RN
Whole of branchlets LA A
bract cell aulacanthous
Rhizoids

Chara globularis Chara subspinosa Chara tomentosa

Figure 3. Morphologicalfeaturesof the genusChara A: Schematic illustration of th€haraindividual with a
detailed view of the node, the cortex and the gametangia (according to SclateadleP016; Arbeitsgruppe
Characeen Deutschlands, 2016; Urbaniak ¥ka, 2014)B: lllustrations of the individuals (images based on
Urbaniak & GNbka, 2014).




Stipulodes are attached to the internodes below each node. The cortex of the internodes is very
characteristic for differer@haraspecies, as this can be classified according to the arrangement
of cortical cell rows, their ratio tthe whole of branchlets, and thepination. If the number of

the cortical celfows is equal to the number of the branchlets, the cortex is haplostichous. If the
cortical cell rows are twice or three times as high, it is calledrdriplostichous. The cortical

cell rows can also be divided into primary and secondary rows. Asasoboth are equally
prominent, the cortex is isostichous, otherwise restechous. If the primary cortex is more
prominent and covered with spin cells, the cortex is called tylacanthous, if the secondary cortex
iIs more dominant, but the spin cells are covered at the primary rows, it is aulacanthous
(Arbeitsgruppe Characedbeutschlands2016 Schneideret al, 2016).In addition to the
cortex, there are other features to disting@slara species, like the stipulodes, the spin cells

or the branchlet structures.

The streptophyte alga€hara globularis THuILL., Chara subspinoseRuPR. and Chara
tomentosaL. belong to this genu€hara and are members of the family Characeae
(Arbeitsgruppe Characeen Deutschlands, 200l&se individuals are shown in Figure 3B and

their features are summarized in Table 1.




Table 1. Characteristideatures of the investigaté&haraspp*

Chara globularis Chara subspinosa Chara tomentosa
cosmopolitan, mainly

Distribution northern hemisphere  mainly Central Europe,

fresh water and brackis  Scandinavia, Russia cosmopolitan
water
_ olive to dark.g_reen; up dark green tcgrey|§h green toreddishbrown:
Habitus to 120 cmhighly green 50/ 70 cm; . )
25/ 200 cm antletike,
branched branched
Sex monoecious monoecious dioecious
o triplostichous dlplostlch)_us strongly dipolistichous
Cortfication : ; heterosticbusand
commonlyisosticlous tylacantlous
aulacanthous
Shoot diametel 03114 mm 1i1.2 mm 2i3mm
mostlyin pairs grow'in solitary or2i 3in
: . the opposite direction
Spin cells without o bunchesbroad at the
with different lengths base tapering to a i
located in thdurrows clapering P
. . arranged in two rows,
. arranged in two rows, arranged in two rows
Stipulodes . > uppersmostlymore
either warty omabsent spiky and short . .
intensivedeveloped
Number of , : ”
brarchlets 619 7110 617
. : 41 5 corticated cells
1i 6 corticated cells 516 cortlcatedt;_ells followed by 1 2
Branchlet followedby 2i 3 . .
followed by 2 3 . ecorticated cells (one is
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2. Bryophytes

The common ancestor of all extant bryophytes evolved around 470 mya (Mbaiis2018).

Beside the angiosperms, the bryophytes contain the second greatest diversity of species with
around 20,000 species and can be classified into hornworts, liverworts and mosses. The mosses
are the most numerous group with 30 orders and approxinte8)00 species, followed by

the liverworts with 15 orders and approx. 7,000 species and finally the hornworts with 5 orders
and 215 specie$\(anget al,, 2023.

Phylogenetically, there is increasing support for the monophyly of bryophytes with hornworts
sister to the liverworts and the mosses. Liverworts and mosses were classified as setaphytes due
to the formation of a seta (Zhamgal, 2020; Wanget al,, 2022).

Similar to all embryophytes, the bryophytes reproduce within a life cycle that is divided into
two alternating multicellular generations: the haploid gametophyte and the diploid sporophyte
(Pires & Dolan, 2012). However, only within the bryophytes, theggaphyte is the dominant
generation and determines the phenotype. The diploid sporophyte is partially or completely
dependent on the gametophyte (Frangedatkad, 2021).

Bryophytes represent the only clade of the embryophytes without vascular tissues and
nevertheless colonize a wide variety of habitats today. In addition to moist areas and forests,
the habitats also include deserts, tropics, and the Antardigettset al, 2019;Roig-Oliver

et al, 2021;Wanget al, 2023. Their enormous adaptability qualifies them as excellent and

indispensable candidates for the evolutiorsingy of cell walls.

Anthoceros agrestis

Figure 4. Anthoceros agrestidA: Individual illustration (according to Szévényat al, 2015) B: Gametophyte
cells with a single chloroplast (Frangedagisal, 2021)




Anthoceros agrestisPATON is a hornwort of the genusAnthoceros of the family
Anthocerotaceae (Fig. 4A). The namfethoceroSis derived from the Greek, where "Anthos"
means flower and "Ceras" refers to horn. It is an annual species that is widespread in northern
areas (Frangedaket al., 2021).

The gametophyte is thallous, monoecious with embedded antheridia and archegonia, and forms
unicellular rhizoids. These are rddkte structures that resemble the root hairs of angiosperms.
However, their main function is to anchor in the soil rather thaabsorb water and nutrients
(Wanget al, 2022).

Anthoceros agrestisan be symbiotic with fungi (the arbuscular mycorrhizal fungi, AMF) as
well as with endophytic cyanobacteria, which primarily belong to the geast®oc These N

fixing bacteria are found in swalled mucilage clefts, which are twell epidermal cavities

filled with mucilage Frangedakiset al, 2021) While symbiosis with AMF is widespread
among land plants, sudtiostocsymbiosis isonly found in a few representatives, one of the
bestknown examples being that wigeollafiliculoides(Li et al, 2018).

In addition, the cells of the gametophyte have a special feature: they have only one single
chloroplast per cell, which is equipped with a pyrenoid. These pyrenoids are compartments that
can accommodate a mechanism for concentration carbon (Fig. éBalLi2020; Frangedakis

et al, 2021).

The gametophyte is attached to the elongated sporoplaydebasal meristem. The sporophyte
grows upwards as a horn, giving the hornwort its name. The sporangium, in which the spores
are formed, is located in the horn. Pseudoelaters are involved in spore dispersal (Rehzaglia
al., 2017; Frangedakiset al, 2021). In addition, the sporophytes contain stomata which,
however, differ morphologically and physiologically from those of the tracheophybes.
example, he opening andlosing of the stomata canrw controlled by the C&&concentration

or the availability of water. Their function is not primarily to optimize photosynthetic
performance or prevent desiccation, but rather to ensure a certain degree of desiccation of the
sporophyte to improve spore dispersal (Frangedslas, 2021; Wanget al, 2022).

Anthoceros agrestis nowadays a model organism as the hornwort is easy to cultivate, has a
small size and can be propagated vegetatively (Sz6eéayj 2015; Frangedakit al, 2021).
Therefore Anthoceros agrestis suitable for studying various biological processes and is also
an interesting organism to study cell wall composition in the context of evolution of the cell
wall. In addition, the genomes @éinthoceros agrestiand those of two relative#\thoceros
angustusand Anthoceros punctatyishave been published and offer further insights into the
genusAnthocerodLi et al, 2020; Zhanget al, 2020)

10



Physcomitrium patens

A

Figure 5. Physcomitrium patensA: Individual illustration. B: Gametophore with a mature sporophyte. Scales
barel 1 mm (according to Lanet al, 2018 and Rensingt al, 2020).

Physcomitrium paten@HeEbpw.) BRUCH & SCHRIMP. is a moss of the gendrunarialesof the

family Funariaceae (Fig. 5A). The moss is native to Europe, North America and East Asia and
prefers to grow in moist habitats at low or moderate elevations (Restsathg2020).

A distinctive feature in the developmentRifyscomitriums the multicellular protonema. This

IS a tip growing filament that develops from the spore. The protonema generates buds that grow
into a leafy gametophore. It consists of a short, mostly unbranched stem and oval leaf like
structures, which are also el phyllids, and rhizoids (Rensieg al, 2020; Yeet al, 2022).

The moss is monoecious, because of the development of male and female gametangia on the
same gametophore (Cove, 2001).

The sporophyte is connected to the gametophore apex by a foot structure and further consists
of a seta, which ends in a single globular capsule bearing a thin cap, the calyptra (Fig. 5B). The
spores develop inside this capsule. In addition, the sporoghgtpiipped with stomata, but

these are only controlled by a single guard cell (Ligreire., 2012; Rensingt al, 2020).
Physcomitriums one otthe model organisms of the n@ascular plants. It is used for a variety

of evolutionary developmental studies (Renss@l, 2020; Yadawet al, 2023). In addition,

Physcomitriunwas the first seedless plant which genome was sequenced (Retreding008.
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3. Ferns

— Equisetidae .
— Psilotales -------- Psilotum S,
© £
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~ |~ Marattiidae — Ophioglossales z
— Osmundales
—— Polypodiidae —

— Hymenophyllales
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— Salviniales -------- Salvinia 8
Gy
— Cyatheales -
— Polypodiales ------ Ceratopteris

Figure 6. Phylogenetic tree of ferns, includirgitegorisation into eusporangiate and leptosporangiate ferns and
classification of theénvestigated fern geneRsilotum SalviniaandCeratopteris(according taPryeret al, 2004
andNitta et al, 2022).

Ferns are the second most diverse group of vascular plants and contain around 12,000 species.
Ferns colonize a wide variety of habitats and ecesyst(Marchantet al, 2022). The
phylogenetic tree of ferns is shown in Figure 6.

Around 400 mya, the common ancestors of ferns evolved and with them, among other
developments, the formation of "true" leaves, which can also be found in the extant seed plants
(Pyrer et al, 2004). These megaphyllous leaves are structurally more complex than the
microphylls of thelycophytes(Leroux et al, 2013a). Due to this similarity, ferns and seed
plants are classified as "euphyllophytes” (Pwteal, 2004). Ferns can in turn be subdivided

into eusporangiate and leptosporangiate species. ThesdifEedepends on the structure of the
sporangia walls. The sporangium wall of eusporangiate ferns consists of two or more layers,
while that of leptosporangiates has only one layer (Popper, 2006).

The main differences between ferns and seed plants are the spore dispersal and the life cycle of
ferns. Whereas in ferns both generations are almost completely independent of each other and
autotrophic, the gametophyte of seed plants is completely depgesrdéme sporophyte, does

not form a divisiomactive meristem and is greatly reduced in size. In these plants, the
sporophyte is responsible for the growth and development of the individual, in which it mainly
forms pluripotent apical meristems (Gestcal, 2022).

Phylogenetically, the ferns are sistested plants and are therefore very important in the study

of cell wall evolution of land plants (Delaet al, 2019; Fangt al, 2022).
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Psilotum nudum

Figure 7. Psilotum nudumA: Indi lustration
barel 1.0 cm.

Psilotum nudungL.) BEAuV. is an eusporangiate fern of the geRggotumand a member of

the family Psilotaceae (Fig. 7A). This family contains only the two geRsiitum and
Tmsipteris(G a meta@l, 2019).The fern is perennial and native to tropical, subtropical and
rocky landscapes or occurs epiphytically (Brownsey & Lovis, 1987; Chesiala 2020). In

India and Hawaiifor exampleparts of this fern are used medicinally tahwounds or against
diarrheaValavanet al, 2016). The phenotype Bkilotumdiffers from most other ferns in that
Psilotumlacks leaves. tead, this fern morphologically consists of a shoot and an underground
rhizome part.

The aerial section resembles a stem and is highly forked, from which the common name whisk
fern originates, which is typicdbr this genus (Valavaet al, 2016; Chernovat al, 2020).

The branched shoots contain tiny enations, which are-bkaleppendages. Located above
these enations are the synangia (Fig. 7B). Tlhese from the fusion of three neighboring
sporangia and contain tisep o r e s et(@lG2019 The rhizome bears rhizoids and can be
symbiotic with myetaly209)i zal fungi ( Gamec

Due to its ferdike and reduced appearanésijlotumi s often call ed Al i vi
et al, 2020). Phylogenetically, the extant individuals belong to a clade, which is separated from
all other fern species by the first split within the ferns (Nsttal, 2022) Psilotumis therefore

also of interest for evolutionary research on the cell wall.
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Salviniax molesta, Salvinia auriculata, Salvinia cucullata, Salvinia natans

Figure 8. Salviniax molestaA: Individuals(Muelleret al,, 2023) B: Floating frondswith whisk-like hairs(Image
by K. Mueller) Scales barg¢ 0.5 cm.

Salvinia x molestaD.S. MITCHELL is a species of the gen&alvinia and belongs to the
leptosporangiate, freoating ferns. This fern is a member of the family Salviniaceae (Fig.
8A). It is native to Brazil and has now been introduced to many tropical and subtropical
countries around the world. Its habitat is mainly water surfaces of calm and still waters, slow
flowing rivers or canals (Forno & Harley, 1979; Room, 1985; Oliver, 199gret al, 2004,
Nagalingumet al, 2006; Letermet al, 2008).

Morphologically, the floating fern consists of a horizontal shoot axis that is attached to each
node with three fronds, two floating fronds and one water frond, which is dissected (Miranda
& Schwartsburd, 2016). The roots are absent; the function is talemby the water frond
(Room, 1983).

The two floating fronds are oval and have a circumference’ & &¢m. On the adaxial side of

the frond, which is directed towards the atmosphere, there are characteristic hairs, which are
explained in more detail later in this section. The abaxial, waténg side of the frond, on the

other hand, has simple hairs.

Each frond is divided into two lobes byamnella and is dissected up to a third. The fronds are
arranged in a heart shape at the base 8BgMiranda & Schwartsburd, 2019).

The water frond, on the other hand, is submerged. It is brownish, highly branched and covered
with simple hairs. It is filamentous and can grow up to 24 cm long (Miranda & Schwartsburd,
2016; 2019).

The sorophores, which are arranged in spikes, are attached to the base of these fronds. The sori
are ovoid (Mitchell & Thomas, 1972; Miranda & Schwartsburd, 2019).

The hairs on the upper side of the floating fronds are a very characteristic and striking feature
of this fern. They have a special shape that resembles a whisk and consist of a long papilla and

four trichomes (Fig8B; McFarland, 2004). The four trichomes are located above the papilla
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and are sticked together at the tip. This hair tip is hydrophilic, but the inner body shows a
hydrophobic character, which encloses air. The fronds gain buoyancy, which protects them
from sinking. This is also known as th@&dlviniaeffect” (Barthlottet al, 2009; 2010; Ensikat

et al, 2010; Miranda & Schwartsburd, 2019).

This airenveloping and aiholding effect, even in turbulent flows, could be used in the future
for the design of artificial surfaces such as ship coatingsfrietion fluid transport or heat
insulating interfaces (Barthlogt al, 2010).

This whisklike hair shape was discover@d three othelSalviniaspecies:S. auriculata, S.

biloba and S. herzogii Due to this unique characteristic, these four floating ferns form the
Salviniaauriculatacomplex among th8alviniaspecies (Mitchell & Thomas, 1972).

Salviniax molestacan go through three stages of development. In the primary stage, short and
flat floating fronds (up to 1.5 cm in width) are formed. The internodes are relatively long in
relation to the fronds. In the secondary state, these fronds still grow flat oratidresurface,

up to 2 cm, and form a boat shape. The internodes are still relatively long. In the final stage, the
tertiary state, a mat of individuals spread out. The floating fronds have reached a size of up to
6 cm in width, protruding for the most p&tom the water surface and overlapping each other.
The internodes are short (Mitchell & Thomas, 1972; George & Jothi, 2015). The three stages
of growth are shown in Figu@for illustration.

Salviniax molestadiffers from the otheSalviniaauriculatacomplex species in the way it
reproduces. Reproduction is only vegetative through distribution of the nodes (Mitchell &
Thomas, 1972; Room, 1983; Miranda & Schwartsburd, 2019). This fern is not capable of
developing mature spores (Loyer & Grewal, 1966rnep 1983; Miranda & Schwartsburd,
2016).The sorophores at the base of the frond each have a sorus. These contain the sporangia,
which, however, are mostly hollow inside (Mitchell & Thomas, 1972; Forno, 1988erQli
1993).Based on this, it is postulated ti&dlviniax molestaoriginated as a hybrid from two

other Salvinia species, most likely due to the inheritance of the whisk hairs from two
species of th&alviniaauriculatacomplex (Mitchell & Thomas, 1972; Forno, 1983).

Vegetative reproduction has a very high growth rate, which is exponential (Mitchell & Tur,
1975). It has been shown that growth can double in mass in 2.2 to 4 days under optimal
conditions (Mitchell & Tur, 1975; Cary & Weerts, 1983he growth is so massive, rite

and competitive that it can have a negative impact on the environment and is therefore referred
to as a plague in many countries (Mitchell & Tur, 1975). The species has been included in the
"100 of the World's Worst Invage Alien Species” lissince 2013 and still is today (Motitsoe,
2020).
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Figure 9.

Developmental stages S&lvinia
X molesta

A, D, G: primary stage;

B, E, H: secondary stage;

C, F, |: tertiary stage;

J: primary (p), secondary (s)
tertiary (t) stage.

Images by K. Mueller.

Scales bat 1cm
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Identification of Salviniax molesta

Due to the close growing location 8alviniax molestato anotherSalviniaspeciesSalvinia

natans the close relationship of thf®alvinia species belonging to th®alviniaauriculata
complex andhe morphological special characteristics of these floating ferns, this species was
identified (Fig.10A-J).

The investigated species consists of two floating fronds and one water frond, which arise from
the node on the horizontal shoot axis (Ri@D,G). The roots are absent.

The sorophores are embedded in the water frond and are arranged in spikes witbr@apedg

sori (Fig.10F). The sporangia contained therein are hollow (Edi-J).

The shoot axis, the underside of the floating fronds, the water fronds and the sorophores bear
multicellular simple hairs (FigLOE).

The floating fronds show whislike hairs on the upside. These consist of a protruding papilla

bearing four trichomes, which in turn are stickegether at the tip (Fig.0A-C).

Two identification keys (described Mitchell & Thomas, 1972; Miranda & Schwartsburd,

2019) were used to determine the three species &alviniaauriculatacomplex.

The fronds of thes8alviniaspecies are very similar and differ only in size in the tertiary stage

or in the length of the incision on the middle lamella. Howewsr this is development
dependent, the structure of the sorophores and the sori were also examined, which can be used
to determine major macroscopic distinguishing features.

The sorophores dalvinia auriculataare umbelkhaped and the sori are globose, whereas in
Salvinia biloba these are arranged in racemes, but the sori are ovalSasviniax molesta

In Salvinia herzogii however, the sorophores are also arranged in spikes, Sevimia x

molesta and the sori are also oval. However, the spikeSaifinia herzogii are highly

constricted.

The morphological differentiation from the specBzgvinia natanshowever, is determined by

the characteristic hairs on the floating fronds. These are not-sheged irSalvinia natans
There are three to four trichomes on the top of a papillahbae are not sticked together. This
means that the plant species under investigation cannot be assi§aédrta natangBarthlott

et al, 2009). Based on the morphological identification and the additional exclusion of close
relatives andalviniaspecis close to the location, the species investightebeen identified

asSalviniax molesta
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Figure 10. Identification ofSalviniax molesta A: floating fronds with whiskshaped trichome®, C: whisk-
shaped trichomed$): submerged organ&: multicellular trichomes of the water fronH; sorophores(: plant
individuum; H, I, J: sporangiaN: node; MT: multicellular trichomes; Pa: papilla; S: sorophores; St: Stem; Sp:
Sporangium/Sporangia; WhT whiskaped trichomes; FF: floating fronds; WF: water frond; FS: frond stalkes.
Images by K. Mueller.
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Molesta type Cuculltatype Natans type

Figure 11. Electron micrographs of three trichome typeSalvinia assigned to the investigat&alviniaspecies
(according to Barthlotet al,, 2009and Gomezt al, 2023. A: Image ofS.auriculata B: Image ofS. cucullata
C: Image ofS. minimaScales bat 200um.

The floating fern$alvinia auriculataAusL., Salvinia cucullat&RoxB. andSalvinia natangL.)

ALL. also belong to the Salviniales and the family Salviniaceae.

Salvinia auriculatais originally from Central and South America, especially Bré&dllvinia
cucullatais also found in Brazil, as it was imported from its native India and cultivated there.
Salvinia natanson the other hand, is widespread in Europe, including Germany, and East Asia
(Herzog, 1934; Miranda & Schwartsburd, 2016; 2019).

The basic structure of the three otBatviniaspeciesorresponds to that &alviniax molesta

each fern consists of a horizontal shoot axis, which is linked to two floating fronds and a
dissected water frond at each node. Also here, the water frond replaces the role and function of
the root, as these are also abskhtanda & Schwartsburd, 2019).

However, there are differences in macroscoigatures The floating fronds ofSalvinia
auriculataareheartshaped at the base and slightly emarginated at the tip. These can get up to
3 cm long. There are adaxially fod#te hairs, which are typical of th®alviniaauriculata
complex (Fig.11A), and abaxially simple hairs. The sorophores are arranged in umbels and the
sori are globose. (Miranda & Schwartsburd, 2016).

In Salvinia cucullatathe floating fronds only reach a length of up to 1 cm. These fronds are
rounded at the tip and truncate at the base. The hair system on the upper side of the frond
consists of only one hair on the papilla (FidBL The underside is bar8alvinia cucullata

lacks sorophores and thus also the sori (Miranda & Schwartsburd, 2019).

The floating fronds ofSalvinia natansin contrast, are spread out flat on the water surface,
truncate at the tip with a length up to 1.4 cm. On the upper side of the frond, there are hump
shaped papillae, each with three to four hairs, which are free at the tip 1E)g.Abaxially,

the fronds are coveretith simple hairs. The sorophores each bea8 8lobular sori (Herzog,

1934; Barthlotet al, 2009).
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Ceratopteris richardii

Figure 12. Ceratopteris richardiindividuals.A: Fertil stageB: Buds on a withered fron:: Development of a
sterile to a fertile stage (Muellet al, 2023). Images A and B by K. Mueller. Scalesbdr.0 cm.

Ceratopteris richardiBRONGN. is a species of the genGgratopterisand belongs to the family
Pteridaceae (Fig.2A-C). The annual fern is native to the Caribbean and West Africa, in
tropical to subtropical areas. It grows in both aquatic and-aqmatic habitats, such as rivers

or rice fields (Hickoket al, 1995; Banks, 1999; Kinosian & Wolf, 2022).

The phenotype dEeratopteris richardiis characterized by roots, a short rhizome, a shoot axis,
and fronds (Lerout al, 2013a). The fronds differ considerably in the sterile and fertile state
(Fig. 12A,C). While in the sterile stage the fronds are dsltaped to ovatlnceolate and with
dissected pinnadhe fertile fronds only have this frond structure in the bottom area. During
development, these transform into a linear to lanceolate, unpaired pinnate frond with rolled
margins. These enclose theoggngia, which form a false indusium. The sori are absent. The
number of spores per sporangium is 16, which is atypical for leptosporangiate ferns with 64
sporeqLloyd, 1974, Hickoket al, 1995, Kinosian & Wolf, 2022).

In addition,Ceratopteriscan reproduce vegetatively by forming buds in the axils of the pinnae
(Figure PB). These fronds often with@Hickok et al, 1995).

Besides the use @eratopterisas an aquarium plant or as food in Southeast Asian countries,
Ceratopteriggained the greatepbpularity as a model organism for studying various biological
processes as the-salled "GFern" (Hickoket al, 1995; Banks, 1999).

Advantages as a model organism are the short life cycle of about 120 days, the simple
cultivation in the laboratory or greenhouse, the abundant spore production and the fact that the
sporophyte and the gametophyte are independent of each other andnddini¢hegenerations

can thus be studied separately (Hicletlal, 1987).

Thus, Ceratopterisis ideal for biological studies, such as developmental biology and sex
determination, apogamy, hybridization, reproductive barriers and genetic and transgenetic
studies (Kingian & Wolf, 2022).These studies will be supported by elucidation of the
Ceratopterisgenome (Marchardt al, 2022).

20



Aim of this Work

More than 500 mya ago, the common ancestor of all land plants colonised land. During this
process, abiotic and biotic stressors affected this ancestor, resulting in essential adaptations to
the new habitat. This also involved changes in the cell wall.

While the cell wall structure and its components of seed plants have beariealy studied

and charactered, knowledge on the cell wall composition of algae and spa@ucing plants

is still limited.

In order to fill this gap, this work analyses the cell walls of streptophyte algae, bryophytes and
ferns in the evolutionary context. Thereby, the occurrence and evolutionary development of
unusualmethylated monosaccharides in polysaccharides of cell walls of algae and spore
producing plants is of special interest. In addition to polysaccharides, the cell wall also consists
of glycoproteins, like arabinogalactpnoteins (AGPs). The presence of AGRsalgae was
previously only demonstrateda antibody bhding to epitopes of the polysaccharide moiety
with the disadvantage of possible crosactivities of these antibodies. To date, isolation of an
AGP-like molecule was only successful from one streptophyte alga and detected an altered
rhamnogalactaproten (Pfeiferet al, 2022).

In addition, no AGP has ever been isolated from a hornwort, thus this and the comparison with
moss and liverwort AGPs provide further insights into the evolution of AGPs.

These investigations have been completed by AGP isolation and chasdicterfrom cell

walls of different ferns. To elucidate differences in the fine structure, a eusporangiate fern was
analysed besides leptosporangiate ferns. Furthermore, aquatic ferns andagusgimifern

were used to compare the isolated AGPs with presly isolated AGPs from terrestrial ferns.

For additional information about the cell wall of the latest common ancestor of all land plants,
it is essential to study the cell wall of algae as well as those of land plants. Thus, this work
contributes to a clearer picture of the cell wall compositiefore and after colonisation of

land, thus supporting the understanding of cell wall evolution.

Furthermore, the decoding of cell wall modifications caused by adaptations of the aquatic
habitat to extreme dry environments provides knowledge how plants might adapt to drought

that will accompany climate change through targeted genetic cell wall naddifis.
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ABSTRACT

Streptophyte algae are the closest relatives to land plants; their latest common ancestor
performed the most drastic adaptation in plant evolution around 500 million years ago: the
conquest of land. Besides other adaptations, this step required charejesatl composition.
Current knowledge on the cell walls of streptophyte algae and especially on the presence of
arabinogalactaproteins (AGPs), important signaling molecules in all land plants, is limited.
To get deeper insights into the cell wallstkptophyte algae, especially in Charophyceae, we
performed sequential cell wall extractions of fdtinara species. The three speci€hara
globulariss, Chara subspinosaand Chara tomentosarevealed comparable cell wall
compositions, with pectins, xylans and xyloglucans, whe@asra asperastood out with

higher amounts of uronic acids in the pectic fractions and lack of reactivity with antibodies
binding to xylan and xyloglucan epitopes. Search for AGPs in the @haraspecies and in
Nitellopsis obtusaevealed the presence of galactans with pyranosidic galactose,id,5;3

and 1,3,8inkage, which are typical galactan motifs in land plant AGPs. A unique feature of
these branched galactans was high portions@in3ethylgalactose. Onlfitellopsiscontained
substantial amounts of arabinogebioinformatic search for prolyd-hydroxylases, involved

in the biosynthesis of AGPs, revealed one possible functional sequence in the geGbara of
braunii, but no hydroxyproline could be detected in the fGhara species or iNitellopsis

obtusa We conclude that AGPs that is typical for land plants are absent, at least in these

members of the Charophyceae.
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INTRODUCTION

More than 500 million years ago (mya), one of the most significant events for life on Earth
occurred: plant terrestrialization (Domozych & Bagdan, 2022). Land plants (bryophytes,
lycophytes, ferns, gymnosperms, and angiosperms) descended from a cominancaisfar

that would be classified (if alive today) as a member of the streptophyte algae (Bowman, 2022).
Extant streptophyte algae are divided into two grades: the domeching KCMgrade
(Klebsormidiophyceae, Chlorokybophyceae and Mesostigmatophyeaeak)the higher
branching ZC&grade (Zygnematophyceae, Coleochaetophyceae and Charophyceae; de Vries
& Archibald, 2018).The genuharais an important part of the natural aquatic ecosystems,
commonly beneficial to lakes and ponds by providing food and cover to wildlife (DiTomaso &
Kyser et al, 2013).Due to the morphological complexity of the Charophyceae, it was first
assumed that these streptophyte algae were the closest relatives of extant land plants
(Domozych & Bagdan, 2022). However, recent phglogmic studies have shown thand

plants evolved from algal ancestors most closely related to extant Zygnematophyceae
(Domozych & Bagdan, 2022; Leebekkack et al, 2019; Wicketet al, 2014). This group of
streptophyte algae isfurther classified in a recently proposedfder system of Desmidiales,
Spirogyrales, Zygnematales, Serritaeniales and Spirogloealesdi-ds2022).

To cope with life on land, the terrestrial algal species had to adapt to enormous changes in the
environment, such as UV radiation and drought. This also meant that the cell wall needed to
adapt by changing its composition (Harhettal, 2016). The plant cell wall is generally a
highly dynamic system consisting mainly of polysaccharides and cell wall proteins. It has many
essential functions, such as mechanical stability and protection against abiotic and biotic
stressors (Silvat al, 2020). The main pgsaccharides of spermatophyte cell walls include
cellulose, pectins, hemicelluloses and lignin. Hemicelluloses are-lanksd in a highly
branched network of cellulose microfibrils, which are embedded in a matrix of pectins
(Sgrenseret al, 2011). Important cell wall proteins are hydroxyprolireh glycoproteins
(HRGPs). These comprise arabinogalagiesteins (AGPs), prolineich proteins (PRPs) and
extensins (EXT; Johnsaet al, 2018), differing mainly in their carbohydrate moiety. While the
glycanpart is about 90% in AGPs, it is about 50% in EXT. In PRPs, the protein part is only
marginally glycosylated (Johnsem al, 2018).

The AG moiety of AGPs consists of arabinogalactans type 1l (AG II) with 1aY-B-)-
galactan core structure carryiigl Y-B-D-galactanside chains at position-6. These side
chains are ddmfandathes monasactharides, likkha,L-Fuc orb-GlcAp
(Kitazawa et al, 2013) AGs in AGPs are covalently linked to the protein moieigy
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hydroxyproline (Hyp). The hydroxylation of Pro to Hyp is ptsinslationally catalyzed by
prolyl-4-hydroxylase (P4H; Seifedt al, 2021).

Additionally, a glycosylphosphatidylinositol (GPanchor can be attached at thée@minal

side, which connects the AGP to the plasma membrane (8ihal, 2020). There are
descriptions of AGPs as periplasmic calcium capacitors proposing AGPs as being important
partners in calcium signalling (Lamport and Varnai, 2013; Lamport, 2023). Even if it is not yet
fully explained how the signal transmission of AG&ises place, the periplasmic localization
facilitates this process. AGPs of seed plants show mameyse functions, which include cell
growth, pattern formation, salind droughtolerance, ceitell communication or adhesiveness

(for review, see Mat al,, 2018; Marerkt al, 2018; Leszczukt al, 2023; Seifert & Roberts,
2007). Because of these functions, AGPs are ideal candidates for molecules that are essential
for life on land and may, therefore, have evolved in the last common ancestor of all
streptophytes. Ferns and bryophyte have the ggmeral AGP structure as known from seed
plants, but Bows unique variations in the carbohydrate part, e.g. the presence®-of 3
methylrhamnose as terminal monosaccharide (Baetels, 2017; Bartels & Classen, 2017; Fu

et al, 2007; Muelleret al, 2023). Whether AGPs (i.e. typical protein backbones with typical
glycosylation) are present in the different algae lineages is still questionable. Based on
bioinformatics screenings of transcriptomes, protein backbones of AGPs have been identified
in brown, red and green algae (Johnsoal, 2014). Furthermore, AGP glycan epitopes have
been detected by monoclonal antibodies in broMeryéet al. 2016; Raimundet al, 2016)

and green akge, including some streptophyte algae (Esteal, 2008; Estevert al, 2008;
Estevezt al, 2009; Domozyclet al, 2009; Palacid6pezet al, 2019;Permanret al, 2021a,
2021b:P S e r @tvak RO81;Ruiz-May et al, 2018;Sgrensert al, 2011). Nevertheless, it
remains open whether epitopes are linked to the characteristic protein backbones.

To the best of our knowledge, no AGPs similar to the ones in land plants have been isolated
from streptophyte algae to date. Closely related rhamnogalpattains (RGPs) are present in

the cell walls ofSpirogyra pratensisa member of the Zygnematophyceae (Pfatel., 2022).

These RGPs reveal typical AGP features like a-Hglp protein moiety covalently bound to

1,3, 1,6 and 1,3,dinked galactans and the ability to precipitate with Yariv's reagent.
Interestingly, there is a nearly complete reptaent of arabinose by rhamnose at the periphery

of these RGPs, leading to a less hydrophilic surface, which may be connected with different
functions in the freshwater habitat (Pfeigtial., 2022). To continue the search for evolutionary
roots of AGPs or AGHike molecules in streptophytes, we searched for these glycoproteins in
four Charaspecies (Charophyceae). As hydroxylation of proline is the basi3-fycosidic
linkage between proteimnd carbohydrate moiety in AGPs, we also performed a bionafie
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search for P4Hs. The work is complemented by sequential extract@ivacdicell walls to get
insights into the general cell wall polysaccharide composition of this genus. The results broaden
our general understanding of cell walls of the higher branching streptophyte algae and further

enlighten the process of cell wall evolutiivam algae to land plants.

RESULTS

Sequential extraction of polysaccharide fractions fronCharaspp. cell walls

We examined fourChara species to investigate their cell wall compositions. Sequential
extraction of the plant material with water (AE), ammonioxalate [NH4]2C>04) and
hydrochloric acid (HCI), as well as sodium carbonade.COs) and potassium hydroxide
(KOH), resulted in a watesoluble, two pectic and two hemicellulosic fractions. The yields of
the different fractions varied between 0.2% and 21.2% of the dry plant material (Table S2). The
high yield of thg(NH4).C>Oa4fraction ofChara asperg21.2%) wa striking and indicated huge

amounts of pectins in this species.

Pectic fractions ofCharaspp. cell walls

The monosaccharide compositions of the pectic fractions are shown in Tables 1, S3A and S3B
and Figure 1As expected, the two pectic fractions showed the highest amounts of uronic acids.
In the (NH4)2C204 fractions, the content reached 33% to 60Rthe dry fraction material and
decreased in the HCI fractions of all investigaBraspp. (Table 1). In contrast to the other
Chara species, the uronic acid content@n asperawas the highest, with over 60% in the
(NH4)2C204 and almost 40% in the HCI fractioThe dominant neutral monosaccharide in both
fractions was Glc, with 25 to 66% (Tables S3A and S3B). In the HCI fractions, the content was
approximately doubled €. globularisand C. subspinosaompared to the corresponding
(NH4)2C204 fractions. It cannot be excluded that at least part of the Glc derived from
coextracted starch. Other monosaccharides, like Rha, Gal and Ara present in
rhamnogalacturonah(RG-I) or Xyl part of xylogalacturonan (XG), were also detected in these
fractions.High amounts oKyl, especially inC. tomentosand substantial amounts of Fuc and

Man in all fractions indicate that further polysaccharides besides pectins are present in these
fractions. A very unusual feature, present mainly in(Mid).C>O4 fractions, is 30-MeGal,
especially prominent i€. aspera

To confirm the presence of pectins, the antibody LM19 raised agaiesterified HG epitopes
(Verhertbruggeret al, 2009b) was tested for binding affinity to tfldH4)>C>04 fractions

(Figure 1), which revealed comparable amounts of unesterified HG @hafl species. The
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antibody INRA-RU2, which recognizes the RIGbackbone Raletet al, 2010)showed no
affinity to the(NH4).C>0O4 and the AE_AP fractions of altharaspecies (Figure S2).

Table 1.Colorimetric determination of the content of uronic acids in the different cell wall fradtmmslifferent
Charaspeciesn % (w w3).

C. aspera C. globularis C. subspinose C. tomentosa

AE 5.8 3.4 3.6 4.2
(NH4)2C204 60.6 £1.7 331+12 509+25 42841
HCI 394 £85 7.1 8.2 11.3
NaCOs 7.6 4.8 6.3 10.0
KOH 6.0 7.1 53 6.1

Hemicellulosic fractions ofChara spp. cell walls

Glc was dominating the sodium carbonate fractions (Table S3C) with 59% to 80%. All other
monosaccharides were present in amounts less than 10% (except 12.7%Xghientoss
indicating the occurrence of mainly glucans in these fractions.

The KOH fractions (Table S3d) was dominated by Xyl and Glc, accompanied by Man. In all
species, Xyl and Glc accounted for a minimal of 80% of the neutral monosaccharides, while
the ratio of Xyl: Glc varied. AgairC. asperavas stood out, with a very low Xyl content in this
fraction. The occurrence of xylan and xyloglucan was supported by ELISA with the antibodies
LM10 and LM15. These antibodies detect the epitopes of the rmd u c i ng ebrDd o f
xylan (LM10; McCartneyet al, 2005; Ruprechet al, 2017), as well as the XXX@notif of
xyloglucan (LM15; Marcuset al, 2008; Pederseet al, 2012). The highest absorption with
both antibodies was detectable @ globularis followed byC. tomentosandC. subspinosa

C. asperaevealed no binding to one of these antibodies.
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Figure 1. Monosaccharide composition of different cell wall fractions ({NE>Os, HCI, N&COs, KOH) from
the streptophyte alga€. aspera C. globularis, C.subspinosaand C. tomentosa.(a) Relative neutral
monosaccharide composition determined by gas chromatography (GC; % mil (bplAbsolute content of
uronic acids determined by colorimetric assay (hofudry fraction weight). (c) Reactivity @haraspp. fractions
with antibodiesvia ELISA after 40 min in the concentration 12.5 ug™ni(NH4).C204: LM19; KOH: LM10,
LM15).
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Search for AGPs inCharaspp. cell walls

Watersoluble polysaccharides were precipitated with ethanol 80% (AE¢@rgisted mainly

of Gal (including 30-MeGal) and Glc (Table S4A). The amounts of uronic acids in AE were
quantified photometrically and varied between 3.4% and 5.8% (Table 1). In preliminary
experiments, precipitation of AE with Yariv's reagent yielded no A monosaccharide
composition.The precipitate was had a similar composition as AE, with only a slight increase
in Gal content (data not shown). Therefore, we used enzymatic treatments to purify putative
AGPs, which might be present in AE in verymoi amounts. As starch and some pectins might
have been coextracted withthese AGP ke gal actan structures, we
amylase and pectinase, precipitated the remaining polysaccharides with ethanol 80% and
dialyzed the precipitates t@move residual monar oligosaccharides (Table S4B). These
treatments led to a decrease in Glc and an increase in Gal content in all species (compare Tables
S4A and S4B). Comparable to itidH4).C>04 fraction, the highest amount ofG-MeGal, with

19.3%,was found inC. asperaThe monosaccharides Rha, Fuc, Xyl and Man were distributed

in quite similar quantities, between 7.5%4.6.5%, in all investigate@haraspecies, whereas

the amounts of Ara were relatively low (2.2064.0%). Compared to the differe@hara

speciesN. obtusawas richer in Rha and Ara. To detect uronic acids, samples were carboxy
reduced by the use of sodium borodeuteride. There were only slight increases in Gal and Glc
(compare Tables S4B and 2). The mass spectra showed deuteagtadrfts deriving from

GIcA and, to a lesser extent, from GalA.

Table 2. Neutral monosaccharide composition of dialyzed watdnble polysaccharides, pneated with
amylase and pectinase after reduction of uronic acids (AE_AP_UR) difterentCharaspeciesandNitellopsis
obtusain % (mol mol?. tr: trace value < 1%

Neutral C. aspera C. globularis C. subspinos: C. tomentosa Aé\l' gbtuig
monc AE_AP_UR AE_AP UR AE_AP UR AE AP UR /‘-purfied AF_
. N N _ _ UR
saccharide n=3 n=3 n=3 n=3 n=3
Rha 12.6 £0.1 10.7 £0.2 13.7+0.2 10.0+0.2 18.6 +0.3
3-O-MeFuc - - 1.9 +£0.1 - -
Fuc 87+0.0 141+0.1 87+02 11601 6.4 +£0.0
Ara 2.1 +0.1 3.7 £0.1 23 +0.1 2.1 +0.1 144 £0.1
Xyl 6.7 +04 8.6 +0.1 9.7+0.0 128+0.8 5.1+0.0
Man 9.0 £0.1 9.9 £0.1 10.7 £0.2 128 +0.2 8.0 £0.2
3-O-MeGal 21.3 £0.3 8.1+0.2 10.1 +0.1 4.7 +£0.2 25 +0.0
Gal 183 +0.2 224+02 20204 16.7+0.1 26.8 £ 0.0
Glc 21.3+0.7 225+0.2 227+02 29304 18.2 +0.1
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Gel diffusion assay

A typical feature of AGPs is the porglecogylpi t at
Yariv-r eagent (bGlcY). A gel diffusion assay p
in the sample. If AGPs are included, a red precipitation line will appear between the sample and

t he b GI ceYal,(1979).arhekwatesoluble fractions (AE) of alCharaspecies showed

no Yariv precipitation, but after enzymatic treatment, wgdcipitation lines were observed

for all Chara species but not foNitellopsis obtusaanother member of the Charophyceae
(Figure S3).

Structure elucidation

The purified aqueous extracts (AE_AP, see
f ract i o@haraspeciesfandal. dbtusavere subjected to linkaggpe analysis (Table

3) to gain insight into the polysaccharides presentp @althe main monosaccharide was
present as terminal residue (1.8%.4%), in 1,3linkage (6.7% 13.6%), 1,6linkage (5.1%

41.6%) and 1,3;finkage (4.5% 13.2%). Interestingly, these are the typical Gal linkage types
present in land plant AGPs. To identify the lgle types of ®-MeGal, permethylation was
carried out by using IMlz. Mass spectra (GMS after acetylation) clearly revealed that some

of the terminal and also H/hked Gap residues are present a®3VieGal in the norreduced
samples. Typical AGP linkage types of Ateerminal and 1,8inked Ara) in higher amounts

were present only ilN. obtusaAE_AP. All samples and especially that lf obtusawere

further characterized by high amounts of-lirdked Rha, accompanied by small amourtdk

other linkage types of this monosaccharide. Further components of the samples were Glc/GIcA,
Fuc and Xyl as terminal residues and further linkage tgpdsesoxyhexoses (Rha and/or Fuc)

and hexoses (Man and GlIc). The mass spectrum of terminal Glc in the uronic acid reduced
sample clearly showed additional m/z +2 in the primary fragments containing the original
carboxyl group at C6. These deuterated fragnesvealed the presence of GIcA in the native
sample. The peak of Hexp also contained small amounts of deuterated fragments, thus

revealing the presence of 1GhIA or 1,4GIcA (same retention time) in the native sample.
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Table 3.Linkage type analysis &E_AP from Charaspp and N. obtusan % (w w?, n=1).

C.

C.

C.

C

Mono- linkageé aspera  globularis subspinosa tomentosa N. obtusa
saccharide — type  “\r"aAp AE AP AE AP AE_AP  AE_AP
Galp 1,3,6 7.0 57 6.0 4.5 13.2
1,3 6.7 9.0 9.7 9.0 13.6
Galp/ 1,6 41.6 13.9 11.1 51 10.0
3-0-MeGap 1- 4.2 4.4 2.8 2.7 1.3
Glcp 1,3 1.0 4.1 3.7 59 2.1
1- 51 7.7 8.4 11.8 2.6
Hexp 1246 1.8 2.8 5.0 3.6 -
1,4,6 - 2.4 2.2 1.7 1.1
1,3,4 - 3.2 2.4 4.9 1.0
1,2,6 - 3.4 50 7.5 4.3
1,4 3.3 7.3 6.2 6.4 4.4
1,2 3.1 52 4.7 55 2.1
Rhap 1,2,4 - 1.0 tr tr 1.0
1,4 15.5 9.1 12.4 10.7 19.7
1,2 1.4 1.8 1.4 1.5 0.0
1- 1.9 2.3 2.6 2.2 4.0
Fug 1- 4.4 5.8 9.3 7.2 3.4
Desoxyhep 1,3,4 - 3.1 tr tr -
1,3 - 1.7 1.3 1.8 1.3
Araf 1,5 - - - - 5.6
1- 1.2 1.6 1.3 1.2 6.8
Xylp 1- 1.8 45 45 7.1 25

ELISA with antibodies directed against AG glycan epitopes

Four AE fractions were tested for binding affinities to the antibodies JIM13, KM1, LM2 and

LM6 (Figure 2) withthe aim to detect A@lycan structures.

For JIM13 (Figure 2A), the exact epitope is still under debate. It is accepted as a typical AGP

antibody, and Rha and uronic acids might be part of the epitope (Rfeiér 2022). The
t ri s acoslkApi d &¥-B-H-GalAp-( 1 Y-PH)-Rha has been shown to bind to JIM13
(Yateset al, 1996. The affinity of JIM13 to AE of alCharaspecies was strong, concentration

dependent and comparable between the species with slightly weaker binding of th€ AE of

tomentosa

The antibody KM1 (Figure 2B) detects1 Y-B-D-Galp units in AGs type |l Classeret al,
2004; Ruprechet al, 2017).LM2 (Smallwoodet al, 1996Fi gur e
wi t -b-GldAe presennim AGP$Ruprechtet al, 2017) and showed

Gapunit s

2C)

réeo-ogni zes

moderate binding properties to AE@fglobularisandC. subspinosdut very strong reactivity

with AE of C. aspera This species contains the highest amounts ofiikéd Gal (Table 3).

In contrast, the AE of. tomentosaemonstrated a weaker bindihg46 (Figure 2D) identifies
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( 1 Y-BH)-Araf oligomers in arabinans or AGPs (Verhertbruggéml, 2009a) The AE of
C.tomentosashowed weak binding to LM6, whereas the ottdvara species showed no
reactivity. Low or no affinity to this antibody is in accordance with low Ara content in the AE

of these species (Table 3).

(A) (B)
JIM13 K

by
)

4.0 GlcA1,3-GalA-1,2-Rhap

M1
§ (-1,6-Gal)n

w
o
w
&}

Eso o E3p

0D W

S 25 Q25 e
© EZO o

~20 =~

§15 815

[=] Q

310 31.0

© ©

o
I3

-0
o
&

o
o
(=]
o

10 20 30 40 50 0 10 20 30 40 50

0
concentration (in ug mL") concentration (in ug mL-")
LM2 LM6
{1,6-Gal-)3-GlcA 1,5-Araf
4 4 -
35 35
E 3 E 3]
8 8
< 25 < 2.5
g o &,
g ° o g 3
G 1.5 © 5 1.5
2 2
2 1 g o 2 1 -
[u] m -
05 ] 0.5 4 g o —8
g +r-—r-r-r-rr-r-r-r-r-r-—-r-r-r-r-r-r-r-r-r-r—-"--"" 0 r T T r v
0 10 20 30 40 50 0 10 20 30 40 50
concentration (in ug mL"") concentration (in ug mL™")
—@— C. aspera ©— C. globularis O— C. subspinosa =—©=— C. tomentosa

Figure 2. Reactivity of monoclonal antibodies with polysaccharide structures in AEs of difféhama species
determinedvia ELISA. Antibodies are directed against typical AGP glycan structures, which are briefly
symbolized above each diagram. (A) JIM13; (B) KM1; (C) LM2; (D) LM6. For epitopes of the antibodies, see
Table S1.
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Quantification of hydroxyproline
Most arabinogalactans are covalently linked to a protein backiiartbe amino acid Hyp.

According to Stegemann and Stalder (1967), the Hyp contents ©hath AE samples were
guantified photometrically. The results were striking, as Hyp was not detectable in any of the
samplesSamples (AE) o€. globularis C. subspinoseC. tomentosé&collected in Austria), as

well as fromN. obtusashowed no detectable Hyp. Therefore, the question of whether P4Hs

are present in the genome@fbrauniiarose.

Bioinformatic search for proly#i-hydroxylase

A BLAST search of the available genome dataCotrauniirevealed the presence of seven
putative P4H homologs. In a detailed analysis of the aligned sequences, the absence or presence
of relevant amino acids in the oxoglutarbieding site as well as the irdsnding region
(according to Hieta & Myllyharju, 2IR; Keskiahcet al, 2007; Koskiet al, 2007; Kosket al.,

2009) was investigated (Table S5A and S5B; Data S1). Only in two cases, all important residues
were found (GBG_70085 and GBG_85197). Ohehese protein sequences (GBG_70085)

lacks Arg® (nomenclature based d@. reinhardtii P4H), which most likely leads to the
complete inactivation of P4H activity (Koskit al, 2007). Therefore, only one sequence
(GBG_85197) was used for protein structure modeliagsSWISSMODEL (Figure 3).

The overlaid protein structures (Figure 3A) revealed overall matching topology in nearly all
parts of the molecules but showed diverging structures in the putative substrate binding channel
of C. brauniiP4H in comparison to AtP4H1 and CrP4H (see red and green boxes in Figure
3H). Some of these structural differences (Pro instead dffAgjyr instead of Ast?) are also

visible in some of the P4H sequences used for comparison (AtP4H13 and NtP4H1.2). Both
substrate chanméel |l coems a4 swlelblih Elacho3p , contain
which show a low degree of alignment (Figure-BBflanked with phylogenetically highly

conserved amino acids.
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)

(O = AtP4H1 | Arabidopsis thaliana
O = CrP4H | Chlamydomonas reinhardtii
(O =0GBG85197 | Chara braunii

( H ) Ser;g  Aspg; Glygs lleg, Trpgo His 143 ASP 149 Gly,se
Arggs l TYra0 l ASp14s j Asnis; K Argig;
[ j J I . l
CrP4H EPHYDY C
AtP4H1 KPRHBY
AtP4H2 DAHFBY
AtP4H5 VVD G EPHYDY )
AtP4H13 KP !LRKGETAETTQNY DSHYDAEHSAEYG- -PL IS
NtP4H1.2 KP LRKGETAENTKG | HsHYBARDPSQYG - - POKS
DcP4H1 EK GKS EPHFDY N
DcP4H2 KR G ENHFBF N
GBG85197 VP GLLRKGETESTKNI DARYBT NPAEYG--PQKS
B3-B4 loop BlI-BlII loop

Figure 3. Modelled protein structures dEhara braunii prolyl-4-hydroxylase (P4H) and two functionally
described P4Hs ofrabidopsis thalianaand Chlamydomonas reinhardti{A) Overlay of the three (modelled)
structures with highlighted regi-basl wbphﬁlglrleelaocsﬁu))
D) Detailed compalro8pnDétEaithed bBompati $ oopofo[{Gihe Ab
braunii P4H with functionally described P4Hs. Only the regions shown in pan@lsafepresented and relevant
amino acids are highlighted with boxes.
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DISCUSSION

Polysaccharides of Chara cell walls

Although taxonomically differences in cell wall composition become more and more defined,
knowledge on streptophyte algal cell wallsstdl limited. There is some evidence for the
occurrence of nearly all seed plant polysaccharides in streptophyte algae (Domozych & Bagdan,
2022), but recent studies are often based on immunocytochemistry. This approach has
limitations as epitopes of antbdies are not always clearly defined. Thus, isolation and
analytical characterization of cell wall polysaccharide fractions of streptophyte algae as closest
living relatives to land plants help to understand cell wall evolution during plant

terrestrializabn.

Pectin composition in Charales hints towards presence of (substituted) HGs, but absence

of RG-I

For the isolatiorof pectic fractions, we used standard procedures with chelators and hot acid
(Scheller & Ulvskov, 2010). The high amount of tthNH4)>CoO4 fraction in C. asperawas
striking, compared to the oth&hara species, which had astonishing low amounts. Since
pectins are characterized by a high content of GalA, the high amounts of uronic acids in the two
pectic fractions in alCharaspecies were not surprising, but again highe&.iasperawith

60% in the(NH4)2C204 and 40% in the HCI fraction. A€. asperais the only investigated
species which is salt tolerant (Blindow and Schutte, 2007), the involvement of pectins in
adaptation to salt wat is possible. An increase in pectins in response to this abiotic stress has
been shown for several angiosperms (Aqwehal, 2011; Corréderreiraet al, 2019; Liuet

al., 2022). High concentrations of uronic acids were also detected in four other members of the
CharophyceaeChara coralling C. vulgaris, Nitella flexilisandN. obtusa( O6 Roat alk e
2015; Popper & Fry, 2003Pfeifer et al, 2023 as well as inColeochaete scutata
(Coleochaetophyceae). In contrast, the pectic fractiorfs. pfatenss (Zygnematophyceae)
contained only low amounts of uronic acidBfgifer et al, 2023 and those of two
Klebsormidiumspecies (Klebsormidiaceae) were completely free of GalA and also GIcA
(O'Rourkeet al, 2015), thus revealing strong differences in the composition of the pectic
fractions of streptophyte cell walls.

Pectins, mainly consisting abn-esterified GalA, have been purifiesi Nitella translucens
andChara australigAnderson & King, 1961a, 1961djnmunocytochemistry witlntibodies
directed against HG (LM19, LM20, JIM5, JIM7, 2F4) supported the presence of this pectic
polysaccharide in many members of streptophyte algaeséus & Boyer, 200&der & Ltz
Meindl, 2008, 2010; Domozyddt al, 2014; Herburgeet al, 2019; Palacid.6pezet al, 2019;
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Permanret al,, 2021a, 2021b; Sgrensetal, 2011), but glycan microarray with HG antibodies
JIM5 and 2F4 also revealed strong differences. Whereas there was strong reactivity with CDTA
extracts ofChara, ColeochaeteCosmarium PeniumandNetrium no reactivity was detected

in Spirogyra KlebsormidiumandChlorokybugSgrenseet al, 2011). In contradiction to these
results, CDTA extracts @pirogyra mirabilisandMougeotia disjunctahowed strong binding,
especially to LM19 and JIM5, which both recagnHG with a low degree of esterification
(Permanret al, 2021a, 2021b)lo conclude, it seems that the presence of homogalacturonans
is an ancient feature of streptophytes, secondarily lost in some species.

In the presence of RG Rha, Gal and Ara should be detectable in the pectic fractions. Rha
accounts for over 10% of the neutral monosaccharides (iNthg)>C-O4fractions of allChara
species investigated in this study, Gal (includBr@-MeGal)is also present in higher amounts,
but the content of Ara is lowLow amounts of Ara were also verified for tllH4)2C204
fractions ofC. vulgarisand N. flexilis (O 6 R o wet &, €015) In C. australisand several
members of the Zygnematophyceae, linkagees and antibody reactivities typically
associated with Ara and Gal sidechains of-Rfere either absent or present at low levels
(Serenseret al, 2011).Isolation of pectins by oxalate followed by paper chromatography
suggested the presence of RG | only in the Jdieerging CGAN. flexilis C. vulgarisandC.
scutata( O 06 R oenal, R(5). The antibody LM5 directed against an epitope containing 1,4
linked Gal present in RGshowed weak binding to CDTA extracts fraivtougeotia disjuncta
andSpirogyra mirabiligPermanret al, 2021a, 2021b)lo conclude, the presence of R&de
chains in streptophyte algae is still not finally settled, but is moetyl#or members of the
ZCC grade.

While INRA-RU1 and 2 reactivity (recognition of the R®ackbone, Ralett al, 2010) was
shown for CDTA extracts dflougeotiaand Spirogyra(Permannret al, 2021a, 2021b), our
(NH4)2C204 fractions showed no binding (Figure S3) in any of@raraspecies investigated.
This hints to the absence of RGat least in this genus of the Charophyceae.

A special feature of all pectic fractions of the f@haraspecies was-8-MeGal, which was

also detected i€. vulgarisandC. corallina(Sgrensert al, 2011). It has been suggested that
this methylated monosacchariehéght have replaced Ara in Rf Charaspecie O6 Rour k e
et al 2015), which is contradictory to our results that propose the absencelohRthara
species

Investigations on glycosyl linkages revealed none of the characteristic sugars of RG Il (2
OMeFuc, 20MeXyl, apiose, aceric acid) in streptophyte algae (Sgrestsaly 2011). This is

in line with several other publications proposing-R@s a typical land plant feature (e.g.
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Matsunageet al, 2004; Mikkelseret al, 2014). Thereforefurther investigations are also

necessaryo clarify the evolutionary roots of RG.

Ancestral hemicellulose core structures seem to have diversified after the divergence of
Charales and all other streptophytes

Since most hemicelluloses can be extracted under alkaline conditions (Scheller & Ulvskov,
2010), two alkaline fractions (sodium carbonate and KOH) were extracted from the cell walls
of the four investigate@haraspecies. Xyl, Man, and Glc were abundant in the hemicellulose
fractions of allCharaspp., which might be part of xylans, xyloglucans and (gluco)mannans.
Striking was the low Xyl content of the KOH fraction©f aspera This is also demonstrated

by the Xyl:Glc ratio. In the othéZharaspecies, this ranges from 1.3.7:1, wherea€. aspera

shows a ratio of 1:4.6. Presence of xylans and xyloglucans in the cell w@llglobularis C.
subspinosaand C. tomentosawvas supported by ELISA with LM10 (xylans) and LM15
(xyloglucans). As the KOH fraction &. asperashowed no reactivity with the antibodies, this
species might be characterized by a lack, ocgitral modifications, of both hemicelluloses. It

has to be mentioned that110 only detects not or only slightly substituted xylans (McCartney

et al, 2005). Interestingly, the NaOH extract@fcorallinaalso showed no binding to LM10,

but bound to LM11 detecting arabinoxylans as we#irensert al, 201).

In general, there is good evidence for the presence of xylans and xyloglucans in streptophyte
algae. This is based on investigations with antibodies directed against xylan and xyloglucan
epitopes (Eder & LutMeindl, 2008; Domozyclet al, 2009; Sgrensegt al, 2011; Ikegayat

al., 2012; Mikkelsenet al, 2021; Permanret al, 2021a, 2021b), but also on structural
characterization (Ikegayat al, 2008; Sgrensent al, 2011; Mikkelsenet al, 2021) and
investigations of enzymes involved in the biosynigh@3el-Bem & Vincentz, 2010; Frankova

& Fry, 2021; Mikkelseret al, 2014; Mikkelseret al, 2021, Nishiyamat al, 2018).

The presence of fucosylated and galactosylated xyloglucans has been shl\@adi@enium
(Mikkelsen et al, 2021), underlining that these xyloglucan substitutions known from land
plants are also present, at least in some, streptophyte algae. Especially in the sodium carbonate
fractions of theCharaspecies investigated here, Gal and Fuc are present in amounts between
2.8% and 9.8%, maybe indicating fucosylated and/or galactosylated xyloglucans.

As far as mannans are concerned, there are convincing data suggesting the presence in most, if
not all, charophyte algae. These data range from results of chemical analysis of cell wall
fractions ofCharaandNitella( O 6 R oetial, RG45) to antibody profiling results (Domozych

et al, 2009; Sgrensest al, 2011). Our chemical analysis is in support of this conclusion for

CharaandNitellopsisspecies by showing relevant amounts of Man in the hemicellulosic and
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pectic fractions (Figure 1A). This is in line with the composition dat&ebsormidiumspp.,
which also showed widespread occurrence of
et al, 2015). Mannan structures, in general, have to be further investigated for defining the
occurrence as homer heteromannan, as this is currently unknown for all charophyte algae
(Frankova and Fry, 2021). Most interestingBhara Nitella and Klebsormidiumhave been
demonstrated to contain unusually high teBfmeannanase and trabskylanase activities.

These have been proposed as hemicellulose remodelling strategies alternative to xyloglucan

endotransglucosylase (XET) activity known from land plants (Frankova and Fry, 2021).

Purified aqueous extracts include unusual rhamnans and galactans

Gel diffusion assay

Detection of AGPs is possible by precipitation WittG | ¢ Y €t &l al®a2)v Although the
exact precipitation mechanism has not,3yet L
linked galactan is important for this interactidfitzawaet al, 2013; Paulseat al, 2014) In
addition, it has been proposed that high concentrations dinkgdl galactans can interfere

with the precipitation, either directly by steric hindrance (Kiyoletral, 1989) or relatively

by a shifted 1,85al to 1,3Gal ratio Kitazawaet al, 2013; Paulseat al,, 2014)

I n a radial gel di f f us i ©haraspesiassahpwed notprecipbath c Y
lines, proposing the absence of AGPs in this genus. After purification of AE by treatment with
Uamylase and pectinase (AE_AP; deletion of starch and homogalacturonan, which might have
been coextracted), thin precipitatibnes could be detected (Figure S3), possibly originating

from 1,3linked galactans and not from AGPs, as no Hyp was present (see below).

Analyses of the carbohydrate moiety

Seed plant, fern and bryophyte AGPs have been isolated from aqueous extracts (AE) rich in
Ara and Gal by precipitation wied, 204G Hapy ( Ba
& Classen, 2019; Muellest al, 2023). The AE fraction compositions of the cell walls of the
investigatedChara species differed with high Gal contents but only low amounts of Ara. AE

of Nitellopsiswas slightly different with higher amounts of Rha and Ara. AE odsperavas

striking due to the high content of uronic acidsdr 30%). Furthermore, the presence-@-3

MeGal was striking in all AE, especially @. asperaMethylation of one hydroxyyjroup of
monosaccharides is a rare modification of different carbohydrates and has been described for
some bacteria, fungi, worms, mollusasd alsoplants (for review see Staudacher, 2012

offers the possibility to modulate glycan structures, thereby leading tbinkgical activities

In plants, galactose is the most common methylated hexose (Staudacher, 2012), especially in
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algae.4-O-MeGal and 30-MeGal occur in red algae (Arakt al, 1986; Allsobrooket al,
1974; Navarro & Stortz, 2008). In cell walls ohlorophyte green algag@olysaccharides
containing3-O-MeGal, 2-O-MeRha and 30-MeRha Chlorella vulgarig or 3-O-MeRha and
3-O-MeFuc (Botryoccoccus braunjiiwere found (Allard & Casadevall, 1990; Ogawet al.,
1994; Ogaweet al, 1997). ForChlorella vulgaris it was shown tha3-O-MeGalis part of a
neutral galactan with a ratio of GéB-O-MeGalof 7.1:1 (Ogawaet al, 2001). InS. pratensis
3-O-MeGal, 2-O-MeRha and 30-MeRha were detected only in trace amoyRteiferet al,
2022).In the streptophyte algaé flaccidum, CcorallinaandC. scutate3-O-MeRha was also
identified in small amounts (Popper & Fry 2003), BsD-MeGal was not detected at all
(Popperet al, 2001).More recently, it was shown that pecting®bfvulgarisare characterized

by the presence &O-MeGal (O’Rourkeet al, 2015).Among the land plants, the cell walls
of bryophytes and ferns containC8MeRha, especially as part of AGPs (Baretsl, 2017,
Bartels & Classen, 2017; Happ & Classen, 2019, Baureaah, 2021, Muelleet al, 2023),

or RGIl (Matsunageet al, 2004), vhereas higher concentrations3aD-MeGal were detected

in the cell walls of the young leaves of both homospordysapodium Huperzia and
Diphasiastrum) and heterosporousé¢laginella lycophytes (Poppeet al, 2001). Although
only rarely, 3-O-MeGal was found in some seed plant polysaccharides as well (Barsett &
Paulsen, 1992; Hokputshal, 2004), even as part of an arabinogalagtatein (Capek, 2008).

To verify the presence of arabinogalactans, antibodies directed against arabinogalactan epitopes
present in AGPs are commonly used (e.g. JIM8, JIM13, JIM16, LM2, LM6, LM14, KM1,
MAC207). AE of allCharaspecies investigated showed comparable binding profiles in ELISA
with JIM13, LM2, LM6 and KM1. There was nearly no binding ©hara AE to LM6,
indicating lack of detectable t|iked Ara. In contrast, AE oN. obtusabound to LM6 and
structure elucidation revealed high amounts of-libfed Ara (Table 3). KA1, which
recognizes 1inked Gal, bound to AE of alharaspecies and also to AE Nf obtusa(Pfeifer

et al, 2022) thus revealing presence ot-lipked Gal. Binding of AE to JIM13 with an epitope
probably including Rha and uronic acids was comparable foCliaea species but very low

for N. obtusa(Pfeifer et al, 2022). In ELISA with LM2,C. asperareacted very strongly.
According to Ruprechet al (2017), this antibody recognizés1 Y-B-)-Galp units with

t e r mi-oaGcAp. Probably the high content of 1(&al residues in AE o. asperais
responsible for the higher affinity to this antibody. In ELISA experiments with AB.of
pratensis(Pfeiferet al, 2022), no affinity was detected for LM6 and KM1, whereas there was
strong binding to JIM13. CDTA extracts of other members of the Zygnematophyseae (
mirabilisandMougeotia sp also showed strong interaction with JIM13 (Pernmetral, 2021a,
2021b). In a glycan microarrayifierent antibodies directed against AGitepes (LM2, LM14,
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JIM8, JIM13 and MAC207) have been tested for interaction with different streptophyte algae
(Serensemet al, 2011). All antibodies (except for LM2) and especially JIM13 bound to CDTA
extracts ofC. corallina but JIM13 was the only antibody bindingSpirogyraCDTA extracts,

thus hinting at strong structural differences between the Charophyceae and Zygnematophyceae.
Several members of the Zygnematophycga®ved positive interaction with JIM{Ederet

al., 2008; Domozychet al, 2009; RuizMay et al, 2018; Palacikbopez et al, 2019).
Interestingly K. flaccidum representing thewer-branching KCMgrade, showedo reactivity

with antibodies directed against arabinogalactan epitopes (Sgedraer2011, Steineet al,

2020).

Structural analyses verified the presence of unusual galactans (Figure 4). Galactarn linkage
types typical for AGPs were present. These were detected by antibodies directed against AGPs
(see above) and weak interaction with Yariv's reagent (Kitazvaa, 2013; Paulsept al.,

2014). A special feature were high amounts-@-BleGal, present in 1;6nkage or as terminal
residue. The ratio of Gal to-G-MeGal varied (see Table 2) and was highestCQoaspera

(1:1.2). There was a shifted in the ratio of ld@mne galactan to sieghain galactans between

the speciesC. asperashows the longest :®al side chains, wheredk obtusas special due

to short 1,6inked Gal side chains. Similar galactan structures (longetirkéd Gal side

chains; lower degree of methylated Gal) have been isolated @blorella vulgaris a
unicellular member of the Chlorophyta (Ogaetaal, 2001), hinting at a shared evolutionary
origin.

Another interesting finding of linkaggpe analysis were high amounts of-fiftked Rha in

all investigated members of the Charales. To the best of our knowledge, no plant polysaccharide
with a substantial amount of tlihked Rha has been described up to now. Typical linkage
types known for Rha in seed plants are &y&d 1,2,4linked Rha residues as part of RGA

main component of the fibers extracted from the green dy@eostroma angicavand
Monostroma nitidum(Chlorophyceae) are sulfated rhamsamith 1,3 and 1,2linked Rha
residues (Liwet al, 2018; Suzuki & Terasawa, 2020) and the rhamnogakgtarin isolated

from Spirogyra pratensiss rich in 1,3linked Rha (Pfeiferet al, 2022).
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Figure 4. Partial structural proposals for galactansQifara species in the context of other algal galactan
structures. (A) Structural proposal Ghlorella vulgarisbased on the published results of Ogawal (2001).

Patterns of methylation are not shown. (B) Galactan structuidiseibpsis obtusa(C) Galactan structures of the
investigated fouCharaspecies. The structural features were inferred from the linkgmeeanalysis. The dashed

lines symbolize attachment sites for galactoses (main chain) or for other monosaccharides (side chain). Part of the
Galresidues are methylated (see Table 2 for amountssiEeGal).

Hydroxyproline seems to be absent in Charales and A&Bociated P4H activity is
guestionable

The protein backbone of classical AGPs consists di-é@rminal signal peptide, a protein
sequence rich in proline (Pro), alanine (Ala), serine (Ser), and threonine (Thr; PAST),-anda C
terminal domain (Johnsaet al, 2018). The carbohydrate moieties are covalently linked to the
protein partvia Hyp. Hydroxylation of Pro to Hyp is catalyzed by the enzyme P4H (Seifert

al., 2021).

In different studies, the occurrence of Hyp was tested in various chlorophyte algae and the
charophyte alga8. pratensisNitella sp. and\. obtusaHyp was detected in all algae, except

of the two algae genera of the Charophyceae famitgila andNitellopsis(Gotelli & Cleland,

1968; Morrisoret al, 1993; Pfeifeet al, 2022; Thompson & Preston, 1967). Our results that
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Hyp is missing in all investigate@hara species is in support of these previous results and
fosters the assumption that Hyp is absent in all members of the Charophyceae.

At the first glimpse, the finding of seven P4H homologsBLAST analysis is in contrast to

this statement. With the here presented analysis of the relevant amino acids in both catalytic
sites (comparélieta & Myllyharju, 2002; Keskiahet al, 2007; Koskiet al,, 2007; Koskiet

al., 2009) it is likely that most homologs lost their functionality for prblytiroxylation either

in general or with regard to the characteristic HRGP substrates. The substrate specificity is
highly dependent on the subd4traop asrmwdlll be
loop, which cover the tripeptide structure of the substrate. In direct comparison with various
human -8uBuHits (EP4HHII and HIF-P4H-2), it was shown that both regions have a
certain degree of flexibility (Kosket al., 2009). Numerous studies with recombinant enzyme
expression underlined the flexibility in utilized substrates (Méesail., 2021; Velasqueet

al., 2015; Vlacet al, 2010). Despite of the described activities of P4Hs on different substrates,
it is not possible to predict specificity conclusively (see Moussu & Ingram, 2023). The few
studies comparing substrate activities (Mo&tail, 2021; Velasqueet al, 2015; Vladet al,

2010) have included an AGP peptide in their analyses but also reveartRatréinhardtii

P4H this activity was not determined (Vlad al, 2010). The selected candidate sequence
GBG85197 fronC. brauniishowed overall similarity to the two P4Hs framthalianaandC.
reinhardtii (Figure 3) with various structural variations in the two flexible regions. Even though
the catalytically relevant amino acids are present (Hieta & Myllyharju, 2002; Keskiaio

2007; Koskiet al, 2007; Koskiet al, 2009), this could mean extremely different or even
lacking activity. Timminset al. (2017) performed excessive mutations (Y140F, Y140G,
W243F, W243G, Y140G/W243G) in the two investigated loops and showed inactivity,
changed regioselectivity or different substrate activity by mutation of single amino acids.
Presence of a putatively furmal P4H and lack of hydroxyproline in the biochemical assays

is explainable in different ways: (1) The occurrence of the coding gene in the genome is not
equivalent to permanent expression of a functional protein. This could be occasionally
expressear not expressed following a distinct (environmental) stimulus. (2) The P4H coding
gene could be a remnant of the least common ancestor of all Chloroplastida, which utilized the
enzyme for hydroxylation of very specialized substrates. Exemplarily, thewed in
Chlamydomonales are formed nearly exclusively by (ghproteins showin@-glycosylation

(Bollig et al, 2007; Ferriset al, 2001; Milleret al, 1972; Voigtet al, 2014; Woessner &
Goodenough, 1994;). Whether their glycosylation, showingaiities to land plant extensins
(Bollig et al, 2007), is performed (similar to embryophytes) by homologs of carbohydrate
active enzymes from the GT95, GT77 and GT47 families is questionable by looking at the work
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of Baroloet al (2020) who detected few, if any, homologs in microalgal genomes. (3) The
complex interplay of three different P4Hs (AtP4H2, AtP4H5 and AtP4H13) was shotun in
thaliana(Velasquezt al, 2015). The formation of homodimers of AtP4H5 or heterodimers of
AtP4H5 with either AtP4H2 or AtP4H13 is required for correct pepimtgline hydroxylation.

This is the case for at least extensins, but cannot be ruled out for other HRGPs. Fromahese thr
P4Hs, GBG85197 showed most similarity with AtP4H1% t ibeé | bl I oop t hus
potential inactivity in a monomeric state. All these three possible explanations are speculative
but highlight the general aim that presence or absence of P4H homologs should not be seen
equivalent to presence or absentAGPs or extensins. The latter has to be individually shown

by a combination with analytical methods as shown in this study.

CONCLUSION

Although presence of pectic polysaccharides is unquestionable and especially the cell walls of
C. asperacontain huge amounts of these polysaccharides possibly involved in salt tolerance of
this species, further investigations have to follow to elucidate the exact structural composition
and to clarify whether only homogalacturonan or alselRGeven RGII have evolutionary

roots in algae. The most prominent unusual structural features detected in the aqueous extracts
of the investigated Charales were-ligked rhamnans and 1,31,6 and 1,3,6inked partially
methylated galactans. However, these galactamme not part of AGPs. Althougine possible
functional sequence of P4H was detected in the genor@ebwaunii, no Hyp (necessary for

linkage of the galactan to the protein moiety in AGPs) was detected in any of the investigated
species. The fact that antibodies directed against AGP epitopes showed cross reactivities with
the unusual methylated galactans is a nel@i that results only based on antibodies are not
always reliable. Our work reveals strong differences of the cell walls of members of the
Chaophyceae compared to those of seed plants and even to those of the other members of the
higherbranching ZC&gradeof streptophyte algaenamely the Coleochaetophyceae and the
Zygnematophyceae. More detailed investigations of the cell walls of the different streptophyte
algal taxa are necessary to understand how these algae met the challenge of cell wall adaptation

necessary for life on tal.
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EXPERIMENTAL PROCEDURES

Plant material and sampling

The streptophyte alga€hara globularis THuILL., Chara subspinosaRuPR. and Chara
tomentosal. were <collected in June 2018 in th
(53°14'45.9"N, 14°01'54.2"E; Germanyhara asperaVNILLD. was collected in July 2021 in

the lake in Lalendorf (53°40'33.2"N, 12°26'05.9"E; Germany). All samples were cleaned with
water and freezdried (Christ Alpha ¥4 LSC, Martin Christ Gefriertrocknungsanlagen
GmbH). Preliminary experiments were carried out Wttsubspinosérom the Lunzer See and

C. tomentosandC. globularisfrom the Neusiedler See. The Austrian samples were collected
and identified by Prof. Dr Michael Schagerl and Barbara Mahnert from the Department for
Limnology and Oceanography of théniversity of Wien. Previously studied samples of
Echinacea purpuredClasseret al, 2004) andNitellopsis obtusgPfeifer et al, 2022) were
additionally used for comparison and were treated similarly toGhara samples for

experiments missing in the original publications.

Isolation of cell wall fractions

The freezedried and ground plant material was 4gpedracted two times (2 h and 21 h) with

70% acetone solution (v/v) in a 1:10/() ratio. After drying, the plant residue was extracted
with doubledistilled water (ddHO) for 21 h under constant stirring (SM 2484, Edmund Buhler
GmbH) at 4°C in a 1:10 (w/v) ratio. The aqueous extract was separated with a tincture press
(HAFICO HP 2 H, Fischer Tinkturenpressen GmbH) and the insoluble plant pellet was freeze
dried for furtter extractions (see below).

After heating the aqueous extract in a water bath (GFL 1002, LAXGPA Gesellschaft fur
Labortechnik mbH) at 90 95°C for 10 min, the denatured proteins were removed by
centrifugation (4,122, 20 min, 4°C, Heraeus Multifuge X3R, Thermo Scientific Incg. T
precipitate polysaccharides and AGHEse aqueous extract was first evaporated in a rotary
evaporator (40°C, 0,010 mbar; Laborota 4000, Heidolph Instruments GmbH & CO.) to
approximately ongenth of its volume and subsequently added to cooled ethaudtimg in a

final concentration of 80% (v/v). After incubation overnight at 4°C, the precipitate was isolated
by centrifugation (4°C, 19,008 20 min) and finally freezdried (AE).

To remove starch, approxi mat el y -ariylase +mg C
amy | ogl uc-anylase drenedspergilus oryzae EC number 3.2.1.1., 15 U mg
polysaccharide; amyloglucosidase frokspergillus niger EC number 3.2.1.3., 7 U mg
polysaccharide; both froBigmaAldrich Chemie GmbHin 50 mmol ! acetate buffer at pH

5.2, 50°C for 20 h). Subsequently, the samples were treated with pectigiseAldrich
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Chemie GmbHfrom A. niger, EC number 3.2.1.15.,¢L. mg?, for 5h, in 50 mmol I acetate

buffer at pH 5.2, 37.5°C) to cleave homogalacturonan parts. The enzymes were removed by
heating in a boiling water bath for 10 min with the following centrifugation at 19306020

min. Afterwards, the samples watmlyzed against demineralized water (4°C; 4d; MWCO 12

T 14 kDa, Viskin®, Medicell International Ltdand freezedried (AE_AP).

According to a modi éetialg2015naed Raicmdndeb dl. (202®),Rheu r k e
insoluble plant pellet after water extraction (see above) was used for the isolation of four
additional polysaccharide fractions.

The pellet wasubsequentiallgxtractedwith ammonium oxalate ((NHC204, 0.2 mol b,
hydrochloric acid (HCI, 0.01 mol}), sodium carbonate (NG&Os, 3% (w/v)) and potassium
hydroxide (KOH, 2 mol L}), each in a ratio of 1:100 (w/v) at 70°C under constant stifdng

21 h (RET basic, ETS D5, IKA.abortechnik, Staufen, Germany). The pellet and the
supernatant were separated after each extraction by centrifugt©n1@,000g, 20 min,
Heraeus Multifuge X3, Thermo Fisher Scientific Corp.

To precipitate ie NaCGQO:s fraction, the supernatant was addecdetone in a 1:.AM/V) ratio.

After incubation overnight at 4°C, the precipitated material wadissolved in ddRO in a

1:100 /V) ratio. TheKOH extract was neutralized (761 Calimatic, Knick Elektronische
Messgerate GmbH & Co. KG). All fractions wetialyzed against demineralized water (4°C,

4 d, MWCO 12 14 kDa, Visking®) and freezadried. The whole workflow is schematically

represented in Figure S1.

Analysis of monosaccharides

The neutral monosaccharide composition was determined by the method of Blaketey
(1983) with slight modifications (see Muellet al, 2023).Gas chromatography (GC) with
flame ionization detection (FID) and mass spectrom@it§) detection were used to identify
and quantify the neutral monosaccharide€: + FID: 7890B; Agilent Technologies Inc.; MS:
5977B MSD; Agilent Technologies, USA; column: Opti225; MachereyNagel GmbH &

Co. KG; 25 m, 25(um, 0.25 pm; heliunflow rate: 1 mL min; split ratio 30:1. A temperature
gradient was performed to achieve peak separation (initial temperature 200°C, subsequent
holding time of 3 min; final temperature 243°C with a gradient of 2°CYjnifihe methylated
monosaccharide-@-MeRha was identified by retention time and mass spectrum (see Happ &
Classen, 2019), -8®-MeFuc was determined using the mass spectrum and the deviating
retention time to ¥-MeRha. 30-MeGal was also quantified by mass spectrum, but
additionally, the validated method of Pfeifgral (2020) was used to distinguishkaBMeGal

from 4-O-MeGal.
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The uronic acid (UA) compounds were determined photometrically at 5Z8¥%mini-1240,
Shimadzu AG)according to the method of Blumenkrantz & Asddensen (1973), for
modifications, see Muelleat al (2023).

Carboxy-reduction of uronic acids

The method of Taylor and Conrad (1972), with slight modifications, was used to perform a
carboxyreduction of the uronic acids of the AE_AP fractions. Firstlyi, 30 mg AE_AP were
dissolved in 20 mL ddiD and 216 mg oRN-cyclohexytNG[2-(N-methylmorpholinojethyl]-
carbodiimide4-toluenesulfonate was added slowly under constant stirring. An autotitrator
(Metrohm 719 STitrino, Deutsche METHROM GmbH & Co. KG) adjusted the pH to 4.75
with 0.01 M HCI for 2 h. One to two drops ofattanol wereadded to avoid strong foaming.
Sodium borodeuteride solutions (in d€}) were added in increasing concentrations (4.0 mL
of 1 mol L' 5 mL of 2 mol L'Y; 5 mL of 4 mol LY) to carboxyreduce the uronic acids. The
autotitrator adjusted the pH to 7.00 wittV2HCI for another 2 h. After pH setting to 6.5 with
glacial acetic acid, the solutions were dialyzed for three days at 4°C against demineralized water
(MWCO 1271 14 kDa,Visking®) and freezalried.

Structural characterization of water-soluble polysaccharides

Following the method of Harrist al. (1984; see Muelleet al, 2023 for modification)s

structural characterization of the polysaccharides was performed. Potassilnylsulfinyl
carbanion (KCA) and iodomethaide (IM -dz) were added to theamples in a defined scheme

to methyl ate techeK€ampbes 1QIVM:m@®0 (2 ) mi&lD; ( 3)
KCA for 3D50mia;adzf ¢« M) 6. Aftemfollowing hydrolysis, reduction, and
acetylation, the samples were modified to permethylated alditol acetates (PMAA). These were
identified by GEGMS (i nstrumentation see above: 0Ana
Optima1701, 25 m, 250 um, 0.2m; helium flow rate: InL min; initial temperature:

170°C; hold time 2 min; rate 1°C mtuntil 210°C was achieved; rate: 30°C mhimtil 250°C

was achieved; final hold time 10in) by their retention times and comparison to a PMAA

library established in the working graup

Determination of hydroxyproline content
For Hyp quantification, the methodology of Stegemann & Stalder (1967) was used in a
modified version (see Muell@t al, 2023). The Hyp content was measured colourimetrically

at 558 nm and quantifieda a linear regression analysis with a Hyp standard.
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Indirect enzyme-linked immunosorbent assay (ELISA)

First, 96well plates (Nundmmuno® Plates, Thermo Scientific) were coated with 100 pl per
well of the sample in triplicate (concentrations in d®412.5 ug mt! for [NH4]2C204 and

KOH; 12.5 pg mLY, 25ug mL? 50 pg mL?! for AE). Afterwards, these were incubated at
37.5°C for 3 days. A negative control of dsfHwas used and treated likewise. The plates were
washed three times with 100 pl phosphate buffered saline (PE®H 7.4, 0.05% Tween®

20) per well and blocked with 200 pl of BSAdlane serum albuminl%, w/\v) in PBS per

well. After incubation at 37.5°C for 1 h, the plates were washed again three times. Following
the addition of 100 pl of primary antibody solution (INFRU2, 1:200 dilution; JIM131:40

dilution; KM1, LM2, LM6, LM10, LM15, LM19, 1:20 dilution) per well in PBS 7.4 dilution,

the plates were incubated again (1 h at 37.5°C). After washing three times again, the procedure
was repeated for the secondary antibody {antiselgG for INRA-RU2 and KM1; antirat

IgG for all other antibodies; both produced in goat and conjugated with alkaline phosphatase,
SigmaAldrich Chemie GmbH) in a ratio of 1:500 (v/v) in PBS 7.4. Subsequently, the substrate
solution ofp-nitro-phenylphosphate was added @@ well'Y). The plates were incubated at

room temperature in the dark, and the absorbance was determined at 405 nm with a plate reader
(Infinite F50 Plus, Tecan Group Ltd.) after 40 min. For visualization purposeshsioebance

of the control was set to 0 and the highest signal in the dataset was seBoitbies of the

antibodies and key references are listed in Table S1.

Gel diffusion assay

For the gel diffusion assay, an agarose gel {fi@$, 10 mmol LY; CaCk, 1 mmol L; NaCl,

0.9%w/V; agarose, 1%v/v) was used, in which several cavities were stamped in. The cavities

in the first and third rows were filled with dilutions (100 mg #iof the samples. In the second

line, the cavities left and right were filled with the positive control, AGP fiechinacea
purpurea(l0mgmbt!) , and the middle caviti @&sTheassayh t he
was incubated for 22 h in the dark. If AGPs are present in the samples, a red precipitation line

appears, as in the positivertrol.

Bioinformatic search for prolyl-4-hydroxylase (P4H)

Candidate sequences for P4Hs were obtained from the translated proteGherabraunii
(Nishiyamaet al,, 2018;https://plants.ensembl.org/Chara_braunii/Info/Indek 0) under the
use of the R package rBLAST (Hahsler & Nagar, 2019) wittAtlabidopsis thalian@®4Hs as
query sequences. AnElue of 1€ was used and the resulting candidates were aligned with
functionally described P4H sequences (Hieta & Myllyharju, 2002; Keskaahb 2007; Vlad
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et al, 2010; Velasqueet al, 2014; Yuasat al, 2005) by the use of MAFFT in-INS-i mode

(Katoh & Standley, 2013). The occurrence of relevant amino acids was evaluated in comparison
to Chlamydomonas reinhardtfP4H1. Afterwards, some sequences were modelled with the
SWISSMODEL web server (Waterhousat al, 2018) with default settings on the JIG2/A
crystal structure of. reinhardtiiP4H (Koskiet al, 2007).
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SUPPORTING INFORMATION
Table S1.Antibodies tested for binding Bharaspecies cell wall fractions AENH4)2C,04 or KOH.

Antibody Epitope Key References

INRA-RU2 [(4)-UD-GalA-(1,2)}U-L-Rha), of RG-I Raletet al (2010)

JIM13 AGP glycan, Pfeifer et al (2022);

e . go-GlcAp-( 1 Y-B)-GalAp-( 1 Y-PH)-Rha Yateset al (1996)

KM1 ( 1 Y-B-p-Galp units in AGs type I Classen et al (2004);
Ruprechtet al (2017)

LM2 ( 1 Y-B-p-Galp units with terminal ®-GIlcApin AGP Ruprecht et al (2017);
Smallwoodet al. (1996);

LM6 ( 1 Y-BH)-Araf oligomers in arabinan or AGP Verhertbruggen et al
(2009a)

LM10 Nonr educi ng ebmeaylaaf ( 1Y4) McCartney et al (2005);
Ruprechtet al (2017)

LM15 XXXG -motif of xyloglucan Marcuset al (2008);
Pederseet al (2012)

LM19 Unesterified HG Verhertbruggen et al

(2009b)

Table S2.Yields ofthe different extracts from differe@haraspeciesn % of dry plant materiag w?).

C. aspera C. globularis C. subspinosa C. tomentosa
AE 2.5 0.6 1.6 1.3
(NH4)2C204 21.2 2.3 5.9 5.0
HCI 1.9 0.3 0.2 0.7
NaeCOs 2.9 0.7 1.2 1.0
KOH 6.1 6.3 3.5 2.8

Table S3a.Neutral monosaccharide composition of the ammonium oxalate fraction)e@iBs) from different
Charaspeciesn % (mol motf. tr: trace value < 1%

C.aspera  C. globularis C. subspinosa C. tomentosa
Neutral monosaccharic  (NH4)2C204 (NH4)2C204 (NH4)2C204 (NH4)2C204
n=3 n=3 n=3 n=3

3-O-MeRha tr tr tr tr

Rha 17.2 £0.3 104 £0.1 14.7 £0.2 10.8 £0.5
3-O-MeFuc 1.2 +£0.1 tr 1.1 +£0.0 tr

Fuc 11.9 £0.1 10.8 £ 0.1 12.7 £0.1 129 £0.1
Ara 1.4 £0.0 39 +0.2 27 +0.1 3.5+0.0
Xyl 10.7 £0.3 16.2 +0.2 18.0 +0.3 21.8 £0.2
Man 99 +04 10.8 £0.1 9.7 0.1 99 +0.2
3-O-MeGal 9.9 +0.3 42 £0.2 54 +0.1 35+0.1
Gal 11.6 +0.1 12.1 £0.2 11.0 £0.2 89 +0.2
Glc 26.2 + 0.7 31.6 £0.7 24.7 £ 0.3 28.7 £0.9
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Table S3b.Neutral monosaccharide composition of the hydrochloric acid fraction (HCI) different Chara

speciesn % (mol motf. tr: trace value < 1%

C.aspera  C. globularis C. subspinosa C.tomentosa

Neutral monosaccharic HCI HCI HCI HCI

n=3 n=1 n=1 n=3
3-O-MeRha tr - - -
Rha 56 £0.1 2.9 2.5 29 +0.1
3-O-MeFuc tr - - -
Fuc 9.7 £0.2 4.9 10.2 11.8 +0.1
Ara 1.2 £0.0 14 14 1.6 £0.0
Xyl 14.0 £0.3 11.2 17.3 19.3 £0.9
Man 16.9 £0.2 10.7 13.7 146 £ 0.5
3-O-MeGal 28 0.1 tr 1.2 1.0 £0.1
Gal 59 +0.1 3.3 4.1 3.7+£0.1
Glc 43.9 £0.7 65.6 49.6 45.1 £ 0.7

Table S3c.Neutral monosaccharide composition of the sodium carbonate fraste@@s) from differentChara

speciesn % (mol mof. tr: trace value < 1%

C. aspera C. globularis C. subspinosa C. tomentosa
Neutralmonosaccharid NaCQOs NaCQOs NaCQOs NaCQOs
n=3 n=1 n=3 n=3

3-O-MeRha - tr - tr

Rha 35+0.1 2.4 3.9 +0.1 3.6 +0.1
3-O-MeFuc - tr - tr

Fuc 8.9 +0.1 2.8 7.6 £0.0 9.8 +0.2
Ara 1.1 +0.1 1.4 1.6 +0.0 1.9 +0.1
Xyl 7.1 +£0.3 5.3 99 +0.4 12.7 +0.2
Man 8.1 £0.1 4.6 8.3 £0.2 8.7 £0.3
3-O-MeGal 1.3 £0.0 tr 1.3 £0.0 tr

Gal 3.1 +£0.2 3.0 54 +£0.1 41 +0.1
Glc 67.2 £0.7 80.5 62.0 £ 0.6 59.2 +0.4

Table S3d.Neutral monosaccharide composition of the potassium hydroxide fraction (KOHglififenentChara
speciesn % (mol mof. tr: trace value < 1%

C. aspera C. globularis C. subspinose C. tomentosa

Neutral monosaccharic KOH KOH KOH KOH

n=3 n=1 n=3 n=3
3-O-MeRha - - - -
Rha 1.4 +0.1 tr tr tr
3-O-MeFuc tr - - -
Fuc 5.1 +0.1 tr 45 +2.4 3.9 +£0.3
Ara tr 23 +0.4 1.7 £0.4 2.1 +0.1
Xyl 14.3 £ 0.3 56.2 +125 445+144 512+22
Man 129 +04 7.7 £3.3 128 +7.3 12.4 +0.8
3-O-MeGal tr - - -
Gal tr 1.4 £05 1.4 £0.7 1.0 £0.1
Glc 66.3 + 0.9 324 +9.1 35.1 +4.4 294 +1.1
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Table S4a.Neutral monosaccharide composition of wegeluble polysaccharides (AE) frodifferent Chara
species andllitellopsis obtusgPfeiferet al, 2022)in % (mol mot? tr: trace value < 1%

Neutral C. aspera C. globularis C. subspinose C. tomentosa N. obtusa
monoc AE AE AE AE AE
saccharide n=3 n=3 n=3 n=3 n=3
3-O-MeRha tr - - - -

Rha 11.8 £0.2 10.7 £0.9 11.9+04 103x0.8 18.0+04
3-O-MeFuc tr tr 19 +£0.1 1.1 +£0.2 -

Fuc 7.0 £0.7 12.1 +2.4 72+01 110z+11 58 +£0.0
Rib tr 14 £0.2 tr tr -

Ara 3.0+0.1 69 +19 34 +0.1 6.4 +2.8 20.8 £ 0.7
Xyl 6.1 +£0.3 96 +1.3 16.4+05 128 +15 3.7 +05
Man 8704 9.1 +0.3 72+04 12350 73204
3-O-MeGal 18.8 £ 0.3 58 +1.6 74 +0.2 3.7 0.7

Gal 13.7+04 22928 135+03 12716 18.6 +0.2
Glc 309+14 215+16 31.1+06 29724 25.8 £0.9

Table S4b.Neutral monosaccharide composition of dialyzed watduble polysaccharides, pneated with
amylase and pectinase (AE_AP), fralifferent Chara speciesand Nitellopsis obtusan % (mol mol?. tr: trace
value < 1%.

Neutral C. aspera C. globularis C. subspinos: C. tomentosa N. obtusa
monc AE_AP AE_AP AE_AP AE_AP AE_AP
saccharide n=3 n=3 n=3 n=3 n=3
Rha 155 +£0.2 12.2 +0.2 145 +0.2 10.0%0.1 21.8 £0.3
3-O-MeFuc tr tr 1.8 £0.1 1.0 £0.1 -

Fuc 9.7 £0.2 16.5 +£0.3 98 +0.2 14301 7.4 £0.3
Ara 24 +0.2 4.0 +0.1 25 +0.0 2.2 +0.0 125 +0.1
Xyl 7504 95 +04 10.1 +0.2 143 0.5 52 +0.2
Man 85 +0.2 9.0 £0.2 10.1 +0.1 12.0+0.3 8.0 £0.2
3-O-MeGal 19.3 £0.2 6.6 +0.3 99 +0.2 4.2 +0.0 34 +0.1
Gal 16.8+0.2 224+02 20302 145+0.1 272 +£0.4
Glc 20.3 £0.5 198+04 21.0+£01 27504 145 +0.7

Table S5a.Detailed comparison of the oxoglutardtieding region of putativ€hara brauniiP4Hs. Amino acid
positions refer to P4H fro@hlamydomonas reinhardiiccording to Kosket al (2007).

Tyrizs Thri7s LyS237 Sebsg Throa: Trp243
GBG60506 V x (GIn) \% x (Lys) x (Lys) x (Leu)
GBG60917 x x X X X X
GBG70085 V \ \ \Y \Y \
GBG70087 V x (Met) Vv x (Lys) x (Lys) x (Leu)
GBG72676 x \ \% \Y \Y \
GBG72677 x \ \Y \Y \Y \
GBG85197 V \ \Y V (Val) \Y \
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Table S5b.Detailed comparison of the irdrinding region of putativ€hara brauniiP4Hs. Amino acid positions
refer to P4H fronChlamydomonas reinhardtiiccording to Kosket al (2007).

His143 Aspras Hisz27
GBG60506 V \J \Y
GBG60917 X X X
GBG70085 Vv \J \J
GBG70087 x (Met) x x
GBG72676 X X \%
GBG72677 X X \%
GBG85197 V \Y \Y
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algal material

‘ OSy i NA ¥ dz3 Izasfole extract

l "|  (discarded)
pre-extracted
plant material
extraction with H,0 l OSYy i NRFdAI
under constant stirring >
at 4°C for 21h l
Residue 1
extraction with 0.2 mol/L A .
ammonium oxalate solution OSYUNR¥ d? b
under constant stirring -
at 70 °C for 21h
v
Residue 2
extraction with 0.01 mol/L .
hydrochloric acid SYUNR¥F dA|
under constant stirring .
at 70 °C for 21h
v
Residue 3
extraction with 3 % (m/V) .
sodium carbonate solution OSy UuNR T dA|
—>
under constant stirring
at 70 *C for 21h
v
Residue 4
extraction with 2.0 mol/L .
potassium hydroxide solution SYUNRFdAL
under constant stirring g
at 70 °C for 21h
v
Residue 5

Figure S1.Schematic representation of the extraction and purification workflow. The figure is adapted modified
from Pfeiferet al (2022).
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Figure S2.ELISA results of purified aqueous (AE, circles) and ¢804 extracts (triangles) with the antibody
INRA-RUZ2 for the foutCharaspecies. Positive (citrus pectin) and negative controls are highlighted in the diagram
with arrows. The measured sample values are not significantly outside the range of negative control values.

C. aspera C. globularis
AE_AP AE_AP
‘ Zamas /\
E. purpurea
pAé)p N. obtusa
. AE_AP
( )
BGIcY-
solution

v

- 7 N

C. subspinosa C. tomentosa
AE_AP AE_AP

Figure S3.Gel diffusion assay with aqueous fractions after enzymatic treatmen€frgtobularis, C. subspinosa,
C. tomentosaand C. asperaandN. obtusa(100 mg mtY) and b Gl cY The ted pragipitatibn line
indicates presence of AGPs. As positive control, AGP fEmiinacea purpureél0 mg ml!) was used.
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2. The cell wall ofhornworts and liverworts:

Innovations in early land plant evolution?

Lukas Pfeifer!, Kim-Kristine Mueller * and Birgit Classert

! Pharmaceutical Institute, Department of Pharmaceutical Biology, Chrigtlanecht

University of KielGutenbergstr. 76, 24118 Kiel, Germany

ABSTRACT

An important step foplant diversificationwas the transition from freshwater to terrestrial
habitats. The bryophytes and all vascular plants share a common atisi@s probablthe

first to adapt to life on land. A polysaccharideh cell wall was necessary to cope with newly
faced environmental conditions. Therefore, somerpgeisites for terrestrial life have to be
shared in the lineages of modern bryophytes and vasculats plEhis review focuses on
hornwort and liverwort cell walls and aims poovide an overview on shared and diverg
polysaccharide features between these two grafpdryophytesand vascular plants.
Analytical, immunocytochemical and bioinformatic data were analysed. The major classes of
polysaccharides, cellulose, hemicellukwarad pectins, seem to be presentiatestructurally
diversified during evolution. Some polysaccharide grospew structural chacgeristics,

which separate hornworts from the other bryophytes or are poorly studied in detail to give
absolute statements. Hydroxyprohneh glycoprotein bekbones are found in horrand
liverworts and show differenceis e.g. the occurrence of GBhchoredarabinogalactan
proteins while glycosylation is nearly unstudi€iierall,the data appeal to researchers in the
field to gain more knowledge on cell wall structures in order to understand the changes with

regard to bryophytevolution.
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hornworts liverworts mosses

l\ common
ancestor of
setaphyta

common

ancestor of
bryophyta
Fig. 1.lllustration of the monophyletic bryophytes and the setaphyte clade of liverworts and mosses.

~\

INTRODUCTION

Plant terrestrializatiomwas one of the most fundamental events in the history of life on Earth.
Around 500million years ago (mya) or even earlier (&uwal, 2021) land plants evolved from
streptophyte algae, which are most closely related to extant Zygnematophyceae (Véodniok
al.,, 2011; Timmeet al, 2012; Ruhfekt al, 2014; Wicketet al, 2014; De Vries and Archibald,
2018; Leebendack et al, 2019). Transformation of theerrestrial biosphere resulted in

t o d aeytantslineages of land plants: bryophytes, lycophytasmisfand spermatophytes
(Delwiche and Cooper, 2015; Bowmanhal, 2017; Harrison, 2017; De Vries and Archibald,
2018). The bryophytes (hornworts, liverworts and mosses) are the closest living relatives of
early land plants and comprise arouti000 species, with about 9000 liverworts and 250
hornworts among them, distributed in nearly all terrestrial habatsy contribute to critical
ecological functionsncluding water storage, nutrient flowiateraction with other organisms,
soil-building and carbo storage (Dear€oe and Stanton, 2017; Hodgets al, 2019)
Bryophyte phylogenetic relationships are essential for an understanding of the evolution of land
plantspecific traitsThe relationship of hornworts, liverworts and mosses to the monophyletic
vascular plant group has been discussedroversiallywith up to seven alternative hypotheses
(Harrison, 2017; Morriet al, 2018; Putticket al, 2018) of which three are well supported:
bryophyte monophyletic; mosses and liverworts monophyletic with hornworts sister to
tracheophytes; mosses and liverworts monophyletic with hornworts sister to all land plants

(Delauxet al, 2019).In conclusion, the position of hornworts was timdy uncertainty and the
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key aspect for resolving bryophyte phylogeny. To ddiféerent studies stronglgupport the
monophyly of the three bryophyte groups (Nishiyaehal, 2004; Coxet al, 2014;Putticket

al., 2018;Renzagliaet al, 2018;De Souseet al, 2019; LeebenMack, 2019; Zhanget al,

2020; De Vrieset al, 2021; Donoghue et al., 2021; 8tual, 2021 see Fig 1). Genome
assemblies of bryophytes, which are rare at the moment (Mar&k, 2021), will further
enlighten this questionBesides thesg@hylogenetic discrepancies, all bryophytes have in
common that theiife cycle is dominated by a vegetative haploid gametophyte. The unbranched
sporophyte is always attached to the maternal gametophyte and develops a single sporangium.
Although they share common attributes, hornworts possess a series of distinct feajuees,
chloroplast with pyrenoids not present ine@thand plants but typical for many green algae.
Table 1 offers a comparison of morphologicatdeas of horanand liverworts.

The transition from water to land exposed plants to new conditioais requiredkey
physiological and structural chang&enome sequencing &hyscomitrium(Rensinget al,
2008),Marchantia(Bowmanet al, 2017) andAnthoceroqLi et al, 2020;Zhanget al, 2020)
offersfirst evolutionary insighteto the origin of some fundamental plant properties,reeg.
phytohormone (e.g. auxin) signaling pathwélgewmanet al, 2017) Theseare involved in
regulation of key processes of land plants like growth, development and response to terrestrial
stresses

It is obviousthat the conquest of larmisorequiredmajor changes in cell wall composition
(Sarkaret al, 2009;Sgrenseret al, 2010).Cell walls of spermatophytes are composed of
distinct chemical polymers including polysacchari(iee Fig2), glycoproteins and proteins
arranged in a specific 3D architectural organization. Beside structural functions, biochemical
properties allow r@rganization of components and signalling processes during development
or in response to biotic or abiotic stress (Carpita and Gibeaut, $@83ervilleet al, 2004;
Cosgrove, 2018 Typical polysaccharides known from spermatophyiesprise cellulose,
hemicelluloses and pectingFig. 2) and are accompanied by different membeis
hydroxyprolinerich glycopoteins (HRGPs)Search forglycosyltransferases responsible for
cell wall biosynthesisin transcriptones revealed evidence thatany of thesecell wall
polysaccharides already existed in t@mmon ancestor afharophytesand embryophytes
(Mikkelsenet al, 2014) It has been proposed thaere was no substantial innovation in cell
wall compositionfollowing terrestrial colonizationbut ratheran elaboration of gre-existing

set of polysaccharidéSaenseret al, 2010) In contrast, Harhokt al. (2016) proposed indeed

an influence of the teestrialization process on charophyte cell walls and dated the
terrestrialization prior to the diversificatioof all clades of streptophyta. In this light, the
multicellularfreshwater charophytes evolved in a lineage thabtenized water and kept the
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At err est r Amlysis of edll WallsnoiAtahtioryophytes agarly divergentclades of

land plants sheds light on the possible cell wall composition of their common anecémstor

succeeded to perform the waterand transitionThis review offers a detailed summary and

discussion of literature on cell walbf horn- and liverworts Moss cell walls are not included

as they are reviewed in another gdnition of this special issu&’e et al, 2022) The question

whether there were really no innovations of cell wall composition during terrestrialisation will

be discussedElucidation of common features but also differences between drmidiverworts

are summarizednd (as far as possiblg)scussed in the evolutionary conteihe structures of

the main polysaccharides of vascular plants are shown in Fig. 2. An overview of investigations

with regard to cell walls of horrand liverworts is given in Table 2.

Table 1.Morphological differences between hornworts and liverworts*

Generation Feature
hornwort liverwort

habitus thalloid thalloid or leafy
o gametangia immersed superficial
s placental interface transfer cells with wall  transfer cells with wall
§. ingrowths ingrowths
o chloroplast/cell monoplastidy, polyplastidy in
% with pyrenoids vegetative cells,
o monoplastidy in

special tissue

mucilage cavities

spermatogenous cells
oil bodies

habitus
persistence

seta
columella
placental interface

sporophyte

elongated, with
chlorophyl

persistent (presence of ¢

basal meristem)
X

Vv

haustorial cells without
wall ingrowths

dispersion of spores pseudo elaters

gas exchange

(inactive) stomata
(not present in all
hornworts$§

small, without
chlorophyll
ephemeral

Vv

X

transfer cells with wall
ingrowths

elaters

respiration cavity

*This table was elaborated from the information extracted in Renzatghilg 2000; Ligroneet al, 2012;
Shimamura M, 2016; Merced and Renzaglia, 26t&ngedakigt al, 2020; Hennet al, 2020; Zhangt al., 2020
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Cellulose

Cellulose is the most abundant polysaccharide of plant cell walls and the main structural
component. It is exceptionally stable under tension and hard to digest (Niklas, 2004). The linear
and unbr anbediglecn s(ructird igostly assembled in form of parallel layers into
microfibrils/nanofibrils together with a variety of structural proteins, pectins and hemicelluloses
(Niklas, 2004; Lampugnarat al, 2018; Seddiget al, 2021). Each fibril consists of a large
crystalline domain and a small amorphous domain (Sedtaii, 2021).Theglucan chains and

the crystalline domains can vary in length, number and organisation depending on the different
sources (Browret al, 1996; Seddiget al, 2021). Justa illustrate variation, the degree of
polymerization is described to range from 1,00@Gorghumspecies to 15,000 iGossypium

(for an indepth review please refer to Seddigial, 2021).

Biosynthesis of cellulose is performed directly at the plasma membrane by members of the
cellulose synthase (CesA) family, which are described to have deep roots in eukaryotes (Popper
and Tuohy, 2010; Yiret al, 2014). Therefore, presence of CesA homologs in the sequenced
genomes of hornworts and liverworts is not surprising (Bowetal, 2017; Liet al, 2020;
Zhanget al,, 2020). A common method for labelling cellulose is the Calcofluor white staining,

a fluoresci rgn d y(digitiGaps Maedadntl Jshida, 1967). In many cell wall
research studies, this staining was positive in -hand liverwort cell walls (Kremeet al.,
2004;Henryet al, 2020; Renzagliat al, 2020; Hennet al, 202) thus supporting the general
assumption that cellulose is present in all land plants (Brown, 1985; Popper and Tuohy, 2010).
Surprisingly, only the primary cell wall of the mature pseudo elaters of the hoiegaiceros
gracilis and the elators of the liverwdRadula buccinifergave a positive responsethe dye,

the secondary cell wall did not readthe authors admit that absence of staining in mature
secondary walls may be due to pigmentation of the wall that masks Calcofluor stisneimgr

et al, 2009.
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Fig. 2. Structures of the main polysaccharide components of vascular plants according to oahé2008),
Pefiaet al (2008), Scheller and Ulvskov (2010) and Atmodjal (2013). The structures can be classified into
the groups cellulose (A), hemicellulosesKBand pectins (&4). (A) cellulose, (B) glucuronoxylan, (C) (galaeto

) glucomannan, (D) galactomannan, (E) mikie#tage glucan (restricted to Poales), (F) xylagln, (G)
homogalacturonan, (H) xylogalacturonan, (I) rhamnogalacturonan | with aiselet{possible sidechains-[J
arabinan, galactan, arabinogalactan type Il) and (M) rhamnogalacturonan Il. In casél pfhie@cetylation and
methylation pattern is show®Me andOAc) because it is conserved in most plants (Atmedijal, 2013).
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Hemicelluloses

The cellulose framework is further interwoven waifferenthemicelluloses (Popper and Fry,
2003; Scheller and Ulvskov, 2010). This group consists of xylans, xyloglucans,-fgluco
mannans and mixelthkage glucans (MLGsandcontributes tahe biomechanical stability of

the cell wall especiallyby interaction with cellulosébrils andduring growth (Hayastlet al,
1989;Scheller and Ulvskov, 2010ampugnanket al, 201§. In the past, hemicellulosegere

often classified according to their alkablublity (Doner and Hicks, 1997 Scheller and
Ulvskov (2010) revised this classification atefined hemicelluloses as polysaccharides that
haveab-14-linked core structure with the ether group between C1 and C4 in equatorial position
(for a detailed explanation of the chemical background, please refer to that review. article)
Several studies contributed to the elucidation of hemicelluloses in the cell wall efamain

liverworts (see below).

Xylans

Xylanshavea backbone consisting 6f1 Y-8-yylose witha high degree of substitution (York
and OO6Nei |l | ,eta? QEL& Penat alt 2016;eTtyfdnaet al, 2019) and plagn
important role in crosslinking with other structural componergspecially cellulose
(Lampugnaniet al, 2018) In grasses and other commelinid monocots, (glucuronoardbino
xylans are dominatingQarpita and McCann, 20QZspecially in grasses, arabinoxylans are
known to be decorated with ferulic acid, which contributes firstly to their interaction with other
cell wall components but secondly to other functions like pathogen resistance and growth
cessation (De O. Buanafin2009). Taking the near ground lifestyle of bryophytes into account,
both functions are sensible. Synthesis of ferulic acid in bryophytes seems to be enzymatically
possible (see seetali2021). Al i gni no, De Vri es
Carafaet al (2005) investigatedthe occurrence of xylans in all bryophyte lineages and
tracheophytesvith the monoclonal antibodies LM10 and LM1Roth antibodies recognize
unsubstituted xylans, but LM11 can also bind to substituted arabinoxylans (McCetrey
2005).According to Ruprechet al (2017),LM10 specificallytracksthe nonreducing ends of
xylan polymers Microscopic investigations detectéd110 and LM11 xylan epitopes in all
extant tracheophyte lineages and proposed a deep conneciveeeccurrence of xylans and
the evolution of mechanical and vascular tissues (Catatd, 2005) Accordingly, LM10
epitopes were not present in liverworts, hornworts and mobgesestingly, LM11 binding
washeterogeneauiin the different bryophyte$Vhereas no bindingf LM11 was detected in
liverworts and mosses, this antibodgtectedxylan epitopesn pseudo elaters and spores of
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hornworts.This is an indication that at least some tissues of the hornwort sporophyte produce
arabinoxylanPresence of arabinoxylan in the hornwamnthoceroshas alsdeensuggested by

O 0 R o etralk(2915).t is important to mention, that due to specificity of the antibodies LM10
and LM11,Carafaet al (2005)did not excludeoccurrenceof highly substituted xylans in all
bryophyte groupsPresence of glucuronoxylans Rhyscomitriumas a model organism for
mossedhas been showrKglkarni et al, 2013. Up to now, no xylarhas beensolated and

characterizedrom a horn or a liverwort

Mannans

Mannansh a v e  a-b-o-backbbne omannosewhereagylucomannansombinemannose

and glucosén a nonrepeating pattern These backbones canUbbe de
galactoseto form galactomannans and galactoglucomanri@akeller and Ulvskov, 2010;
Dehorstet al, 2019).These complex heteroglycans have storage functions (especially in seeds,
Buckeridgeet al, 2000 and contributdo embryogenesis (Goubet al, 2009),as well as
growth and developmental procesdgsr(ovaKakosovaet al, 2006 ,Liepmanet al, 2007)via
signalling functionsn planta Responsible for the mannan backbone (Dhugfgal, 2004;
Liepmanet al, 2005) as well as the glucomannan (Gouwddedl, 2009) biosynthesis is the
CSLA gene familyVerhertbruggeret al. (2011) showed mannan synthase activity also in the
CSLD gene family.Members of tese gene famies were annotated in the genomes of
Marchantia polymorphdYin et al, 2014;Bowmanet al, 2017) andAnthoceros angustus
(Zhanget al., 2020).Mannans are the main hemicellutsomponentén many genera of green

algae RodriguezGacioet al, 2012), thus supporting deep roots of these polysaccharides in
plantevolution.

Up to now, no purified mannahave beemsolatedfrom liverworts and hornworts. Popper and

Fry (2003) accounted the mannose content they detected with paper chromatography in TFA
hydrolysates of primary cell walls of eleven liverworts and one hornwort to the presence of
mannans. The results showed that the yield of mannose was much higher in the primary cell
wall of liverworts and mosses than in hornwortisis could be a hirthat mosses and liverworts

may be more closely related to each other than towmts. Happ and Classen (2019)
investigatedMlarchantia polymorphaxtracts and showed mannose contents ©fl® %in
different cell wallfractions A pectic suldraction from Marchantia cell walls (Konno et al,
1987)consistedf equal amounts ahannoseglucose galactosendgalacturonic acid, maybe
indicating thepresenceof an acidicgalactoglucomannams mentioned above, most studies
accounted the mannose contexiter cell wall hydrolysisto occurrence of mannans. To
strengthen that hypothesis, degrading enzymes for mannans (for review see &fla@jas
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2015), e.gb-mannanase (EC 3.2.1.78) abdnannosidase (EC 3.2.1.25) could be used to
specifically cleave mannadterived oligosaccharides which could then be further characterized
with chromatographic (e.g. Popper and Fry, 2003)lectrophoretic (e.g. Goubet al, 2002)
methods

Additionally, the pr esence of -bmameoligosaceharide canlb¥ dejected
with the antibody LM21 (Marcust al, 2010). Henret al (2020and2021) tested this antibody

in placental cell walls at the interface sporophyte and gametophyie the hornwort
Phaeroceros carolinianusand the liverwortMarchantia polymorpha Interestingly, the
antibody reaction was only positive in the placental cells of the liverwort but not in that of the
hornwort. It has to be taken into account thatthis work only the placental cellsvere
investigated which are locallyrestrictedspecialized cellsFurthermore, the epitopeof the
available antmannan atibodies tend to be maskadsitu by other cell wall components,g.
homogalacturonans (Marcasal, 2010).Therefore presenc®f mannansn hornworts should

be further erified by pretreatments with pectate lyase, which was shown to be effective to
elevate mannan detection levels (Mareual, 2010).

Mixedlinkage glucans

MLGs consist of an unsub s t-O-btgludarsdhatlkshomdisianct ¢ h a i

ratios of (libkdgesin canoectionltoytde) physicochemical properties (Burton

and Fincher, 2009). Additionally, they seem to have physiological functions in pathogen
defense where they can be active as micags®ciated molecular patterns (MAMPs, Rebaque

et al, 2021). Search for MLGs in different embryophytes revealed restricted presence in the
Poales order (Poppeand Fry 2003)since their levels of xyloglucans are very low (Carpita and
McCann, 2002)Surprisingdy, in the eusporangiate fefBquisetum arvensgSgrenseret al,

2008) and otheEquisetunspecies (Fret al, 2008) as well as in the charophyte green algae
speciedMicrasterias denticulat§Ederet al,2008) MLGs are also present.

Popper and Fry (2003) investigated numerous embryophytes to determine the absence or
presence of MLGs in the different evolutionary lineages of embryophytes by using lichenase
digestion in combination with papehromatographic detection of hydrolysis puots. The
hornwortAnthoceros caucasisas well as 10 liverwort species completely lacked presence of
characteristidichenasedigestion products of MLG®nly the liverwortLophocolea bidentata
showed presence or absencévhfG-like moleculesat differernt collection dates (Popper and

Fry, 2003). A seasonal or lifecyetlependent change of MLGs da@possibly connected with

an intermediate storage function as hypothesized by Burton and Fincher (2014) based on cereal
grain MLG levels The MLGIlike molecules detected irLophocolea differed from
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homopolymeric MLGs (like e.g. from barley) by presence of relevant Ara coifRogper and

Fry, 2003) In the cell wall ofPhyscomitrium pateng 1 Y 3 ) , -b-d-arabinoglucans have
been detected. Compared to MLGs, -G8p is replaced by 1;3raf in this unusual
polysaccharid¢Robertset al, 2018)

The cellulose synthadie (CSL) gene families CSLF and CSLH were characterized from rice
and barleyand contain the responsible enzymes of MLG biosynthesis (Bietaad., 2006;
Doblin et al, 2009). Nucleotide sequences annotated as members of these gene families were
absent in the genome of the liverwbtarchantia polymorphdYin et al, 2014; Bowmaret

al., 2017), as well as in the genome of the hornwathoceros angusty&hanget al,, 2020).
Interestingly, informatic investigationsrevealed that the biosynthetic machinery for
arabinoglucans isolated frohyscomitriummight also be present in herand liverworts
(Robertset al, 2018)

To conclude, proof of MLGs in hornworts and liverworts was not given, but presence of
arabinoglucansshowing structural and putatively functional similarities but lacking lichenase
digestability Further studies should be performed to support the knowledge on that novel
polysaccharide group. Furthermore, more knowledge would help to understand the

evolutionary relations of MLGs, occurring in very distinct lineages (like cereals and horsetails).

Xyloglucans

Xyloglucansare the most abundacgllulose croséinking polysaccharides in the primary cell
wall of eudicas and norcommelinid monocotsin contrast to thatn grasse and other
commelinid monocotgglucuronoarabing xylans are dominating(Penninget al, 2019).
Xyloglucansconsist ofa ( 1 Y-B-p)- gl ucose ( G) mai n c¢ ha-Un, s ul
xylose (X) side chaim The core ofhe( 1 Y-éhjin is biosynthesized by the CSLC gene family
(Cocuron et al, 2003 and then further modified by thexyloglucan
endotransglycosylase/hydrolase (XET/XTH) class of enzyrRepger, 2008; Sarkaat al.,
2009;Lampugnanket al, 201§. Xyloglucans interact with cellulose microfisidnd regulate
cell wall strengthening (Dehoet al,, 2019). Theyan be further decorated with other sugars,
usually galactosearabinoseand fucos€Scheller and Ulvskov, 2010n Arabidopsis seven
different GTs (glycosyltransferasesare necessary to accomplish tb@synthesis of a
completely branched xyloglucddabotinaet al,, 2021).

In the liverwort and hornwort genomes Mt polymorphaand A. angustusCSLC and XET
sequences are annotated, thus supporting presence of xyloglutenis bryophyte lineages
(Yin et al, 2014; Bowmaret al, 2017; Zhangt al., 2020).
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The classification of xyloglucarzased orX and G nomenclature is well explained in ety

al. (1993 and Pefiat al (2008. Most seeéebearing plants and ferns possesXxXXG -type,
Lamiids have a XXGG-type and grasses XXGGG-type.Interestingly, the xyloglucan types

of hornworts and liverworts diffgFig. 3). The thalloid liverworMarchantia polymorph&as

an XXGG-type with atypical residues like 2|4i n kmeXylp & n db-GalpA (Pefiaet al,
2008). The hornwort&\nthoceros agrestis, Phaeoceros sapd Megaceros sppossess ra
XXXG-type, like the most sedokaring plantand ferngPefiaet al, 2008). Remarkably, Pefia

et al (2008) found some fucosylated side cham#/legaceros spusing MALDI-TOFRMS
analysis and 2EINMR spectra.At that time, his fucosylationpattern was onljknown for
tracheophytes thus suggestiagcloser relationship of hornwort® tracheophytes than to
liverworts and mosses.

Recent investigations revealed the presence of fucosylated and galactosylated xyloglucans in
the darophyte algaespeciesMesotaeniumMikkelsen et al, 2021), proposinghat these
changes of the basic xyloglucan structure alreamtyiredn the most recent common ancestor
of CGA and embryophyteé& complex xyloglucan genetic machinery has been found in most
groups of charophyte algae excludikigsostigmaMesostigmatophyceae) azhlorokybus
(Chlorokybophyceae) which belong to the earliest diverging groups of the streptophytes (Del
Bem, 2018).

Popper and Fry (2003) studied the primary cell wall of one hornwort, two thalloid liverwort and
nine leafy liverwort speciesXyloglucan was detected in all of them with a methodology
combining Driselase digestion and chromatograpimg yields of the digestion analysis were
lower compared to thosef angiospermswhich can be a result of lower concentrations or
differences in digestibility due tdifferent structures of xyloglucann bryophytes It is
important to mention that also methdogsed on antilwhes (see belowhave this possible
pitfall due to masked or slightly modified epitopes.

Various xyloglucan epitopes are detectable with several monoclonal antibodies, including
CCRGM1, recognizing}Fuc( 1 Y-B-Galepitopes at xyloglucans or rhamnogalacturonan |
(Puhlmannet al, 1994),LM25 for galactosylated xyloglucans (Pedersgnal, 2012)and
LM15, detecting XXXG motifs of xyloglucan with only slight galactose substitutions (Marcus
et al, 2008)

The monoclonal antibody CCREI1 was used in two studi€kigroneet al, 2002 Kremeret

al., 2004)anddetecteducosylated side groups of xyloglucantire corticalparenchymaells

of two leafy Haplomitrium gibbsiaeand H. ovalifolium) and two thalloid Klymenophyton
flabellatum and Symphyogyna undulgtdiverworts (Ligrone et al, 2002) This xyloglucan
epitope wasilsopresentn waterconducting cells, but only in those of the leafy liverwgoaisd
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in thesecondary cell walls of mature elaters of the leafy livernRadula bucciniferabut not

in the cell walls of mature pseudo elaters of the horniMegaceros graciligKkremeret al,
2004).This is in contrast ttheidentification of fucosylated xyloglucans Megacerosy Pefia

et al (2008. Additionally, placental cells of the thalloid liverwdvtarchantia polymorphand

the hornwortdhaeroceros carolinianuand Phaeroceros laevisere stained positively with
LM15 (Henryet al, 2020; Hennet al, 2021). Again, this is in contrast to the finding that only
hornworts possess the XXXG type (see ab®&efiaet al, 2008). Both discrepancies might be
related taheuse of different tissues in the different studies.

Galactosylated xyloglucans (LM25) were shown to be presetite spore wall of various
hornworts Renzagliset al, 2020) andn theplacental cells of the thalloid liverwdwtarchantia
polymorphaand the hornworPhaeroceros carolinianugHenry et al, 2020 Henry et al,
2021).With thesameantibody(LM25), galactosylated xyloglucans were identified as the main
polysaccharides in the rhizoids of the thalloid liverw@&tisia pusilla Lunularia cruciataand
Marchantia polymorphgGallowayet al, 2018) Xyloglucan was secreted by the rhizoids of
these liverworts and was assumed that the secretion of xyloglucans@aymportant role in
the aggregation of the soil amda stimulating factor for the interaction with the environment.
The occurrence of a rhizospheric environment was proposkdan influertial factor in the
colonization of land. Additionallyxyloglucan deficienfArabidopsismutantsshowed lack of
cell wall stiffness(Cavalieret al, 2008)

hornwort liverwort

XXXG type @ @ XXGG type

Fig. 3. Xyloglucan structures of hornworts (left) and liverworts (right) according to Eedia(2008).
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Pectic polysaccharides

From a structural point of view, pectins are the most complex group of plant cell wall
polysaccharides. This complexity most likely reflects their diverse functions in prodi&sses
growth, morphogenesis, developmetgll expansion, cell adhesion aimmderaction with the
environment e.g. in defense (for review see Mohn@008; Caffall and Mohnen, 2009).
Generally, pectins can be subdivided into (substituted) homogalacturgH&),
rhamnogalacturonah (RG-1) and rhamnogalacturondh (RG-II). Even though the latter
mentioned sound similar, their main and side chains differ remarkably. Wailgackbone of
RG-1l resembleghatof HG, (a linearU-1,4-linked galacturonic acid @in), RGI contains the
repetitive coredisaccharide df+1,4-GalA andU-1,2-Rha. Within the group of substituted HGs,
apiogalacturonans and xylogalacturonans are the most common derivatives.

Most publications on bryophyte pectpolysaccharidesised monoclonal antibodies raised
against pecti epitopes of embryophyte&ntibody collections €.g., from Professor Hahn,
Complex Carbohydrate Research Center, University of Georgia, Athens and Professor Knox,
University of Leeds)pffer numerous antibodies agaim$® structures (either methgisterified

of de-esterified) andRG-1 side chains (namely l-galactan and 1;8rabinan)

Evidence for presence of homogalacturonans in-haml liverworts has been shown by
numerous studied_igrone et al, 2002; Kremeret al, 2004; Merced and Renzaglia, 2019;
Renzaglieet al, 2020;Henry and Renzaglia, 2021; Hereyal, 2021). This is not surprising,
as occurrence of HGs with different degrees of metisyérification has also been proven for
charophyte green algae, thus supporting deep roots in streptophyta (Seateatef010;
Sgrenseret al, 2011). Identification of pectin methydinsferases in the genome M
polymorphais another proof of presence of HG in bryophytes (Bowetat, 2017).

The core R@ backbone, consisting of repetitionsléi,4-GalA andU-1,2-Rha, was indirectly
described to be present in the liverwddrchantia polymorphay the heterologous expression
of RG-I rhamnosyltransferasé$pRRT1 and MpRRT3 Nicotiana benthamianéollowed by
biochemical characterizatioifWachananawatet al, 2020). It was shown that these
rhamnosyltransferases (RRT) extend an existingl Biaain by addition of UDHRha, which is
consistent with the RRT activities Arabidopsis thaliangdTaken&aet al, 2018). To the best
of our knowledge, nstudyused the antibodies INRRU1/RU2 (Raletkt al, 2010) directed
against the repetitive disaccharide unit of-Rt investigate hornworts and liverworts. This
tool seems to be a straightforward approach to complement the biochemical data. In a
comparative study based on their own recent works on placental walNdamwhantia
polymorpha(Henry et al, 2020) and two species BhaeocerogHenry et al, 2021), Henry
and Renzaglia (2021) showed potentidfedences in RA@ side chain structures. While the
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liverwort completely lacked reactivity with LM5 (tgalactan side chains) and LM13 (4,5
arabinan sidehains) in the placental interface between sporophyte and gametophyte, the
hornworts showed only reactivity of LM5 (supported also by Merced and Reazagli9).
Presence of RG&Gepitopes recognized by LM5 in hornworts and their absence in liverworts was
confirmed by Kremeet al. (2004). Here, the authors detected restricted presence of the LM5
epitope in the primary walls dflegaceropseudo elaters, vlk elaters oRadula buccinifera
(liverwort) lacked reactivity. The antibody CCRZ7 (Puhlmanet al, 1994; Steffaret al,
1995)detects arabinosylated 1ljked galactans present as side chains of R&d alsoof
arabinogalactaproteins, AGPsand was shown to bind to liverwort and hornwort tissues
especially tovaterconducting cellof liverworts (Ligroneet al, 2002; Kremeet al, 2004).

As CCRCM7 was generated against RGpurified from suspensicoultured Acer
pseudoplatanysve assume that this antibody indicates the presence-ofr&Ger than AGP.

A recently described antibody against R@pitopes (Zhotet al, 2018) could contribute to

our current understanding of RGin bryophytegDe Vreeet al, 2021). Tedate this antibody

has not yet been tested for binding to bryophyte tis®tieeRG I contains four conserved side
chains with 12 very unusual glycosasdpiose,L-aceric acid, Z20-methyl L-fucose, 20-
methylD-xylose,L-galactose, Xketo-3-deoxy-D-lyxo-heptubsaric acid and-Reto-3-deoxy-D-
manneo ct ul osoni ¢ al,i2@D4) arsastibodgdectddagaihst these sidehains

is likely to be very specific and to lack cragactivities with other (pectic) polysaccharides.
An innovative approach of Matsunagial (2004) made use of boron crosslinking properties
of RG-1l and quantified boron by IGRIS analysis in different taxonomic groups of land plants
(including hornworts, liverworts and mosseBhe authors detesti only very low amounts of
boron in bryophytegincluding four liverwort and one hornwort specigbus concluding that
bryophyte wallscontain less than % of the amount of R@ that is present in the walls of
tracheophytesThe study failed in isolation of RG from bryophytes due to the low amount.
Smithet al (2016) reported identification and functional characterization of a homolog of UDP
Api synthase (UAS) from the hornwdvtegaceros vicentianuand the liverworiMarchantia
palaceaand detected apiose in aqueous methanolic extracts of bryophytes but not in their cell
walls. The authors concludé¢hat bryophytes lack some of t@ machinery for synthesis of
apiosecontaining cell wallglycans, although they may have the ability to synthesize
apiosylated secondary metabolitgégerefore, it haso be elucidated in more detail whether
RG-l is present in the cell walls of bryophyt@ar-Peledet al, 2012).

Different pectic fractions have been isolated from the liverWbrpolymorphaKonnoet al

1987; Happ and Classen, 2018hd proposed the presence of homogalacturonan and

rhamnogalacturonaim lower amounts.Furthermore, hydrolysis oAnthocerospectins with
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Driselase released Rha and Gal, suggesting RG( O 6 Rtaly 20k5¢Up to now, ngpure

pectic polysaccharide has been isolated and characterized frmmwaortor a liverwort.
Current khowledge isnainly based orinding ofantibodes generated against polysaccharides

of spermatophytesvhich show more or less creg=activities (see Pattathat al, 2010).A
methodlogy for estimation of cellulose, hemicellulose and pectin content in mosses has been
published Roig-Oliver et al,, 2021) An alcohol nsoluble residu@AIR) reflecting the total cell

wall materialwas prepared, destarched and fractionated by trifluoroacetic acid hydrolysis. The
fractions werdurther analyzed by colorimetric assays (Dulaisl, 1956; Blumenkrantz and
AsboeHansen, 1973) in order tguantify cellulose, hemicelluloses and pectiihis
methodology would be a rapidossibility to get aquantitative overview of these main
polysaccharidgroups inhorn and liverworts.

Callose

Callose is-bogliucaar homoPo | ys ac c-bmglucodessidewi t h s o
branches. The biosynthesis is performeddliose synthase (CalS)/glucan synthidlse(GLS)
complexes at the plasma membra¥er(na and Hong, 2001; lat al, 2003;Dehorset al,
2019) and the degradation and r glocarchydiolasg of c al
genes (Dehorst al, 2019).Calloseplays a crucial role in many plant growth and development
processes, such as pollen wall formation and patterning, pollen tube growth, plasmodesmata
regulation, cell plate formation, sieve pore development, sporogenesis and spore wall
development (Chen and Kim, 200Schuetteet al, 2009; Renzagliat al, 2015;Dehorset al.,

2019 Henryet al, 2021). In addition, callose is involved in wound healing and in response to
biotic and abiotic stressChen and Kim, 2009; Schuetet al, 2009;Berry et al, 2016
Lampugnaniet al, 2018;Henry et al, 2020).Callose is oftersynthesized in particular cells

and tissues only at specific stages of developraadtforms local depositions of temporal
characterDue tothistransient nature, callose is sometimes difficult to detect (Renzglia

2015).

Aniline blue fluorescencstainingis often useda identify callose in plant tissues. Since this

dye also detects other glucan structures (Smith and McCully, 1#&é8nonoclonal antibgd
BS4002(al s o c ad & leldo e Meiile et ab, 299 1yiscamore specifi¢ool which

can be combined witfluorescenceor electronmicroscopy.This antibodyrecognizes only

( 1 Y-B-lnked glucan structuresicluding at least with five glucopyranose residues (Meikle

et al, 1991).

Using anilin blue fluorescenceg callosecould be detecteid sporophyteseta cells of the leafy
liverwort Lophocoka heterophyllgdThomas,1977) and in cell walls of mature elaters/pseudo
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elaters of the leafy liverwoRadula bucciniferand the hornwoitlegaceros graciligkremer

et al, 2004) The absence of callose in these tissue type®t surprising because callose
deposition is often connected with changing or transforming tissues and cells (e.g. cell plates,
plasmodesmata, tip growing cells, pollen tubes or stomata, Schatale2016).

Several studies showed presence of callose in cell walls of har liverworts,e.g., in
regenerated cell walls of protoplasts of the thalloid livenMatchantia polymorph&Shibaya

and Sugawara, 2007l.igrone et al (2002) detected callose in wat@nducting cells and
cortical parenchyma cells of two leafy liverworkéaplomitrium gibbsiaeand Haplomitrium
ovalifolium and two thalloid liverworts, Symphyogyna undulatand Hymenophyton
flabellatum by using the anitallose antibody. Callose labellingas especially strong in the
waterconducting cells of the thalloid liverworts, while the two leafy liverworts showed no
reaction.

Anilin blue and the antibody BS 4were used to search for callose at the placental interface
of different bryophytes (Henrgt al, 2020; Henryet al, 2021).Liverworts contain transfer

cells on the gametophyte and the sporophyte side of the placenta, whereas hornworts have
transfer cells only on the gametophyte side. The sporophyte side consists of-smlteth
haustorial cells that intermingle with the tréarscells of the gametophytén these studies,
callose could only be detected in the gamleytp transfer cells of the hornworts.

Sporogenesis is one of the key processes that require c@lbeialls of various hornworts

and one thalloid liverworvere screenefbr callose teelucidatats involvement in sporogenesis

and spore wall developmefRenzagliaet al, 2015; Renzagliat al, 2020) Callose was
detectable in the spore walls of the hornwdktghoceros agrestis, Leiosporoceros dussii,
Megaceros flagellaris, Notothylas orbicularis, Phaeoceros carolinidnuisiot in the derived
hornwort Dendroceros crispatysan epiphyte that produces multicellurdosporicspores.
Comparable to thiverwort Pellia epiphylla callose only appears in developing cell walls of

the multicellular spores as cell plates are formed (Renzegkd, 2020).In Sphaerocarpos

spore wall development, high amounts of callose are deposited outside of the sporocyte
plasmalemmarior to formation othe exine (Renzagliet al, 2015).

Involvement of callose synthases (CalS) in pollen development (CalS5, CalS11, CalS12) and
gametogenesis (CalS9, Cal$1thderlines the important roles of callose in these processes
(Pirgelovs8 and Matug2?kov§g, 2013) . | nt eAt est i
thaliana were annotated in the genome #ithoceros angustug&Zhanget al, 2020).By
reviewing all the data presented in this paragraph there is good evidence to cgecieide

presence of callose in herand liverworts when looking apecializedissues
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Hydroxyproline -rich glycoproteins (HRGPSs)

HRGPs ae a major group of cell wall proteins which comprise the three categories
arabinogalactaproteins(AGPs) prolinerich proteins(PRPs) andcextensingJohnsoret al,

2018). In AGPs, the polysaccharide part is dominating (around 90 %) with the main
monosaccharides arabinose (Ara) and galactose (Gw)glycan part of extensins is around

50 % whereaghe prolinerich proteins are only minimally glycosylate&s the different groups

of HRGPs are highly diverse also with regard to functions, these are mentioned in the

subsections below.

AGPs

The protein backbones of AGPs are rich in hydroxyproline/proline (Hyp/Pro), alanine (Ala),
serine (Ser) and threonine (Thr), and these amino acids are regularly arrangédPes, Sler

Pro, and ThrPro. Thearabinogalactamoietiesare covalently linked to the protein moieftga
hydroxyproline and are characterized by a typical galactan core structure consisting of a
backbone of 18nked b-p-Galp, branched at position 6 to Hj6ked b-pb-Galp side chains,

which are substituted witb-L-Araf and often also terminal Gi& (for review see Strasset

al., 2021). Especially for angiosperms, functions AGPs in different processes like cell
growth, cell proliferation, pattern formatipprogrammed cell death, plant microbe interactions
andsexualreproduction have been shown (for review see Seifert and Roberts, 2087aMa
2018). me AGPs are linked to the plasma membrane by a glycosylphosphatidylinositol
(GPI}yanchor (Youlet al, 1998), which makes them ideal candidates for communication
between the cytoplasand the extracellular matrix.

Hybrid AGPs combine features of different classes of HRGPs, e.g. AGPs and extensins,
whereas chimeric AGPs combine AGP motifs with a-RRRGP domain (Ma&t al, 2017).One
subclass of the chimeric AGPs, the fascitike AGPs (FLAS) consist of both fasciclin
domains and AGP regions. The fasciclin domain has been described as capable of binding
multiple ligands and being involved in cell adhesion (for review, see S&8).

Occurrence of AGPs in spepoducing land plants has been already shown in the 1970s by
geldiffusion assays with h aludosyl Yariv reagen6 G| CEl#rkeet al, 1978) and included

the liverwortLunularia cruciata(MarchantiaceaeAlthough the specific interaction of AGPs

with theseatrtificial reagents is still not fullpnderstood, it is known that mainly the galactan
part of AGPs is responsible for bindimd especially 1,dinked Gal oligosaccharides are
essential (Kitazawat al, 2013,Paulseret al, 2014. Due to the red colour of the reagent, the
formation of a red precipitation lingith AGPs in gel diffusioroffers the opportunity to detect
AGPs even in crude plant extrachis the 1980sthe presence of AGPwasshownin a great
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number ofliverwort specia from different families and ordetsy staining plant tissue with
bGl cY and t he thatAGP®arescommmomfar livandoet dell walls (Basile and
Basile, 1987).Staining of elaterpseudo elatersf the liverwortRadulaand the hornwort
Megaceroswi t h B Gl cY r eveal elMegagsearogpseadoalaters,dit NnoAiIG P s
Radula elaters (Kremeret al, 2004). These results wereonfirmed by staining with the
antibodies JIM8 and LIM13, two monoclonal antibodies directed against glycan epitopes of
AGPs (Kremeret al, 2004).No binding toRadulaelaterswas observed, but both antibodies
bound to the central secondary wall layemMegacerogseudoelaters (Kremet al, 2004).
Immunocytochemical differences in liverwort elaters and hornwort pseudoelaters (Ktemer
al., 2004, Carafat al, 2005),underlinethat these cells are not homologous (Renzasjl&l,
2000)

Waterconducting cells of different liverworts were also taftelledwith JIM8, indicating
absence of AGPs (Ligronet al, 2002). In contrast, JIM8 labelling indicated oceunce of
AGPs in the cortical parenchyma of these liverwort species (Liggbak 2002).Results for
LM6, an arabinan antibody detecting also -Ardechains of AGPs, supported these findings
(very weak binding to WC@oodbinding to CP; Ligronet al., 2002).JIM8, JIM13, LM2 and

LM6 have been used to detect AGPs in the placainthe gametophyigporophyte interface

of Marchantiaand the hornworPhaeocerogHenryet al, 2020;Henryet al, 2021) Whereas
JIM13 and LM2 bound to this tissue in both species, JIM8 exclusively labelled the liverwort
and LM6 the hornwort placent&lénry et al, 202Q Henry et al, 2021) To the best of our
knowledge,no AGP from a hornwort andnly one AGP from a liverwortMarchantia
polymorpha Happ and Classen, 2019) has been isolated and structurally characterized up to
now. Precipitation withb G| gi&dded 0.18 % AGP in relation to the dweight of the
liverwort, which is comparable to AGP content in the mo&m@sagnunandPhyscomitrium

but 3fold higher compared tBolytrichastrum(Bartelset al, 2017).The carbohydrate moiety

of the MarchantiaAGP reflected the typical composition known from seed plant AGPs with
the main components 1,3li@ked Gap, 1,3linked Gap and terminal Ar& This is in line with

the findingthat nembers of glycosyltransferase families involved in AGP synthesis (e.g. GT14,
GT29, GT31,; Showalter and Basu, 2016; Strassat, 2021)are present in th®larchantia
genome (Bowmaet al, 2017).Low amounts ofL,6-linked Gap indicat a highly branched
structureof Marchantia AGP. JIM13 reacted strongly with the isolated AGP, whereas KM1
and LM2 showed weaker interactiddinding of LM6, an antibody directed against-lifikked

Ara, was missing due to absence of this epitopéarchantiaAGP (Happ and Classen, 2019)
The unusual monosaccharide acofrios®{Ble-Rhg) was also part oMarchantiaAGP. 3-
O-Me-Rhg was also purifiedand identified by NMRfrom the alcohol insolubleell wall
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residues of the hornwoAnthoceros caucasicuthe thalloid liverworPellia epiphyllaand the

leafy liverworts Trichocolea tomentellaMarsupella emarginataand Porella cordaeana
(Popper and Fry, 2003jurthermore, acofriose appearscell walls of some charophyte green
algae (Poppeet al, 2004), is part of the unusual rhamnogalagiestein ofSpirogyra(Pfeifer

et al, 2021) and is also presentAGPs from different mogsand some gymnospergenera

(Fuet al, 2007; Bartelet al, 2017 Baumanret al, 2021, but isabsenin angiosperms.

Protein content oMarchantiaAGP was found to be nearly 25 of the moleculéHapp and
Classen, 2019)High levels of protein in AGPs havalso been reported for the moss
Polytrichastrum(Bartelset al, 2017) and the lycophyteycopodium(Bartels and Classen,
2017). In contrast to seed plantd)ese Hyp is often up to 1% of the protein, Hyp content in
MarchantiaAGP was only 1.25 %Happand Classen, 2019)

Bioinformatic search for AGP protein backbomeglant transcriptomes revealed the origin of
glycosylphosphatidylinositol (GRBnchored AGPs in green algae andta 8-fold increasef

these AGPs in liverworts and mosses, austrong decrease hornworts(Johnsonet al,

20179). GPFanchoring of AGPs is proposed to facilitateloocation of signalling partners in

lipid microdomains (Konrad and Ott, 201%).has to be taken into account, that only a low
number of hornwort speciegereincluded in the dy. AGPs without GPI anchor were much
more abundant in bryophytes, with comparable amounts in hornworts, liverworts and mosses.
Bioinformatic searches for hybrid AGPs revealed their presence in all bryophyte classes in
comparable amounts (Johnstral, 2014), and14 genes encoding FLAs have been identified

in Marchantia polymorphgHe et al, 2019).

As mentioned above, functions of AGPs in seed plantstewaglydiverse First information

on functions of AGP# liverwortswaso bt ai ned by bl ocking AGPs thr
glucosytYariv's reagent to protoplast suspension cultureofpolymorpha The results
indicate a role of AGPs in protonemata differentiation (Shibetyal, 2005), cell plate
formation (Shibaya and Sugawara, 2009) and cell wall regeneration of cultured protoplasts
(Shibaya and Sugawara, 200Axcording to Kremeet al (2004), presence of AGPs in the
pseudoelaters of the hornwdftiegaceroamight be connected to watabsorbing capabilities

of AGPs.Occurrence of AGPs in placental cells of hand liverwort might be a hint of a role

in calcium binding and release associated with signal transduction and solute movement across
generations (Henret al, 2021).Fu et al (2007) speculated thapresence oB-O-Me-Rha
residues occurring at the surface of bryophyte AGPs might influence the qaaaity and

enable hydrophobic interactions essential in bryophytes but not in angiosperms.
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Extensis and Prolinerich proteins

Extensins contain repetitive $®motifs which are responsible for moderate glycosylation with
arabinosenligosaccharides attached to hydroxyproline. Furthernsomgle galactose residues
are linkedto serine Crosslinking of extensinsn the cell wallprovides structural support and
is important folinhibiting cell expansion (Dehoket al, 2019).According to bioinformatic data
based on transcriptomes, crdis&king extensins(CL-EXTs) are present in liverworts and
mosses, but much more abundant in hornworts with amounts comparakdeh®ophytes
(Johnsonet al, 2014). In hornworts, CLEXTs were present in all investigated species,
whereas in liverworts, only approximately one third of the investigated species contained CL
EXTs (Johnsoret al, 2014). Due to low numbers of hornworts included in this study, these
resultsmustbe verified by future investigation&Planchored extensinserefound only in
small amounts in eudicots angremissing in all bryophytes and also in all other plant lineages
(Johnsoret al, 20174).

PRPs are enriched in Pro, often arrangetepeatingblocks of KPPVY(K) (Johnsoret al,
2018) with minimal glycosylation.They are responsive to different phytohormones.(
gibberellins,RodriguezConcepcioret al, 200) and stress likevounding (Chen and Varner,
1985)andareupregulatect.g. inearly fruit developmentRodriguezConcepcid et al.,, 2001)
Bioinformatic searchsdetected no PRPs in bryophytes (Johrestoai., 20178).

Lignin

In the secondarycell walls of vascular plantslignin is integrated nto the cell wall
polysaccharide networ&nd provides structuratigidity mainly to sclerenchyma angylem
cells. The waterconductingtracheids and vesseteed highstability of the wallto withstand
the negative pressure caused by surface termiiong water transporfRalphet al, 2004;
Renaultet al, 2019).Lignin is a complex heteropolymer of thigeenylpropanoid alcoholg:
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, which poéymerizd to p-
hydroxyphenyl (H), guaianyl (G) and syringyl (S) uniteWis and Yamamoto, 199&alphet
al., 2004).H- and Glignin monomersare present in all vascular plantvheeasthe Slignin
monomelis taxonomically restrictetb lycophytes, gnetophytes and angiosperms (Renebret
al., 2021)due to the limited occuence of the ferulate-bydroxylasg F5H, e.g. Boerjaret al,
2003; Wenget al, 2008 Wagneret al, 2015. For example, the lignin of angiosperms consists
of G-S-copolymerswith lower proportions ofH-units Mostconiferousgymnospermss well

as ferns deposit lignimainly build of G-units witha minority ofH-units (Ligroneet al, 2008;
Wenget al, 2008;Espifieiraet al, 2011).Classicalhistochemical tests for@sence of lignin
in bryophytegietected no ligniiThomas, 1977.ewis and Yamamoto, 1998opper and Fry,
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2003;Kremeret al, 2004 Ligroneet al, 2008 Espifieiraet al, 201). Ligrone et al (2008)
used polyclonal antibodiebrectedagainsepitopes ohomoguaiacyl (G) and guaiacyl/syringyl
(GS) ligninlike polymersto study four liverworts and two hornworté/eak binding of both
antibodies was observeuall species with a stronger reactivity of the antibody directed against
GS. Whereas antibody binding in liverworts was not tisspecific, the hornworts showed
stronger labelling in the pseudo elatensl &pores compared to other cell typésas to be
mentioned thaantibodiesvere raised against synthetéaction products of monolignalRuel

et al, 19949). Epitopes of the polyclonal sera are not clearly defifledeleau and Ruel, 1997)
and might also detect monomansther phenolic macromoleculdaunction of these phenolic
lignin-like monomers may involve protectiagainstmicrobial attack and/or UV radiation
instead ofa specific structural functiofigroneet al, 2008) Similarly, thestudyby Espifieira

et al. (2011)on Marchantia polymorpha&ell wallsprovidesevidenceonly for the mondignols
and not theentiremacromolecule. Diversification of the biosynthetic machinery for lidnaig
likely been performed in the tracheophyta (Renaelt al, 2019), although different
phenylpropanoid biosynthetic gersa®also present in charophyte green algae (De \étias,
2021) ancevenin red algae (Martonet al, 2009).All lignin biosynthesis geneserefound in
the thalloid liverwortMarchantia polymorphand the mos®hyscomitrium patenexcept of
the ferulate Bhydrolase As lignin polymers have not been foyntdhas been suggested that
these enzymes mdyi gfnuinncot ipehdl, ROG% Bawrhaxgual e2017)
arising in early notvascular plants durinthe first stages of the transition from water to land
(Renaultet al, 2017).It is assumed that phylogenesipecific expansions in the responsible
enzyme families are related to the diversity of phenylpropanoid structures in embry@uyta
Vrieset al, 2021).
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Table 2.0verview of studies onell wall polysaccharides from hornworts and liverworts.

Microscopy/
Immunolabelling

Biochemical

. . . C References
(histochemistry / investigations
antibodies)
Species 38 ? c
T o o
S Q g=]
e = = k) (] %)
8 L c % < 8 *g E
s 5§ 8 & 5 § =2 3
m T o T | (@) n =
Hornworts
HPAEG
Anthoceros PAD; Popper & Fry 2003
cauCasicus V NMR,' pC- Popperet al, 2003
TLC: PE Popperet al, 2004
HPAECG De Vrieset al. 2021
_ PAD; Li et al, 2020
Anthoceros agrestis  V \Y \Y V V MALDI - 006 Ro etrak 2015
TORMS; Pefizet al, 2008
2D-NMR Renzaglieet al., 2020
Anthoceros angustus V Zhanget al, 2020
. De Vrieset al,, 2021
Anthoceros punctatu: V Li etal, 2020
D?ndroceros V V Renzaglieet al, 2020
crispatus
Leiosporoceros dussi \V \V Renzaglizet al, 2020
) Carafaet al, 2005
Megaceros flagellaris \Y \Y Ligroneet al., 2008
Renzaglieet al, 2020
. . Carafaet al, 2005
Megaceros fuegiensi: \Y Ligroneet al. 2008
Megaceros gracilis X \/ \V X Kremeret al, 2004
MALDI -
Megaceros sp. \ V TOFRMS; Pefizet al, 2008
2D-NMR
Not_othylas V V Renzaglieet al, 2020
orbicularis
Matsunagat al., 2004
Phaeoceros vV vV vV Vv SEC/ICR Merced & Renzaglia, 201¢
carolinianus MS Renzaglizet al, 2020
Henryet al, 2021
. Carafaet al, 2005
Phaeoceros laevis \ \Y/ \Y Henryet al, 2021
MALDI -
Phaeoceros sp. Vv TORMS; Pefizet al, 2008
2D-NMR
Phaeoceros sp. nov. \Y Carafaet al, 2005
Liverworts (thalloid)
Blasia pusilla \ Gallowayet al, 2018
Conocephalum v v SEC/ICR Ligroneet al, 2008
conicum MS Matsunagat al., 2004
Fossombronia V Basile & Basile, 1987
foveolata
Hymenophyton vV V vV Ligroneet al, 2002
flabellatum
HPAEG Clarkeet al, 1978
Lunularia cruciata V \ V PAD; PC; Gallowayetal, 2018
TLC; PE Popper and Fry2003
GLC/FID/ Bowmanet al., 2017
MS; De Vrieset al,, 2021
: ELISA,; Espifieireet al, 2010
Melerhant;]a V \% \% \% \% \% \% Gallowayet al, 2018
polymorpha MALDI - Happ & Classen, 2019
TORMS; Henryet al, 2020
2D-NMR Honkaneret al, 2016

s



Konnoet al,, 1987
Ligroneet al, 2008
Matsunaget al, 2004
Pefizet al, 2008
Shibayaet al, 2005

Shibaya & Sugawaran,
2007
Shibaya & Sugawaran,
2009
Wachananawatt al.,
2020
Yin et al,, 2014
Pallavicinia SEC/ICR
. Matsunagat al, 2004
subciliata MS g
HPAEC
. . ) . Popper & Fry 2003
Pellia epiphylla .};ﬁg PISC, Renzaglieet al, 2020
Riccardia sinuate V Basile & Basile, 1987
Riccia duplex \% Basile & Basile, 1987
Symphyogyna v Ligroneet al, 2002
undulata Ligroneet al, 2008
Liverworts (leafy)
Bazzania pompean: ,\SAESC’ ICR " Matsunagzt al, 2004
. Basile& Basile, 1987
Gymnocolea inflata V Basileet al, 2000
Haplomitrium v Ligroneet al, 2002
gibbsiae Ligroneet al, 2008
;i?é?(;ggnum V Basile& Basile, 1987
Hap!on_utrlum Vv Ligroneet al, 2002
ovalifolium
ﬁel?ggtehr;nanma V Basile & Basile, 1987
HPAEC
Lepidozia reptans PAD; PC; Poppe& Fry, 2003
TLC; PE
HPAEC
Lpphocolea PAD; PC; Poppe& Fry, 2003
bidentata TLC: PE
Lophocolea GLC/FID Thomaset al, 1977
heterophylla
HPAEC
Marsupella PAD; PC; Popper& Fry, 2003
emarginata TLC; PE
HPAEC
Nardia scalaris PAD; PC; Poppe®& Fry, 2003
TLC; PE
Nowelliacurvifolia V Basile& Basile, 1987
P HPAEC
Plagloqh_lla PAD; PC; Popper& Fry, 2003
asplenioides TLC: PE
) HPAEC
Pleurozia purpurea PAD; PC; Poppet& Fry, 2003
TLC; PE
HPAEC
Porella cordaeana PAD; PC; Poppe& Fry, 2003
TLC; PE
Radula buccinifera X Kremeret al, 2004
Scapania nemoros: V Basile& Basile, 1987
_ HPAEC
Scapania undulata PAD; PC; Poppe& Fry, 2003
TLC; PE
: HPAEC
Trichacolea PAD; PC; Popper& Fry, 2003
tomentella TLC: PE
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CONCLUDING REMARKS

Todate, knowledge on cell walls of bryophytes and especially of hachliverworts is limited.

Some interesting cell wall differences have been elucidated (Table 3), sometimes underlining
the different phylogenetic positions of heand liverworts (Fig. L

Arabinoxylans, detectable with the antibody LM11, were not presdineimvorts and mosses,

but inpseudo elaters and spores of hornworts. Xyloglucans were studied in detail and found to
be of XXXG type in hornworts, whereas liverworts contained XXGG type xyloglucans (Pefia

et al, 2008, Fig. 3)Furthermore, genes for GBhchored AGPs were much more abundant in
liverworts whereas genes for extensins dominate in hornwiatisgoret al, 20174). Although

more species have to be investigated, the existing data on cell wall composition suggest a closer
relationship between liverworts and mosses compared to liverworts and hornworts, thus
supporting current taxonomy.

Identification of polysaccharides is mainly based on studies with antibodies directed against
carbohydrate epitopes or bioinformatics search for glycosyltransferases involved in
biosynthesis of the different polymers. Both methodologies have limitatigrntpEs of
antibodies are not always clearly defined (Pfeifer et al., 2021) and knowledge on biosynthetic
pathways is still incomplete (Strasseral, 2021). The existing data suggests that beside
cellulose, major classes of polysaccharides are preséwtriz and liverworts. There is good
evidence that mannans, xyloglucans, the pectic polysaccharides HG and RG | and callose are
present in both groups as well as AGPs and extensins as members of the HRGPs. Further studies
are needed to elucidate the stues of the side chains of RG | and to answer the question,
whether RG Il is present, as current evidence for RG Il is mainly based on boron content
(Matsunaga et al., 2004). There seems to be consensus that lignin is missing but bryophytes
possessthebis ynt heti ¢ potential 4 o0gsynbhesi ze so
As land plants evolved from streptophyte algae most closely related to extant
Zygnematophyceae (e.g. Leebaénack et al, 2019), further investigations on cell walls of

charophytes and bryophytes are urgently needed to better understand early land plant evolution.
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Table 3.Summary of cell wall components of heand liverworts.

Cell wall
comments
component
hornwort liverwort
Cellulose \% \%
Based only on LM11 epitop
Xylan v X detection
Content maybe lower ir
Mannan v v hornworts
MLG X X
Different types. XXXG and
Xyloglucan \% \% XXGG type for hornworts anc
liverworts, respectively
HG \Y/ V
Based on detection of RBwith
RG-I backbone v v antibodies against sidehains
Based only on detection emall
RGI (V) (V) amounts of boron
Callose \% \%
Some monolignols are found, b
Atrueo | i x X the whole lignin molecule wa
not isolated
For hornworts based only o
AGP-carbohydrate  V v detection with antibodies
Based on bioinformatics
GPIFAGPs V (few) V (many) searches
Based on bioinformatic:
CL-EXTs V (many) V (few) searches
Based on bioinformatic:
PRPs X x searches
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ABSTRACT

About more than 470 million years ago, the first land plants, the bryophytes, evolved and today
are classified into hornworts, liverworts and mosses. While the latest common ancestor of all
land plants colonised land, it had to cope with enormous envimahwhanges, which made
adaptations of the cell wall necessary. To extend the limited knowledge on bryophyte cell walls
and to gain better understanding of the cell wall of the common ancestor, two model organisms,
Anthocerosagrestisand Physcomitrium peers, were analysed for their cell wall composition

in this study.The main polysaccharide classes, cellulose, hemicelluloses and pectins, are
present but reveal in some cases structural differences to angiosperm cell walls. Analigical
indicate presence of pectins, probably mainly homogalacturonan in both species.
Immunocytochemical experiments demonstrated that the backbone of rhamnogaladturonan
(RG-1) was absent, while the response of several antibodies raised aggihsbranched R&G

| side chain epitopes was detectable in the cell wall of both species. diatbwected against
xylans and the XXX@motif of xyloglucans indicated low amounts of xylans in the
hemicellulose fractions of both bryophytes. On the other hand, high amounts of xyloglucans
possessing a XXXG type were only identified in thos@mthocerosCell wall glycoproteins,

the arabinogalactaprotein (AGP$, were isolated, characterizadd compared with other land

plant AGPs. The highly branched galactan core structure was similar to those of other bryophyte
and fern AGPs, but different to angperm AGPs, as lJthked galactose was more or less
absent. The terminal residues were dominated by furanosidic arabino§ea(Arpyranosidic
rhamnose (Rh@. In thePhyscomitriumAGP, the Ardélinkages were mainly terminal or 1,5
linked, while in theAnthocerosAGP, tAraf dominated and was accompanieddoy amounts

of 1,3Araf and terminal pyranosidic Ara. The unusuaD3nethylated Rha was also
detectable in both bryophyte AGPs comparable to other spore producing land plant AGPs.
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INTRODUCTION

Al t hough they have no Atrueo | eavesdsplapo Atr u.

nowadays the second largest biodiversity after the angiosperms: the bryophytes. About more
than 470 million years ago (mya) the bryophytes evolved as the first land plant clade and contain
more than 20,000 extant species (Moetsal, 2018; Wanget al, 2022). Bryophytes can be
divided into hornworts, liverworts and mosses, with liverworts and mosses belonging to the
setaphytes due to the formation of seta. Recent phylogenetic stodi@sn that hornworts
evolved monophyletically to the setaphytes @at al, 2020; Wanget al, 2022; Bechteler

et al.2023).The latest common ancestor of the bryophytes represents thus a sstpe o

all tracheophytes (Yadaet al, 2023). One of the most important differences between
bryophytes and tracheophytes is the dominant stage of the life cycle. Among the bryophytes,
this is the haploid gametophyte, while the diploid sporophyte is partially or completely
dependent on the geetophyte(Wang et al, 2022). This is exactly the opposite of the
tracheophytes, wie the sporophyte dominates.

Modern model organisms have been established for all three bryophyte clades: the moss
Physcomitrium patenghe liverwortMarchantia polymorphand the hornworAnthoceros
agrestis Bryophytes have been successfully used as model organisms to study various
biological processes, such as gametogenesis, evolutionary developrbesitaly or
phylogenetic studies (Yadast al, 2023). For the latter, the decoding of the genomes of
bryophytespecies have been a considerable support (Reetsahg2008, Bowmauset al., 2017;

Li et al, 2020; Zhangt al, 2020).

It is particularly important because all three bryophyte lineages have very special
characteristics. While most mosses develop multicellular protonemata and rhizoids
(Frangedaki®t al, 2021; Yadawt al, 2023), in hornworts the sporophyte grows from a basal
meristem. Most hornworts have only one chloroplast per cell with pyranoids (Frangedakis

al., 2021); most liverworts, on the other hand, have unique oil bodies (Shimamura, 2016).
What all bryophytes have in common is that they are survivalists. They have the ability to grow
in almost all habitats, including the west tropical forest or even the arctic, for exgiogigetts

et al, 2019;Wanget al, 2023. This is mainly due to the fact that they are extremely adaptable

as they have an extreme abiotic stress tolerance. These stressors include above all UV radiation,
temperature fluctuations, desiccation and drought (de Vries & Archibalt, 2018:Janssret

al., 2020; Bowlest al, 2021; Yadaet al, 2023).

The latest common ancestor of all land plants had to cope with these enormous environmental
changes as it colonized the land (de Vries & Archibalt, 2018, Mc@oait 2023).
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Today, it is generally agreed that this latest common ancestor of extant land plantsdtelong

the streptophyte algae of the Zygnematophy«@aleochaetophycea@harophyceagrade

the ZCGgrade(de Vries & Archibalt, 2018; Domozych & Bagdan, 2022).

In order to survive under these altered conditions, one of the most important adaptations was
the modification of the plant's cell wall (Harheltal, 2016).

In general, the cell wall is a highly complex and dynamic system designed to protect the cell
from abiotic and biotic stress factors, but also to strengthen thendahereby the whole plant

The main components of the cell wall are polysaccharides and cell wall proteins, which can be
further classified. The most important groups of polysaccharideseindose hemicelluloses

and pectins Cellulose comprises most of the mass of the cell wall of plants, is organized in
microfibrils that are crosknked with hemicelluloses. This construct is embedded in a matrix
of pectins (Popper, 2008).

Pectinsare rich in GalA andcan be further subdivided into homogalacturonan (HG),
rhamnogalacturonah (RG-1) and rhamnogalacturondh (RG-II), whereby RGII offers a
special feature. It exists as a dinvea a borate diester linkage by apiose residues (Matsunaga
et al, 2004; Atmodjcet al, 2013) Hemicelluloses are defined pslysaccharides withb-1,4-

linked core structure with an ether group between C1 and C4 positioned in an equatorial
configuration (Scheller & Ulvskov, 2010). Common representativesi®fctass are xylans,
xyloglucans,( 1Y 3) , -b-d-gfudaps, also called the mixéidkage glucans (MLGs)and
(glucomannans

Cellulose, hemicelluloses and pectins have been detected and partly isolated in various
bryophytes (Geddes & Wilkie, 197Kremeret al, 2004; Carafat al, 2005; Berryet al, 2016;

Pfeifer, Mueller, Classen2022). In addition to many similarities with tleell wall of
tracheophytes, differences were also discovyezayl acidic xyloglucans with an altered basic
motif in mosses and liverworts (Peéial, 2008) Furthermoreunusual arabinoglucartmsve

been isolatedrom P. patens(Robertset al., 2018).Additionally, it is still unclear whether
bryophytes contain R@, as so far only traces of the compound element boron have been
detected, which could possibly also indicate contamination (Mats@tada2004).

Besides polysaccharides, (glyco)proteins are important components of plant celDwallsf

the largest groups of cell wall proteins are the hydroxypralcte glycoproteins (HRGPS),
which can be subdivided into arabinogalagtaoteins (AGPs)extensins (EXTandproline-

rich proteins (PRPs)hese differ primarily in their degree of glycosylation. This is up to 90 %
for AGPs, 50 % for EXT and only fourtd a low degreén PRPs (Johnsoet al, 2018).The

protein part of AGPs is covalently linked to itarbohydrate parvia the amino acid

hydroxyproline (Hyp). This polysaccharide moiegynsists of type Il arabinogalactans and is
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characterized by & 1 Y-B-D-galactan core chain that is often linked(td Y-B-0-galactan
side chains at position-6. These side chains are furtliscoratedv i t -b-Ardfland other
monosaccharides minor amountssuch as-Rha,L-Fuc orb-GlcAp (Kitazawaet al, 2013;
Strasseet al, 2021)

AGPs are widely distributed among land plants and Vestedescribedn bryophyte samples

in the 1970s by Clarket al. (1978) using a special precipitation reaction. This precipitation
reaction i s perf or me dglucesyltYhrivieagesn@oY;Yarivetalr eagent
1962).When AGPs interact with the Yariv reagent, precipitation results and a red precipitate is
formed which can beised forisolation of AGPs. In addition to AGPs from cell walls of ferns,
gymnospermss well aamonocot and dicot angiosperms (Classeal, 2004; Gdéllneet al,

2011, Barted & Classen, 2017; Baumaenal, 2021, Muelleretal., 2023), AGPsave been

also isolatedrom bryophyte cell walls (Leet al, 2005; Fuet al, 2007; Bartel®t al, 2017;

Happ & Classen, 2019).

The most significant difference between the AGPs of spore plants and those of embryophytes
is the presence of methylatdthmnose (D-MeRha;acofriose Fuet al, 2007; Bartel®t al,

2017; Bartels & Classen, 2017; Happ & Classen, 2019; Mueliglr, 2023).

Functions of AGPs in seed plants are extremely diverse and numerous. These include xylem
differentiation, cell proliferation, growttsalt and drought toleranes well agnteraction with

plant microbegSeifert & Roberts, 2007; Met al, 2018;Mareriet al, 201§. Up to now, little

is known about functions of AGPs in bryophyt&&Ps are involved in the apical cell extension

of protonemata in the mos§s patengLeeet al, 2005)and play a role inhe water balance in
mosses (Kobayaskt al, 2011; Cuiet al, 2012; Ligroneet al, 2002).

In this study, AGPs were isolated from the two model organigthgscomitriumpatensand
Anthocerosagrestisin order to expand structural elucidation and further clarify the evolution
of AGPs within the land plants. To the best of our knowledge, no AGP of a hornwort has been
isolated beforeAs the knowledge about the cell walls of bryophytes is still limited, a sequential
cell wall extraction was performed to gain insight into polysaccharide composition and
distribution. Furthermorethis provides informabn about the evolution of th@ant cell wall

during the conquest of land.
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RESULTS

Sequential extraction of polysaccharide fractionsrom bryophyte cell walls

To investigate the cell wall composition Ahthocerosand Physcomitrium the dried plant
material was subjected to sequential extraction with water (AE), ammeaxalate
[(NH4)2C204] and hydrochloric acid (HCI) as well as sodium carbonitexGOs) and
potassium hydroxide (KOH). In this way, five fractions were obtained: one-gs@lidvle, two
pectc and two hemicellulose fractions.

The yields of the AE fractions were 12.0498.1 %for Anthocerogn=2) and 2.1 % of the dry
plant material folPhyscomitriumThe extraction yields of thetherfractions(Tab. S1) also
varied between the two specids Anthocerosthe dominant fraction was tH@&lH4)2C>04
fractionwith a yield of 28.4 %, whereas Physcomitriumthe KOH fraction dominated with
20.2 %.

Pectic fractions of bryophyte cell walls

The monosaccharide compositions of the two pectic fractions are shown in S2dokesdS2b
and Figure 1. Asxpected, the tw@ectic fractionswere rich in uronic acids with highest
amounsin the(NHa4)2C204 fractions of both bryophytesnthocerosvas outstanding with 49.1
% of uronic acidsn the (NH4)2C204 fractionand 17.3 %of uronic acids in the HGfraction
(Tab S3).

The common neutral monosaccharides of pectic polysaccharides are mostly Rha, Gal and Ara
of rhamnogalacturonah(RG-I) or Xyl and Gal of xylogalacturonans (XG). These neutral
monosaccharides were also present irpic fractios of both bryophytes.

The amount of Gal, Glc and Xyl were greatest in both pectic fractioAstbbcerosreaching
values from 5.8 % to 77.2 %, in thoseRifyscomitriunthe highest monosaccharide contents
were Glc, Gal and Rha (8.6 #63.0 %).

The monosaccharides Gal, Xyl and Rha, as well as Ara (with amounts ofi2816886) in all
pectic fractions could be a hint for pectic polysaccharides such asaR@ XG, and the
contained Glc, Fuc and Man could be indicative of other polysaccharidescase of Glc, of
co-extracted starch.

In addition, the methylated monosaccharid®@-ghethylrhamnose (=Acofriose;-8-MeRha)
could be detecteith pectic fractions of both species.

To confirm presence of RG the antibodies INRA RU2, LM5, LM6, LM16 and LM26 were
used for binding affinity tqNH4)2C204 fractions (see Fig2A and Tab S4 for references).
INRA RU2 detects epitopes of the RG®ackbone, LM5 and LM16 are directed agaiR&|

galactan side chains, LM6 and LM26 agaiR&-| arabinan side chains, whereas LM16 and
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LM 26 aredirected againsbranchedRG-I side chains (see Fi®2B for epitopes of all
antibodies).The (NH4)>C>O4 fraction of Arabidopsis thalianavas tested as a positive control
(fraction data unpublishe@nd showed strong interaction with all antibodies directed against
RG-I epitopes. In contrasthe RGI backbone antibody INRA RU2 indicated no affinity to the
(NHa4)2C204 fractions of both bryophytes.

The (NH4)2C204 fraction of Anthocerosshowed only a weak binding affinity to LM16 and a
very weak affinity to LM26Thatof Physcomitriumon the other hand, has a great affinity to

the arabinan antibody LM5 and moderate binding affinity to the others.
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Figure 1. Monosaccharide composition of different cell wall fractions [(N8,04, HCI, N&COs, KOH] from
the hornwortAnthocerosagrestisand the mos$hyscomitrium patensA: Relative neutral monosaccharide
composition determined by gas chromatography (GC; % mol)m@&: Absolute content of uronic acids
determined by colorimetric assay (% W of dry fraction weight).
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Hemicellulose fractions of bryophyte cell walls

In the alkaline fractions dAnthocerogFig. 1 andTah S2a, S3, the monosaccharides Gal, Glc,

Ara and Xyl were present in amounts between 10193%.2 %.

In Physcomitrium Glc and Xylwere dominant in botlalkaline fractionsand accounted for
together 54 % 57 %of the neutramonosaccharided-ig. 1 and TabS2b, S3. The contents

of the other monosaccharides Rha, Man, Gal and Ara were varied from 3.7 % %. T6u2

could indicate the presence of distinct xylans, glucans and mannans in these bryophyte cell
walls.

The same was the case for the KOH fractioAmthoceroswith 66 % of summarized Glc and

Xyl. The NaeCQs fraction ofAnthocerodgiffered with dominance of Gal.

The content of the uronic acids of the KOH fractionRifyscomitriumwas 9.8 % and thus
higher than that of the HCI fraction. This suggest that the hemicellutddeisyscomitrium

might contain uronic ac&l

Because of the high contents of Glc and Xyl in the KOH fractions of both species, the factions
were tested against epitopes of xylan and xyloglw@ELISA (see Fig2).

A 4 M NaOH fraction ofArabidopsis thalianavere used as a positive control (fraction data
unpublished).

The antibody LM10 detects the epitope of the -noeduci ng e #b-o-xylanf (1°
(McCartneyet al, 2005; Ruprechet al, 2017) and LM15 the XXX@notif of xyloglucan
(Marcuset al., 2008; Pedersest al, 2012).

The KOH fraction ofAnthocerosshowed a moderate binding to the epitope of LM10 (xylan)
and a strong affinity to the XXX@notif of LM15, whereas that d?hyscomitriunpresented

only a weak affinity to both antibodies.
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blue keat map of reactivity odilkaline fractiongested with antibodies against epitopes of xylan (LM10) and of
xyloglucan (LM15).B: Epitopes of the antibodies used, for referencesiseeTable 8.

Search forAGPs in the cell walk of Anthocerosand Physcomitrium

The extraction of the wateoluble fractiongrom AnthocerosandPhyscomitriunyielded two

fractions with different monosaccharide compositialthough Glc, Gal, Xyhnd Ara were
dominant in botHractions (Fig1 andTab. S2a S2, S3.
For the extraction of the AE @&fnthocerosa 2.5fold higher amount of water was used than

for that of Physcomitrium in order to provide a complete extraction of the watduble

polysaccharides, since the AE exhibitexkay viscous consistency.

This is also reflected in the quantified uronic acid content in the AE fractions, which was higher

in the AE ofAnthoceroswith 11.1 % compared to the AE Bhyscomitriunwith 3.1 %.
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Considering the neutral monosaccharides, high amounts of Gal were found in the AE of
Anthocerosfollowed by similar contents of Glc and Xat well asAra with 8.4 %. In that of
Physcomitrium Glc was most abundant, followed by Gal and Ara in approximately equal
amounts.

Ara and Gal are the main monosaccharides of the carbohydrate moiety of AGPs, which could
indicate their presence.

The high Glc content in both AEs and the Xyl content in th&mhoceroscould indicate co
extraction of starch due to the lack of amylase treatment or also-sedtdte hemicelluloses

such as glucans, xylans or xyloglucans.

Other neutral monosaccharides were detected in amounts less than 9.0 %, including the unusual
3-O-MeRha.

Gel diffusion assay

A gel diffusion assay was useddearch foAGPsin the bryophyte AEBamples. AGPs contain
1,3-galactan structures, thptr eci pi t ate with Yar i vb-glpchsyiny I (
Yariv-r e a g e nt Kitazawaeét alY2013; Paulsest al, 2014. This reaction produces a

red precipitate that can be perceived as a red lingeéi diffusion assay (Clarket al., 1979).

The geldiffusion test was positive for bo#inthocerosandPhyscomitriumAEs (Fig S1) and
compared to AE frorMarchantia polymorphawhich has been investigated in a previous study
(Happ& Classen, 2019).

Isolation and identification of AGPs

Based on the Ara and Gal amounts as well as the positive gel diffusion asdayg.(8dg the
AE fractions were treated with G | -pe&gent to gain AGP fractions. After purification, the
yield of theAnthocerosAGP faction was 0B% + 008 % (n=2) and that oPhyscomitrium
0.09 % of the dry plant material.

The monosaccharide compositions of the bryophyte AGPs are shown inlTable

The neutral monosaccharides Ara and Gal vder@inantin both bryophyte AGP fractions
The Ara : Gal ratio was in both AGPs quite similar with 1:1.7 infth#hoceroAGP and 1:1.6

in the PhyscomitriumAGP. In PhyscomitriumAGP, high amounts of Glc were present
additionally, which might at least parthe due to unseparatédG| .c Y

Besides other minomonosaccharides, the content eD3dvieRha is quite high, 5.6 % in
AnthoceroAGP and 10.0 % iPhyscomitriumAGP.

The uronic acid content of the AGPs of both bryophytas determined photometrically and
was in the same range, 6.5 %nthocero¥ and 7.3 % RPhyscomitrium. For uronic acid
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identification, the AGPs were subjected to uromeid reduction with sodiunborodeuteride
(AGPuR). In the mass spectrum analysis, deuterated fragments were detected only in the Glc
peak. This, together with the increase of Glc in the neutral monosacchaallysis (Tabl)
indicate that in both AGPs the uronic acids were GIcA.

Since AGPs consist of a protein moiety covalently linkeal Hyp in addition to the
carbohydrate part, the proteand the Hyp conterdf these AGPs were also determined.

From the nitrogen content measured by elemental analysis (2.68tfmcerosand 2.7 % for
PhyscomitriumAGP) the amount of protein in the AGPs was calculated using the Kjeldahl
constant (x 6.25) and deteined to bel6.3 % and 16.9 %, respectively.

The Hyp amount of thénthocerosAGP was slightly higher (0.31 %) compared to that of
Physcomitriun{0.25 %).

This results in a Hyp proportion of 1.9 % of the proteiithocerosAGP and 1.5 % for that

of Physcomitrium

Table 1.Neutral monosaccharide composition of AGPs AGdPyrs fromAnthocerosagrestisandPhyscomitrium
patensin % (mol moft, tr: trace value <1 %

Neutral A. agrestis P. patens
monosaccharide AGP AGPur AGP AGPur
(n=1) (n=3) (n=1) (n=2)
3-O-Me-Rha 5.6 43+0.1 10.0 10.6 £ 0.4
Rha tr tr 34 2.8+0.1
Fuc tr tr 2.0 1.5+0.1
Ara 31.8 356 +0.7 21.8 21.1+0.0
Xyl 4.0 3.3+0.4 2.8 2.7+0.3
Man 1.6 1.9+Q3 3.0 2.4+0.0
Gal 53.9 50.3+0.8 35.2 35.6 +0.0
Glc 3.1 46+1.0 21.8 23.3+0.0
Ara : Gal 1:1.7 1:1.7+£0.0 1:1.6 1:1.7+£0.0

AG structure elucidation of bryophyte AGPs

For structuralcharacterizationthe AGPs and the uronic agidduced AGPs (AGH&) were
subjected to linkage analysis (T&). In all samples, Gplwas the main monosaccharide and
present as terminal residue (1.0194..8 %), in 1,3linkage (10.4 % 20.1 %), 1,dinkage
(traces to 1.40), 1,3,4linkage (onlyAnthocerosabout6.4%) and 1,3,dinkage (18.1% i
27.7%).

Terminal Glp was characterized in amourtgl1.4 % to 3.5%. The increase of this terminal
residue in the AGEkk samples to approcimately double was duthépresence oGIcA in the
native AGR

Further hexose linkage types were-Hdxp, 1,6 Manp and 1,3,4,8Hexp. In thePhyscomitrium
AGP, the 1,4Hexp peak was in both samples the highest (201023.4%). When comparing

90



the detected monosaccldesfrom the methylation analysis with those from the acetylation,
most of the Glc content is lacking. This hexose is thus Glc.

An 1,4Hexp peak was only found in traces in tAethocerosAGP, but in the uronic acid
reduced sample it was up to 2 %. The additonal deuterated fragments found indicate that it is a
pyranosidic uronic acidontaining hexose. It could be assumed that it is more likely to be Glc,
as approximately 2 % of the Glc svaot recovered in both samples. However, this is only
speculative.

Additionally, a 1,3,4,8Hexp peak was identified in both AGP samplesfothocerosSince it
cannot be clearly determined whether this isdificial peakdue toundermethylationit was

not taken into account in the structural propdseé belowgchaptemDiscussio.

The AGP linkage types of Ara differ in the two investigated bryophyteé&nthocerosAGP,
terminal Ard was strongly dominan23.7 %i 25.7 % and only low amounts of additional
1,3-Araf were found.In PhyscomitriumAGP, the 1,5Araf was slightly dominant and was
accompanied by almost similar amounts of terminak Arhe main terminal monosaccharide

of PhyscomitriumAGP was 1{Rhg with up to 18.0 %. In addition teRhgp, pyranosidic Ara

and Xyl were identified as terminal residues in the AGRmhoceroswhile tFug was only

detected in that d?hyscomitrium
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Table 2. Linkage type analysis AAGP and AGRr from Anthoceros agrestiand Physcomitrium patens %
(mol mot?, n=1;tr: trace value < 1 %; including deuterateftagments.

Mono- linkage Anthoceros Physcomitrium
saccharide type AGP AGPur AGP AGPuRr
Galp 1,3,6 27.7 23.8 22.3 18.1
1,34 6.5 6.3 - -
1,6 tr 1.1 1.4 1.4
1,3 20.1 18.3 11.0 10.4
1- 1.4 1.0 1.6 1.8
Glcp 1,34 - - tr tr
1.4 - - 234 20.0
1- 1.4 2.4* 1.8 3.5*
Manp 1,6 tr tr tr 2.1
Hexp 1,3,4,6 6.7 7.4 - -
14,6 - - tr tr
12,3 tr tr - tr
HexAp 1,4 tr 1.9* - -
Rhap 1,2,4 tr tr - tr
1,4 - tr tr tr
1,2 - - tr tr
1- 8.4 7.3 16.7 18.0
Fup 1- - - 1.4 1.4
Araf 1,5 tr tr 11.0 13.2
1,3 2.4 2.0 tr tr
1,2 tr tr tr tr
1- 23.7 25.7 9.4 10.1
Arap 1- 1.7 1.6 tr tr
Xylp 1,2/1,4 tr tr - -
1- tr 1.2 tr tr

ELISA experiment with antibodies directed against AG glycan epitopes

To obtain more information about the structure of the AG moiety of the two bryophyte AGPs,
these AGPs were tested for their binding affinity with different antibodies against
arabinogalactaprotein glycarepitopes: KM1, JIM13, LM2 and LM6 (Fi@).

The antibody JIM13 Fig. 3A) is generally considered to be AGP antibody, although the
epitope has not been fully clarified to date. Yates al (1996) showed binding of the
trisacchar-dD-6GleAp-61 Y-BpGalAp-(el WPH)-Rha. Additionally, Pfeifeet

al. (2022) also demonstrated that Rha ammhic acids contribut® the bindingThe results of

the ELISA showed a strong reactivity of tRayscomitriumAGP and a moderate @ihat of
Anthoceros

To detect thg 1 Y-B-D-Galp units in AGs typell, the antibody KM1 (Fig8B) was used
(Classeret al, 2004; Ruprechdt al, 2017) and showed no affinity to thathoceroAGP and

very weak reaction to tHehyscomitriumAGP.
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The LM2 antibody $mallwoodet al, 1996,Fig. 3C) identifies( 1 Y-B-)-Galp units with

t er mi-mGIdAp i AGPs Ruprechtet al, 2017) and reacted very strong with the
AnthocerosAGP and also strong with thirhyscomitriumAGP.

To recognized oligomers with 1 Y-B-)-Araf linkages in arabinans or AGPthe antibody
LM6 (Fig. 3D) was appliedVerhertbruggeret al, 2009a) Only the AGP ofPhyscomitrium
showed a moderate binding.
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Figure 3. Reactivity of Anthoceros agrestisnd Physcomitrium paten&GP by ELISA. Antibodies against
epitopes of AGP glycang: JIM13;B: KM1; C: LM2; D: LM6. For epitopes of the antibodiesee Table &

93



DISCUSSION

Polysaccharides ofAnthocerosund Physcomitriumcell walls

About 500 mya, terrestrialization was one of the most significant earth events for life on land.
This led to enormous adaptations of plants to the changed environmental conDibimazych

& Bagdan, 2022)In order to cope with these stressors, varieties of adaptations were needed,
including those involving the cell wall. Since bryophytes are classified as the first land plants,
they are of particular importance in the research of cell wall modificatiangdiand plant
evolution (Bechteleet al, 2023). Additionally, the study of extant bryophytes can provide
insights into the cell wall compositiaof the common ancestor. Because knowledge on cell
wall composition of bryophytes is limited and often basenronunocytochemistry and not on
isolation and analytical characterization, the model organfsmisocerosand Physcomitrium

were chosen to fill this gap.

Pectic polysaccharidsin the cell walls ofbryophytes

Pectins consist mainly of uronic acids and the neutral monosaccharides Rha, Gal, and Ara,
which were found in the (NH)C2>0sand the HCI fraction oAnthocerosandPhyscomitrium

Due to the high content of Xyl, substituted homogalacturonans, the xylogalacturonans, might
be present in the pectic fractions Ahthoceros This composition of pectic fractions of
Anthocerosc or r esponds t o t hat etale(20&5). Hylagaadturonan OO Ro u
epitopes were not detectable in the cell wallRlmfscomitriun{Moller et al, 2007).

In addition, the unusual monosaccharid®-81eRha was found in the pectic fractions of both
bryophytes, this was also the case in those of the liveManthantiapolymorphaindicating

that 30-MeRha is a component of pectins in bryophytes (Happ & Classen, 2019). According
to Matsunagaet al (2004), 30-MeRha might also be part of RIGof a lycophyte and some
ferns.

Presence of HG with low or high degree of esterification in cell walls of hornworts and mosses
were confirmed in several studies with monoclonal antibodies including different tissues of
Physcomitriumcell walls and spore walls &nthoceroqLigroneet al. 2002; Kremetet al,

2004; Leeet al, 2005; Molleret al, 2007; Berryet al, 2016; Merced & Renzaglia, 2019;
Renzaglieet al, 2020). Additionally, the typical backbone linkage types for HG-@GadAp)

and for RGI (1,4-GalAp and 1,2Rhg) were found in a linkage type analysis of protonemal
cell walls of Physcomitriun(Moller et al, 2007).

To identify RGI epitopes several antibodies were tested in this study. The negative result of
the INRA RU2 antibody suggests that both bryophytes either do not produteRi& RGI
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backbones have increased branching because the epitope is directed against a linear backbone
of [(4)-U-D-GalA-(1,2)-U-L-Rhal.

The increased branching is also reflected in the positive response of LM16 and LM26 directed
against branched arabinan and galactan side chains present iof R® (NH;)2C>O4 fraction

of Anthoceros The RGI in the (NH;).C>O4 fraction of Physcomitriuncontained epitopes of
linear and branched arabinan and galactan side chains with the highest affinity for linear
arabinan side chains, demonstrated by the antibody LM6. This result was also confirmed in two
further antibody studies éthyscomitriuncell wals (Moller et al, 2007; Berryet al,, 2016).

The LM5 epitope of { Y 4B-galactansvas also labelled in primary walls of the hornwort
Megaceroswhereas the hyaline cells 8phagnunwere labelled by the antibody CCR7,

which is raised againstl (Y 60-galactans, also present in AGHRuhlmannet al, 1994;
Kremeret al, 2004). Ligroneet al. (2002) detected epitopes of LM5, LM6 and CCRIC in

water conducting cells and cortical parenchyma cells of several mosses and liverworts.

The presence of R@ in the cell wall of bryophyte gametophytes has not yet been fully
clarified. In a study by Matsunagaal (2004), the boron content of RGwas detected in very

low quantities. Since R@ contains 12 different unusual monosaccharides in angiosperms

( O6 Netal,l2004), it is also useful to search for them. However, O'Rairéie(2015) only

found 20-MeXyl in the cell wall ofAnthocerosagrestis

The high proportions of uronic acids, especially in the {fNEbOs4 fraction of Anthoceros

might be a release of the unusual disacchdbdeGalA-(1 Y BL-Gal, which was found in
Anthoceros caucasicusy NMR (Poppeet al, 2003). This disaccharide was mainly detected

in an acidic aqueous buffer and a8@x fraction and only in minor amounts in a mild NaOH
fraction. Cell walls of various plants above tlyeeen lireage were analysed for this
disaccharide, but it could only be detected in the cell wall of this hornwort (Petgde2003).

This indicates thafinthoceros agrestigay also contain this unusual disaccharide due to the

high contents of uroniccéds and Gal in the first three fractions.

Different types of hemicelluloses with special features within the bryophytes

Xylans and Xyloglucang€Common members of hemicelluloses are xylans and xyloglucans

(XyG) (Anderson & Kieber, 2020). These representatives are mainly composed of the
monosaccharides Gal, Glc, Man and Xyl, which were found in the alkaline fractions of
Anthocerosand Physcomitriumexcept of the monosaccharide Man in thosArghocerosin

which Ara was increased. A high amount of Rha was also detected in the fractions of

Physcomitrium
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O 06 R o wtralk(2015) also investigated the cell wallArithocerosand gained a hemicellulose
fraction by extraction with 6 M NaOH. In this study, a similar monosaccharide composition
and distribution was detected. The high Ara, Glc and Xyl amounts might be a hint for xylans,
arabinoxylans and xyloglucans, which can loafcmed using antibodies directed against
epitopes of those.He antibody LM10 is raised against epitopes of thenedncing end of

( 1 Y-B-D-xylan. The moderate response of the alkaline fractioArdhocerosand the very
weak binding of that oPhyscomitriunto LM10 were not corresponding to the results of the
antibody study by Carafat al (2005). In this study, all tested hornworts, liverworts and mosses
did not bind to LM10. Only the four investigated hornworts were positive for LM11, which is
raised against substituted xylans, such as arabinoxylans. This confirms the suggestion of
arabnoxylans also irAnthoceros The weak binding of thBhyscomitriunfraction to LM10

was also observed by labelling other alkaline fractionPhofscomitriumcell walls and by
binding restricted t&hyscomitriungametophores (Molleat al., 2007; Berret al, 2016). The
binding of the antibody LM11 was detected only in axillary hair cells (Kulketrai., 2012).

The reason of this could be the absence of the@ducing end of xylans iRhyscomitriumas
proposed by Kulkarnet al (2012). There, it was demonstrated, that glucuronylated xylans,
which are cormon in land plants, differ structurally in cell wallsPfiyscomitriunfrom those

in secondary cell walls of seed plants. Glucuronoxylans of seed plants cons@t\é4}p-

GlcAp and U-D-GIcAp side chains, whereas xylans Bhyscomitriumlack the methylated
GlcAp side chains (Kulkarret al,, 2012).

Popper and Fry (2003) identified the presence of XyGs in various bryophyte species by
Driselase digestion, although the yields of XyG in the bryophytes were lower than those in
angiosperms (Popper & Fry, 2003). This could indicate that bryophytes gemerslyn less

XyG in the cell wall or that they are more difficult to digest due to altered side cPaife(
Mueller, Classen2022). Epitopes of motifs and side chains of XyGs can be verified with
various antibodies. LM15 is raised against the XxX@tif of XyG (Marcuset al, 2008). The
antibodyinteracted only weakly with the KOH fraction Bhyscomitriumindicating that there

are limited XyGs with the XXX@motif. The binding was also restricted to the protoplast and
protonemal cells and was only weakly recognised in other alkaline fractiég/stomitrium
(Moller et al,, 2007; Berryet al., 2016).

In contrast, the alkaline fraction Ahthoceroshowed strong binding to LM15, which implies
that Anthoceroscell walls contairhigh amounts of XyGs with XXX@&notifs. This motif is
common in XyGs of tracheophytes and was also found in three hornwort species by NMR
analysis, includingAnthoceros agresti@efaet al., 2008). Galactosylated side chain epitopes
can be detected with the antibody LM25 and were found in spore cell waliglaicerosand
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other hornwortsRederset al, 2012; Renzagliat al, 2020).The detailed structural analysis

of Pefaet al (2008) detected fucosylated side chains only in the XyGs of the hornwort
Megaceroswhich, however, contrasts with the negative results of the antibody test with-CCRC
M1, directed against Fuc containing side chains, on cell waNsegcerogPuhlmanret al.,

1994; Kremeeet al, 2004). This antibody reacted positive in cell walls of some liverworts and
only weakly in maturé&phagnuneell walls(Ligroneet al, 2002; Kremeet al, 2004). Other

tested moss cell wall fractions did not bind to this antibody, includimgcomitriun{Ligrone

et al, 2002; Molleret al,, 2007).

Instead, galactosylated side chains were found in XyGs in cell watlsysicomitriun{LM25;
Gallowayet al, 2018). The lack of the Fuc side chains and the presence of the Gal side chains
in PhyscomitriumXyGs were confirmed by Pef@ al (2008). The general branching patte

was determined to be a XXGG@otif, which also explains the weak response of the LM15
antibody in this study. This motif is the common motif for XyGs of grasses. In addition, four
unusual side chains, P and Q as well as M and N, detezted in the moss XyG. These are
characterized by a 2Jihked Xylpr esi duesGalgyi twhahifch ar e substi
GalAp ( P an d -L-@Qraf (Mand N). The side chains Q and N are characterized by an
addi t ip-Galpardsidub. The galacturonic acid side chains P and Q were only found in
XyGs of the liverwortMarchantiaand the Galf residue in XyGs in root hair cells walls of
Arabidopsis(Pefaet al, 2008, 2012)These side chains could also be the cause for the

increased content of uronic acids in the KOH fractioRlmfscomitrium

Mannans and GlucansThe alkaline fractions ofAnthocerosand Physcomitriumare rich in

Man and Glc, especially those Bhyscomitrium This indicates the presence of mannans and
glucans. Mannose was foundae abundant in gpphyte cell wallswhereas the only hornwort

cell wall tested,Anthoceroscaucasicus contained less than the most investigated mosses
(Popper & Fry, 2003). Epitopes of mannans and glucomannans can be detected with the
antibody BS 4081 (Pettolincet al, 2001) and were abundant in alkaline fractions of cell walls
as well as rhizoids, protoplasts, protonema cells and gametophd?agsmiomitrium(Moller

etal, 2007; Bernet al, 2016). In addition, a galactoglucomannan was isolateddroatkaline
fraction of the aquatic mo$ontinalisantipyretica(Geddes & Wilkie, 1971).

Robertset al (2018) identified a special arabinoglucan with koth Y-Brafa n d  (-Glcg 4 )
chains. The linkage types of tlaeabinoglucan are similar to that of mixktkage glucans
(MLGSs), which were previously only detected in horsetails and Poales within the land plants
(Popper & Fry, 2004Sgrenseret al, 200§.
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AGPs in bryophytes are similar but with characteristic differences

In the past, AGPs have been detected in different bryophytes, but mostly on the basis of gel
diffusion assays or antibody reaction (Claekal, 1978; Basile & Basile, 1987; Ligroe¢ al.,
2002; Kremeket al, 2004; Leeet al,, 2005; Berret al, 2016). However, only a few bryophyte
AGPs have been isolated (Letal, 2005; Fuet al, 2007; Bartelet al, 2017; Happ & Classen,
2019). As a result of this study, two further bryophyte AGPs can be added to this list.

The AGP yield ofPhyscomitrium(0.09 %) is in the same range as isolated AGPs from other
bryophytes and ferns (0.06 #9.19 %; Bartels & Classen, 2017; Bartetsal, 2017; Happ &
Classen, 2019; Muelleat al, 2023), while the AGP vyield dknthocerods higher (0.31 %).
This could be due to the fact thitithocerosvas cultivated on medium and not on soil. This is
also reflected in hyscomitriumAGP yield of 0.23 % wheRhyscomitriunwas grown in cell
culture (Bartelst al,, 2017).

Protein moiety of AGRS he moss and the hornwort AGPs contain a similar protein content of
around 16 % 17 %. This is comparable to the protein content of another folggrichastrum
(Bartelset al, 2017). Other studies revealed a high variety of the protein amohintaphyte
AGPs ranging from 4.6 ¥%SphagnumBartels & Classen, 2017) to 24.9 #grchantiag Happ

& Classen, 2019) The protein parts of fern AGPs are slightly lower (6,424 %; Bartels &
Classen, 2017). Only the protein content ob twater fernsAzollaand Salvinig was in the
same range (14.6 % and 19.4 %; Muedieal, 2023). In addition, the Hyp amount in relation

to the total protein oPhyscomitriumand Anthoceroswas in the same range as that of the
bryophytes and aquatic ferns mentioned above (01926%; Bartelset al, 2017; Happ &
Classen, 2019; Muellest al, 2023). The only exception was ag&phagnunwith 5.8 %,
which corresponds to the proportion that also occurs in terrestrial leptosporangiate ferns
(Bartels & Classen, 2017; Bartadsal, 2017).

Carbohydrate part of AGP3 he polysaccharide part of the AGPAgithocerogonsists mainly

of Ara, Gal and 30-MeRha, which make up over 90 %. This part of BgscomitriumAGP

also contains a high content of Glc, although it cannot be excluded that this could also be starch
or Glc contamination of the G| ®hyscomitriumAGPs of three different fractions, a soluble
fraction, a membrane fraction and a cell wall fraction were also isolated by a studgtcdlFu
(2007). The soluble fraction is more comgdale to the AGP fraction of this work than the other
fractions, despite the fact that no solvent extraction was performed in this soluble AGP fraction.
The monosaccharide amounts are comparable to our results, except of the contents of Glc and
GIcA. Glc was represented by 1.3 %, while GIcA accounted for 12.3 %. This could not be
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confirmed in the AGBR, instead it was almost the other way round. The amount difference of
Glc might also be due to the type of cultivation, as ietal (2007)Physcomitriunwas grown

under aseptic conditions and not on soil as in our study. This is supported by another study by
Bartelset al (2017), in which AGPs dPhyscomitriumgrown in cell culture, also contained

only a low amount of Glc (GIcA was not tested).

The unusual ®-MeRha has never been detected in any cell wall component of an angiosperm,
but it has been found in cell walls and also AGPs of algae, bryophytes, ferns and gymnosperms
(Ogawaet al, 1997; Popper & Fry, 2003; Pfeiferal, 2022;Bartels & Classen, 201 Bartels

et al, 2017; Happ & Classen 2019; Baumatmal, 2021; Muelleeet al, 2023).

To obtain further information about the AGPs of these two bryophytes, a linkage typesanalys
was performed. The typical galactan core of angiosperms consists,df, & and 1,3.6inked

Galp. These were also found in those of the bryophytes except for low amounts of @egl,6

(less than 2 %). Low amounts of 4G&lp linkages were also characteristic for other AGPs of
spore producing land plants and indicate a high degree of branching of these AG&tsa(l.ee
2005; Bartels & Classen, 2017; Bartetsal., 2017; Happ & Classen, 2019; Muelktr al.,

2023). Only the AG structure &phagnunis again an exception, whose content of Gdp
linkages is in the range of seed plants (Bagehl, 2017; Thude & Classen, 2005)stead, a
further branching structure, the 1,3>&lp, was only detected in the AGP of the hornwort
Anthoceros However, this linkage was also found in traces in the AGPhyscomitrium
cultivated in cell cultures, and in some fern AGPs (geal, 2005; Bartels & Classen, 2017).

In the AGPs of the moss@&slytrichastrumand Sphagnumthe unique branching point 1,2,3

Galp was identified, which was detectable only in traces in both bryophyte AGPs.

A high content of 1,45lcp was also determined in the AGP Bifiyscomitrium This linkage

type was not reported previously as part of an AGP and only detected at 1 % in the AGP of
Physcomitriumwhich was grown under aseptic conditions (e¢@l, 2005). However, this
PhyscomitriumAGP contained high amounts of 4GicAp, which could not be detected in our
study.

In contrast, 1,45alp has often been described as part of AGPs, including those of the mosses
SphagnumandPolytrichastrumand the liverworMarchantia(Bartels & Classen, 2017; Bartels

et al, 2017; Happ & Classen, 2019; Baumatral, 2021).

An additional acidic hexose linkage type, thegtHexAp, was found inthe AGRr of
AnthocerosSince only 1,4GIcAp linkages have been described in AGPs to date, it is likely
that this is also GIcA (Pfeifeat al, 2020).

The other main component of the carbohydrate structure of AGPs are the terminal residues,
which consist mainly of Ara. The Ara linkages of angiosperm AGPs are mostly furanosidic,
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either terminal or 1 inked (Classeret al, 200Q Thude & Classen, 2005This is also the

case for thd>hyscomitriumAGP in our study and in correspondence to the work ofelted

(2005). The 1,8inkage was also determined in the peat ngmsagnunand the eusporangiate

fern Equisetum(Bartels & Classen, 2017; Bartet&t al, 2017). In contrast, the AGP of
Anthoceroshowed a 1\ raf linkage. This 1,3Araf linkage was also the main Ara linkage in

the lycophytd_ycopodiumBartels & Classen, 2017). Most of the terminal Ara was also found
there in pyranosidic form, which could also be detected in the A@Rtbbcerosbut only in

low amounts. The majority of the terminal Ara was also furanosidic, RlsyiscomitriumThe
liverwort Marchantiaand the other mog2olytrichastrumcontain both, 1, Araf and 1,5Araf,

in similar quantities (Bartelst al, 2017; Happ & Classen, 2019). The-lifikage type of Ar§

which occurs mainly in leptosporangiate ferns, was detected only in traces in both bryophyte
species (Bartels & Classen, 2017; Muedieal., 2023).

In addition, high proportions of terminal@G-MeRha were determined in the AGPs of both
bryophytes, but these were about twice as higRhgscomitriumcompared toAnthoceros
Comparable high amounts of this methylated monosaccharide were found in the AGP of
Physcomitriunwhich was cultivated in cell culture (Le¢al, 2005). It seems that this unusual
3-O-MeRha is a typical feature of AGPs of bryophytes, ferns and gymnospédmngama et

al., 1987;Bartels & Classen, 201 Bartelset al, 2017;Happ & Classen, 2019Baumannet

al., 2021), but is not part of angiosperm AGPs

To provide further information on structural elucidation, the binding affinity of the AG moieties
of the two bryophyte AGPs was tested with several antibodies raised against epitopes of AGP
glycans (Fig. 3). The epitope of JIM13 is not fully elucidated tlhe trisaccharidb-D-GIcAp-

( 1 Y-Brp-GalAp-( 1 Y-BH)-Rha has been shown to interact with this antibody (Yeites,

1996). Since the AGP dthyscomitriunshowed a stronger binding affinity than the AGP of
Anthocerosit was confirmed that Rha in particular is involved in bindBetry et al (2016)

also detected epitopes of JIM13Rityscomitriunprotoplasts and gametophores. In addition,
JIM13 epitopes were identified in secondary wall layers of the hornMegacerosand in
hyaline cells, water retaining cells, of the peat nfegbagnun{Kremeret al, 2004). These

cells ofMegacerosand Sphagnunwere also labelled with the AGP antibody JIM8, of which

the epitope is still unknown (Pennetlal, 1991; Kremeet al, 2004).

Ligrone et al (2002) used JIM8 and two other antibodies raised against AGPs in the
investigation of water conducting cells of several mosses. While JIM8 epitopes showed no
affinity to these cells, the presence of AGPs was detected by the binding of the antibody CCRC
M7, directed against arabinosilated-liftked galactans, and LM6, raised againstAr&f side

chains of AGPs (Puhlmaet al, 1994;Verhertbruggeret al, 2009a).
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These side chains of T&raf in Physcomitriumwere also confirmed by the antibody LM6 in

this study. The binding to this antibody was negative for the AG&tfocerosconfirming

that other Arlinkage types are present in this AGP. Both antibodies were also used in the
study of Leeet al (2005). There, LM6 had a higher affinity to protonemal cells of
Physcomitriunthan JIM13. In particular, LM6 showed binding to the plasma membrane and
cell wall surfaces at the tip of the growing protonemata, indigatiat AGPs are involved in
apical cell expansion.

The low amounts of 1;&alp linkages were verified by the result with the antibody KM1, which
did not bind tothe AnthocerosAGP and showed only weak interaction wikhyscomitrium

AGP. The epitope of this antibody was developed againgbalblinkages of the angiosperm
AGP of Echinacegurpurea(Classeret al, 2004).

The antibody LM2 recognizes a carbohydrate epitope of an AGP from rice rich in Ara and Gal
and minor amounts of GIcA and GIcA was effective at inhibiting LM2 bind8mallwoodet

al., 1996). According to Ruprecht al (2017), an oligosaccharide with di6ked Gal with a
terminal GIcA was an effective epitope of the LM2 antibody. Due to lack dirkkéd Gal in

both bryophyte AGPs, it would have been expected that reactivity with LM2 should be weak.
However, since th binding profile of both bryophyte @Ps showed a strong affinity, GICA
probably plays a more decisive role in the epitope. Detection of the epitope of LM2 was also
verified by Berryet al (2016) atPhyscomitriumprotoplasts, protonemata, rhizoids and
gametophores.

Based on the data from the linkages type analysis and the ELISA results, a proposed structure
of the AGP ofAnthoceroswas illustrated (Fig. 4). This was not carried out for the AGP of
Physcomitriumas it is not certain whether the high amounts ofGlgp are part of the AGP

or might be due to contaminations.
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HexA

Figure 4. Structural poposal for the carbohydrate moiety of the Afg#n Anthoceros agrestig he proposal was
derived from the compositionammunochemicaénd linkagetype analyses of the AGihdthe reduced AGE.

CONCLUSION

Theknowledge of cell wall composition of bryophytes is still very limited and often based only
on immunocytochemical detection. In this study, the isolation and characterization of the cell
walls of the two model organismgithocerosandPhyscomitriunrenriches this knowledge.

The main cell wall components of seed plant cell walls are found in the cell walls of both
bryophytes. Within the pectins, presence of HG in both species is reasonable due to high
amounts of uronic acids in both pectic fractions, especialynimoceros Although the R&A
backbone was not dmttable by the antibody INRA RAJRGI side chains could be detected

in Physcomitriumbut only to lower extent iAnthocerosUp to now, no R@ and RGII has

been isolated from a bryophyte wall. The question, whetiese pectic polysaccharides are

part of bryophyte cell walls is therefore still unsolved and an interesting task for future research.
Different hemicelluloses are also part of the bryophyte walls. For long time, it was thought that
among the bryophytes, only hornworts have xylans, which are all substituted (Eaahfa

2005), but in this work, it could be demonstrated imnoytmchemically that théornwort and

the moss contain low amounts of epitopes of unsubstituted xylans.

To date, only a few AGPs have been isolated from bryophyte cell walls and now, for the first
time, a hornwort AGP. The general features of the galactan core structure of seed plant AGPs
can be identified in both bryophyte AGPs. The-G&p and the 1,385alp linkages were
present in similar amounts, with only low contents ofGd&p found, demonstrating a highly
branched galactan core structure. This characteristic has been also found in AGPs of other spore
producing plants.
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There are additional differences in the Ara linkages in the side chdieg\nthocerosAGP
contained 1,3Araf, t-Araf and low amounts ofArap, comparable to the linkage types of AGP

of the lycophyteLycopodium The AGP ofPhyscomitriumshowed mainly 1 \raf linkages

and tAraf residues, similar to those of angiosperm AGPs. On the other hand, both bryophyte
AGPs contained the unusualZBMeRha residueswhich were not detectable in any cell wall
component of angiosperms.

Based on these findings, differences of Al&P structures of the three phylogenetic bryophyte
groups cannot yet be precisely defined. Further species need to be investigated in order to obtain

a clearer picture of bryophyte AGPs.

EXPERIMENTAL PROCEDURES

Plant material and sampling

The hornwort Anthoceros agrestis’PATON (Anthoceroy was cultivated on plates in the
Pharmaceuticdhstitute of Kiel University (Germany) and collected in the years 2021 to 2023.
Spores and fresh gametophyte materi al of Al
Szoévényi (University of Zurich). For spore germination and gametophyte culture on BCD
medium, the protocol dfoveet al (2009)was used.

The mosPhyscomitrium paten@HEbw.) BRUCH & ScHIMP (Physcomitriunh was grown and
collected in April and Jul022 in the greenhouséthe garden of the Pharmaceutical Institute.

Fresh gametophyte materials Pfiyscomitriumi Reut ed0 strain were Kki-r
Rensing (University of Freiburg).

All samples were cleaned with water and fredded (Christ Alpha #4 LSC, Martin Christ

Gefriertrocknungsanlagen GmbH, Osterode, Germany).

Isolation of cell wall fractions and arabinogalactanproteins (AGPSs)

After freezedrying and grounding of the plant material, it was-@xé&acted two times (2 h and

21 h)with 70 % acetone solutiov(V) in a ratio of 1:10/V) for Anthocerosand 1:20 W/V)

for Physcomitrium The airdried plant residue was extracted with doudidstilled water
(ddH0) under constant stirring (SM 2484, Edmund Buhler GmbH, Bodelshausen, Germany)
for 21 h at 4°C in a 1:50w(V) ratio for Anthocerosand 1:20 W/V) for Physcomitrium
Afterwards, the aqueous extract was separftad the insoluble plant material in case of
Anthocerody centrifuge (19,000, 4 °C, 20 min; Haraeus Multifuge X3Rhermo Scientific
Waltham, USA) or through a tincture press (HAFICO HP 2 H, Fischer Tinkturenpressen
GmbH, Ménchengladbach, Germamhyscomitrium The insoluble plant pellet was freeze

dried and used for further extractions (see below).
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After incubating the aqueous extract in a water bath (GFL 1002, LAGIPA Gesellschaft fur
Labortechnik mbH, Burgwedel, Germany) atio85°C for ten minuteghe denatureg@roteins

were removed by centrifugation (20 min, 4°C, forthocerost,122 g and foPhyscomitrium
19,000g). The aqueous extract was then evaporated in a rotary evaporator (40°C, 0,010 mbar;
Laborota 4000, Heidolph Instruments GmbH & CO. KG, Schwabach, Germany) to
approximately ong¢enth of its volume. After adding this extract to cab&thanol resulting in

a final concentration of 80 &thanol(V/V), it was incubated overnight at 4°C. The precipitate
was isolated bgentrifugation (4°C, 19,009, 20 min) and finally freezdried (AE).

AGPs were isolated -GleYoaw itvher e ewitt H btGhe YP
procedure of Classest al. (2005) and Muelleet al. (2023).

The insoluble plant pellet, mentioned above, was used to gain two pectic and two hemicellulose
fractions. The two pectic fractions were represented by(\hé&:).C>04 and HCl fraction,
extracted by 0.2 mol ‘£ ammonium oxalatand 0.01mol L hydrochloric acid. The two
hemicellulose fractions were extracteddmdium carbonatfNaCQO:s fraction,3 % (w/V)] and
potassium hydroxidé<OH fraction, 2 mol [1). The extraction of the four fractions followed

the method 00 6 R o wetrak(2015) and Raimundet al (2016) withmodifications described

in Pfeiferet al (2023).

Analysis of monosaccharides

The determination of the neutral monosaccharide compositions was performed by the method
of Blakeneyet al (1983), and uronic acid (UA) compounds were identified photometrically by
the method of Blumenkrantz & Asbdtansen (1973); both with modifications described in
Muelleret al (2023).

The neutral monosaccharides were identified and quantifieghs chromatography (GC) with
flame ionization detection (FID) and mass spectrometry detection (MSD): GC + FID: 7890B;
Agilent Technologies, USA; MS: 5977B MSD; Agilent Technologies, USA; column: Optima
225; MachereyNagel, Germany; 25 m, 250m, 0. 25 fiowrate: i sll rink; split

ratio 30:1. A temperature gradient was performed to achieve peak separation (initial
temperature 200C, subsequent holding time of 3 min; final temperatdiz°€ with a gradient

of 2°C min).

To identify the methylated monosaccharid®-3eRha, the retention time and mass spectrum
described in Happ & Classen (2019) were used.
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Reduction of uronic acids of AGPs andstructural characterization of AGPs

Using a modified method of Tayl& Conrad (1972) with modifications described in Mueller
etal. (2023), a carboxy reduction of the uronic acids of 20 mg isolated AGP was performed
(AGPuRr). Following the method of Harriet al (1984; see Muelleret al, 2023 for
modificationg, linkage type analysesf the AGPs and th&GPurs were performedThe
produced permethylated alditol acetates (PMAA) were identified Igasliquid
chromatographyna s s Sspectroscopy (i nstrumentatior
monosaccharides; c ol u mh701, 25 pnt 250n@m, 0.25 um; helium flow rateml
min'; initial temperature: 170 °C; hold time 2 min; rate
1°C mint until 210°C was reached; rate: 30 min until 250°C was achieved,; final hold time
10min) by their retention times and comparisohthe mass spectrio a PMAA library

established in the working group.

Determination of protein and hydroxyproline content

The protein content was calculated based on the nitrogen content with the factor 6.25
(Kjeldahl,1883), which was determined by elemental analysis in the Chemistry Department of
Kiel University, Kiel, Germany (HEKAtech CHNS Analyzer, Wegberg, Germany).

The measurement of hydroxyproline (Hyp) was performed photometrically at 558 nm
according to Stegemann & Stalder (1967) with slight modification (see Metl&r 2023).

The Hyp content was quantifieth a linear regression analysis.

Indirect enzyme-linked immunosorbent assay (ELISA)

The ELISassays were performed as described in Mueliel. (2023).The (NH4)2C>04 and
KOH fractions were used in the concentratiéh5ug mL™?, the ageous AGP solutions in the
concentrations 12.5 pg mi,. 25 pg mlLt and 50 pg mtt. The (NH4)2C204 and 4 M NaOH
fractiorswere generated according to Jander, Z021anot published)The primary antibodies
(INRA RU2, JIM13, KM1, LM2, LM5; LM6; LM16; LM26; Institutnational de la recherché
agronomique, France; Kerafast, Inc., Boston; USA) were diluted in a ratio of\/\20 ¢nly
INRA RU2 in 1:200 ¥/V) and the secondary antibodies (Santirat-IgG or anttmouselgG
(only for INRA RU2 and KM1) in a ratio of 1:500/(V) in phosphatduffered saline (PBS;
pH 7.4). The SA were conjugated with alkaline phosphatase, produced in goat-fiyicia
Chemie GmbH, Taufkirchen, Germany). Epitopes of the antibodies and key refeaemces
listed in TableA.
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Gel diffusion assay

An agarose gel (Tri#ICl, 10 mmol LY; CaCh, 1 mmol L'Y; NaCl, 0.9 %w/V; agarose, 1 %

w/V) was used for a gel diffusion assay. Several cavities were stamped indhd §iéd with

dilutions (100 mgmt!) of the AE samples or HwlhetghlwdsGl cY s«
incubated in the dark overnight. If AGPs are present in the samples, a red precipitation line

appears.
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SUPPORTING INFORMATION

Table S1. Yields ofthe different extracts frorAnthoceros agrestisndPhyscomitrium patena % of dry fraction
(wwh).

A. agrestis P. patens

(NH4)2C204 28.4 4.3
HCI 5.9 1.2
NaeCOs 7.9 6.5
KOH 11.7 20.2

106


http://madland.science/

Table S2a. Neutral monosaccharide composition of different cell wall fractions fhahoceros agrestig %
(mol molt. n=3; tr: trace value < 1 %

Neutral A. agrestis  A. agrestis A. agrestis A.agrestis A. agrestis
monosaccharide AE (NH4)2C204 HCI Na&COs KOH
3-O-MeRha 1.3+0.1 2.2+0.1 tr 1.2+0.1 tr

Rha 22+0.1 6.2+0.2 1.4+0.3 tr 1.1+0.0
Fuc 1.4+0.1 1.2+0.1 tr 1.3+0.1 tr
Rib tr tr - - tr
Ara 8.4+ 0.1 5.2+0.1 21+0.2 13.1+1.0 11.1+ 0.5
Xyl 23.8+0.1 17.2+04 58+16 109+1.1 30.1+ 2.2
Man 1.2+0.0 tr tr 1.1+0.1 20+0.1
Gal 42.2+0.3 52.8+1.2 772+28 38.2152 194 +1.4
Glc 19.5+0.2 14.310.6 13.5+0.7 34.2+3.0 36.3+2.9

Table S2b. Neutral monosaccharide composition of different cell wall fractions fPayscomitrium paterisa %
(mol mol*; n=3;tr: trace value < 1 %

Neutral P. patens P. patens P. patens P. patens P. patens
monosaccharidt AE (NH4)2C204 HCI NaCO3 KOH
3-O-MeRha 2.7+£0.0 2.0x0.1 1.2+0.1 tr tr
Rha 4.2 +0.0 9.2+0.7 86+£0.2 162+1.0 13.2+1.3
Fuc 4.0+0.1 2.8+0.1 1.9+0.0 1.8 +0.2 tr
Rib 2.1+£0.2 1.5+0.3 1.0+0.1 - -
Ara 11.5+0.2 8.6x0.5 6.5+ 0.1 6.3 0.0 3.7£0.1
Xyl 7.7+£0.1 8.7x0.5 8.4+0.1 25.0+ 2.6 24.3+0.3
Man 6.0+£0.2 8.7+0.1 8.1+0.1 86+0.2 154%05
Gal 14.2 £0.3 148 +0.4 11.3+0.1 13.8 £0.3 10.2 £0.0
Glc 47.6 £0.8 43.7 £2.3 53.0£0.1 28.3%£15 33.2+0.4

Table S3.Content of uronic acids in the different cell wall fractidrmsn Anthoceros agrestisndPhyscomitrium
patensin % (w w?).

A. agrestis P. patens
AE 111 3.1
AGP 7.3 6.5
(NH4)2C204 49.1 14.9
HCI 17.3 6.9
NaCOs 10.2 4.1
KOH 4.2 9.8
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Table S4.Antibodies tested for binding to bryophyte cell wall fractions AGPs.

Antibody Epitope Key References

INRA RU2 [(4)-UD-GalA-(1,2)}U-L-Rha}, of RG-I Raletet al. (2010)

JIM13 AGP glycan, Pfeiferet al. (2022);

e . go-GlcAp-( 1 Y-B)-GalAp-( 1 Y-PH)-Rha Yateset al (1996)

KM1 ( 1 Y-B-p-Galp units in AGs type I Classeret al (2004);
Ruprechtet al (2017)

LM2 ( 1 Y-B-»-Galp units with terminal B-GlcApin AGP  Ruprechtet al. (2017);
Smallwoodet al. (1996);

LM5 Nonr educi ng ebpdjalastan ( 1 Y4 ) Torodeet al (2018)

LM6 ( 1 Y-BH)-Araf oligomers in arabinan or AGP Verhertbruggeret al
(2009a)

LM10 Nonr educi ng ebmeylaaf (1Y4) McCartneyetal (2005);
Ruprechtet al (2017)

LM15 XXXG -motif of xyloglucan Marcuset al (2008);
Pedersen et al. (2012)

LM16 Processed arabinan/ putativ galactan stub Verhertbruggeret al
(2009a)

LM26 Branched 1 Y-B-D-Galp-( 1 Y-B-)-galactan Torodeet al. (2018)

Anthoceros  Marchantia Physcomitrium

AE AE AE

: 2 2
o 9 0
e

BGlcY-solution

Fig S1. Gel diffusion assay with aqueouwxtractsfrom Anthoceros agrestisMarchantia polymorphaand
Physcomitrium paten€00 mg mlL?) and b Gl clY The fed pregipitatin line indicates presence of

AGPs.
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ABSTRACT

During the colonization of land about more than 500 million years ago, abiotic and biotic
changes induced extreme adaptation in plants, including the cell wall. While a lot is already
known about seed plant cell walls, much is still unknown about thasgooébearing plants.

As ferns are sister to seed plants, studying their cell wall is key for solving the evolutionary
development of the cell wall. To shed light on the evolution of fern cell walls, different cell
wall fractions of one eusporangiate feRsilotum nudumand three leptosporangiate ferns,
Azolla filiculoides, Salvinix molestaandCeratopteris richardiiwere investigated. The main
polysaccharides of seed plant cell walls cellulose, hemicelluloses and pectins were also found
in the cell walls of ferns, however in varying quantities and compositions. The pectic fractions
of Ceratopteriscontaired more homogalacturonan than those Adfolla and Salvinia A
hemicellulose fraction oAzollawas rich in xylans, that @alviniacontained a high pportion

of XXXG-xyloglucans, and high amounts of mannose could be detected in the fractions of
Psilotum

In addition, the arabinogalactan proteins (AGPdpsifotumwere isolated, characterized and
compared to those of other ferns. Tiwranosidicl,3 and 1,3,8inked galactoseof the
carbohydratdackbonevas comparable, but a special feature of fern AGPgytranosidic3-
O-methyl rhamnose was not detectable. Instead, termiratanosidic and pyranosidic
arabinosdAra) as well aduranosidicl,3-linked Ara were found in amounts and ratios only
comparable to an AGP of the lycophytgcopodium This undelines the special evolutionary

position of the whisk ferns.
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INTRODUCTION

The cell wall of plants is a highly dynamic, complex structure, which is ubiquitous in the plant
kingdom. It consists mainly of polysaccharides, cell wall glycoproteins and sometimes
polyphenols, mainly lignin. The three main classes of polysaccharides isenggtlulose,
hemicelluloses and pectins (Popper, 20@®)lulose is the most abundant polysaccharide and
consi sts of | i ne arbb-glimcan chainsb These oglueam chaing T6#m)
microfibrils, which are crosnked with hemicelluloses (Sediget al, 2021). The class of
hemicelluloses also possessesbd,4linked core structure, but is also composed of
monosaccharides other than only Glc, such as xylans, xyloglucans or mannans. These have in
common, that all of them are characterized by an ether group between C1 and C4 in an
equatorial configuration (®eller & Ulvskov, 2010). The third main group are pectins, acidic
polysaccharides thabfm a matrix in which cellulose and hemicelluloses are embedded. Pectins
can be divided into homogalacturonan (HG), rhamnogalacturbn@RG-1) and
rhamnogalacturonah (RG-Il; Mohnen, 2008). The framework of (substituted) HG consists

of a linearU-1,4-linked GalA chain, which is also present in the backbone clIRBarneset

al., 2021).This backbone of R@d is linked to up to six conserved side chains, which are
illustrated in Barnest al (2021). A special feature of RIBis the dimerization of tw RGI
moleculesvia a boron ester linkage by Apiose residues (Mohnen, 2008). In contradt, RG
possesses a core structurel4dGh| A e-pRRhadnisg di s ac
(Avci et al,, 2018).

In addition to the high proportion of polysaccharides, there are also cell wall glycoproteins,
mostly hydroxyprolingich-glycoproteins (HRGPs). The HRGPs with the highest degree of
glycosylation of up to 90 % are tlmabinogalactaproteins (AGPs; Elliet al, 2010). The
carbohydrate part consists mainly of Ara and Gal and contains minor amounts of other
monosaccharides in its side chains. The core structurg & &-B-)-galactan chain which is

often linked tof 1 Y-B-D-galactarside chainsNlaet al, 2018) In addition, this core structure

is responsible for one of the special features of AGPs: the precipitatiort vitiegludosy!

Yariv reagen{ b G|, which can be used to isolate AGPs (Yatwal, 1962; Paulsen et al.,
2014; Maet al,, 2018).The high polysaccharide part is covalently linked to the proteinvjaart

the amino acid hydroxyproline (HyEllis et al, 201Q. AGPs are involved in a variety of
functions in seed plants, including cell proliferation and division, growth, pattern formation,
xylem differentiation, programmed cell death or the regulation of salt stress (Seifert & Roberts,
2007; Lamporet al, 2014; Meet al,, 2018; Pfeifeet al, 2020).

A high proportion of another polymer, the lignin, is preferably found in secondary walls of

sclerenchyma cells and vascular tissue. It is produced by the condensatibneef
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phenylpropanoid alcoholgp{coumaryl, coniferyl and sinapyl alcohol), which are polymerized

to p-hydroxyphenyl (H), guaianyl (G) and syringyl (S) units (Lewi¥ @&mamoto, 1990).

Based on their occurrence of vascular tissue, land plants can be divided into two groups: the
nonvascular bryophytes and the vascular tracheophytes. The tracheophytes evolved around
440 million years ago (mya) armbmprise lycophytes, ferrand seed plantelauxet al.,
2019;Pires & Dolan, 2012).

The main polysaccharides, cell wall glycoproteins and lignin have been found in different fern
cell walls (Popper, 2006; Wargg al., 2008; Muelletet al, 2023). At first glance, the fern cell

wall components appear to be very similar in comparison to those of seed plants, but they differ
in quantity and composition of the components (Popper, 2006). Immunocytochemical studies
on fern cell walls detectedavious epitopes of pectins, hemicelluloses and the arabinogalactan
part of AGPs (Carafat al, 2005; Eeckhoutet al, 2014; Lerouxet al, 2015; Chernovat al.,

2020). Isolation of different cell wall fractions and further characterization shed light on those
compositions (Matsunags al, 2004; Popper & Fry, 2004; Sihe al, 2011; Hsieh & Hatrris,

2012). Hemicelluloses, like xylans and xyloglucans contain many variations in their side chains
(Carafaet al, 2005; Pen&t al, 2008). Mannans and glucomannans seem to be abundant in
some fern cell walls, especially in eusporangiate ferns (Popper & F¥; 3llva et al., 2011,
Lerouxet al, 2013). The pectin R@ occurs in the same quantities as in seed plants but has
the specific feature that Rha is methylatéd(MeRha;Matsunagaet al, 2004). This unusual
3-O-MeRha has not been found in any cell wall component of angiosperms to date. However,
it was identified in AGPs of ferns and bryophytes (Bartels & Classen, 2017; Bartels et al.,
Muelleret al, 2023). It is discussed that this more hydrophobic character of the AGPs was an
advantage in adapting tesiccation during land plant evolution (Bartetisl, 2017; Mueller

et al, 2023). That AGPs have an influence on desiccation tolerance was demonstrated in the
fern Mohria caffrorum(Moore et al, 2013). In addition, a special AGP gene called xylogen
has been detected in the m&$s/scomitriumand in the lycophyt&elaginella Originally, it

was found inZinnia cell cultures and shown to be responsible for xylem differentiation
(Kobayashiet al., 2011).

Another cell wall innovation against water loss is the incorporation of the hydrophobic lignin
into secondary cell walld.ignins of lycophytes and angiosperms consists primarily-ohi§

while lignins of ferns and gymnosperms contain mainly then@® (Wenget al, 2008).

To enhance knowledge on fern cell walls, different cell wall fractions of four ferns were isolated
and characterized in this work. We have chosen one eusporangiaisiletam nudunand
three leptosporangiate ferAgolla filiculoides Salvinia molestandCeratopteris richardiito
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receive a broad overview. Additionally, the AGP of the eusporangiate fern was isolated and
characterized. We chosBsilotum as it is known as diiving fossilo with reduced
morphological structure (Chernoed al, 2020) and its AGP might therefore display special
features different to other fern AGRa(tels & Classen, 20).7To the best of our knowledge,

only one eusporangiate fern AGP has been isolated and characterized up to now (Bartels &
Classen, 2017), so this work provides additional informatmutthe evolution of AGPs in

ferns.

RESULTS

Sequential extraction of pectic and hemicellulose fractions of fern cell walls

Sequential extraction resulted in two pectic fractions isolated with ammeoxatate
[(NH4)2C204] and hydrochloric acid (HCI) as well as three hemicellulose fractions gained by
extraction with sodium carbonafdaCQOs) and potassium hydroxide in two concentrations (2

M KOH; 8 M KOH). The yields of the pectic and hemicellulose fractions vary between 0.4 %
and 23.4 % of the dry fraction material (Wwsee Table S1. The monosaccharide compositions
are shown in Figure 1A and 1B, Tables $2Z2e as well a¥able S3. Furthermore, the pectic

and two hemicellulose fractions were tested for interactions with antibodies directed against
pectin (LM19, LM20), xylan (LM10) and xyloglucan (LM15, LM25) epitopes (Ai§, Tab

S6).

The composition of thg(NH4)2C>04] fractions (Fig 1, Tab S2a and S3) reflected the typical
composition of pectic polysaccharides with uronic acids anddgb&ral monosaccharides Gal,

Ara and Rha, although the amounts of uronic acid8sibotumand Ceratopteriswere lower
compared to the floating aquatic ferAzollaandSalvinia Reactivity with antibodies directed
against HG epitopes confirmed presence of this pectic polysaccharide in all investigated
species. LM19 directed against nonesterified HG and LM20 against restieyified HG
showed strongest interaction with this fractiorCefatopteris The content of esterified HG in
Azollaas indicated by reactivity with LM20 seems to be very low. Furthermore, Glc was present
in these fractions and was even the dominant monosacchafdéatumandSalvinig which

might be due to occurrence of starch.

The fractions isolated by HCI (Fid, Tab S2b and S3) were similar to a certain extent
indicating also the presence of pectic polysaccharides. As confirmed by ELISA with LM19, all
tested species and especidllgratopteriscontained unesterified HG in this fraction. LM20

showed no reactivity with this fraction in caseSallviniaandAzolla but strong reactivity with
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this fraction ofCeratopteris In all speciesGlc was the dominant monosaccharide of these
fractions. As fractions were not treated with amylase, starch might have bermaied with
pectins.

The extraction with sodium carbonate (Fig Tab S2c and S3) yielded a fraction mainly
composed of Glc, Gal, Ara, Rha and uronic acids. The amounts of uronic aédgotfim
were found in the same range as in the pectic HCI fractiofCelrmtopteris these were
unusually high for a hemicellulose fraction. This was in correspondencehaitesults from
ELISA. Antibodies directed against xylan (LM10) and xyloglucans (LM15, LM25) showed
only low or no binding to these fractions.

The hemicellulose fraction, extracted with 2 M KOH (Flg Tab S2d and S3), revealed a
typical composition with mainly Glc and Xyl. In all species except of thogesibbtum Xyl

and Glc comprised over 80 % of the neutral monosaccharides, but the ratio of Xyl:Glc varied
strongly with 1:6.7 foiSalvinig 1:0.6 forAzollaand 1:1.7 foiCeratopteris The Xyl and Glc
contents of the 81 KOH fraction of Psilotumwere also théighestand had the same ratio as
in Ceratopteris but the amounts of Ara and Manne&lso high. Binding of the antibody LM10
directed against the naeducing end of xylans was restricted to Amollafraction Psilotum

not tested), which was in correspondence to the high Xyl content in this fractiaold.
LM15 and LM25 directed against xyloglucans showed strong reactivity with this fraction from
all investigated species.

The 8 M KOH fractions consisted mainly of Xyl, Glc, and Man (E#y and 1B, TabS2e and
S3). The highest amount of Xyl was detecte@@natopterisat 57.6 %, the greatest content of
Man was found ifPsilotum(39.1 %), and of Glc i®alvinia(36.1 %). The uronic acid contents

of both KOH fractions of all species were lower compared to the other fractions in all species.

Three additionaSalvinia species $. auriculata, S. cucullata, S. natangere cultivated in

lower amounts and analysed additionally (except of the 8 M KOH fraction). Compositions of
the different fractions were comparable between species, indicating a similar cell wall
composition within the genualvinia(see FigS1 and TabS5aS5e). Therefore, these species
were not investigated further. Variations in the content of Glc might be due to different amounts

of glucans or differences in accumulation of starch depending on the harvest time.
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Figure 1. Monosaccharide composition of different cell wall fractions [(N8,O4, HCI, N&CQOs, 2 M KOH, 8
M KOH] of the fernsPsilotumnudum Salviniamolesta, ZollafiliculoidesandCeratopterisrichardii. A: Relative
neutral monosaccharide composition determined by gas chromatography (GC; % 1oBmabsolute content
of uronic acids determined by colorimetric ass#yw{ w of dry fraction weight)C: Reactivity ofS. molesta, A.
filiculoides and C. richardii fractions with antibodiesia ELISA after 10 min in the concentration 25 pg L
[(NH4)2C204, HCI: LM19, LM20; N&CQs;, 2M KOH: LM10, LM15, LM25].
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Water-soluble polysaccharides and arabinogalactaproteins present in the cell wall of
Psilotum

The dried fern material d?silotumwas extracted with water to obtain a watetuble fraction

(AE) possibly containing AGPs. The vyield of the AERSilotumamounted to 2.2 % of dry

plant material (w W) and the neutral monosaccharide composition is shoWigimre 2A and

Table S1.

In the aqueous extract &silotum(Tah S4), Gal, Ara and Glc were present in high amounts
(19.4 %i 34.9 %), followed by Man (10.6 %). The detected Rha, Fuc and Xyl amounts as well
as the absolute uronic acid content were less than 5 %. The AE yields and compositions of the
other three ferns amot described here, as these were published in Megekdr(2023).

Due to the high proportions of Ara and Gal, the AE was used for isolation of water soluble
AGPs. Therefore, a precipitation reaction withth&l ¢ Y was per f or med an
fraction of 0.08 % ofiry plant material (w W). The neutral monosaccharide composition of

the PsilotumAGP is shown in Figure 2A and Table S4. The Ara content W& % and that

of Gal was 54.P6, which corresponds to a ratio of 1:1.5. In addition, 4.7 % Rha and less than
5 % of Glc were present. A content of 6.9 % was medquitetometrically for the uronic acids.

It has to be taken into account, th¥t | ow
In order to provide additional insight into the protein part of the AGP, both the protein and the
hydroxyproline content were determined. The protein amount was calculated using the
measured nitrogen content of 0.86 W) multiplied by the Kjeldahl constant (x 6.25). This
resulted in a protein moiety of 5.4 %. As the amino acid Hyp covalently links the protein and
carbohydrate part of AGPs, this was also analyzed. The absolute Hyp content was 0.33 %. In
relation to the whle protein, the Hyp amount resuilh 6.1 %.

Reduction of uronic acids and partial degradation of theéPsilotum AGP

To detect uronic acids, the carboxy groups of the uronic acids were reducedr{ATHR

neutral monosaccharide composition is shown in Figure 2A and Table S4. Compared to the
monosaccharides of the native AGP, this reduction results in a low increase of the Glc content
indicating the presence of GIcA in the native AGP. In addition,mhss spectrum and the
fragmentation pattern of the monosaccharides were analyzed. Deuterated fragments were only
found in the Glc peak, which confirms presence of low ansohGIcA.

The oxalic acid partial hydrolysis was performed to separate labile Ara residues from the
galactan core structure (AGkdx). To confirm that the reaction was successful, the neutral
monosaccharide composition was determined again (se2A@nd TabS4). This showed a

25 % decrease of Ara residues but also a slight decrease of Rha.
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Elucidation of the AG-structure of the Psilotum AGP

The native AGP, the AGJR and the AGBrox were used for structural elucidation. Therefore,
a linkage type analysis was performed (THBbThe FID chromatogram of partially methylated
alditol acetates (PMAAs) of AGR is shown in Figure 2B.

The main linkage types the AGP and the AgWere 1,3,6Galp, 1,3Galp and 1,3Araf in
amounts ranging between 10.3 % and 34.4 %. The dominant terminal residueg\aésnt
t-Arap with up to 9.9%. Other linkage types and terminal residues were found in lower amounts
below 5 %. The 14inked Hexp represents Glc or Gal due to the overlapping retention time of
both monosaccharides. In addition, the terminal resid@cAp and the 1,4HexAp were
detected in the linkage types of AGP

In the linkage type analysis of AGkbx, Gab linkages werdogethermore than 80 % of all
linkage types of this molecule. An increase @balp and 1,6Galp in particular and a decrease

of all Ara linkage types was determined.

Table 1. Linkage type analysis &GP, AGRr, and AGRrox of Psilotum nudunmn % (mol mol?, n=1;
* containingdeuterated fragments

Mono- linkage
saccharide typeg AGP AGPUR AGPUrox
Galp 1,3,6 34.4 33.5 315
1,6 3.4 2.9 17.7
1,3 21.9 20.5 18.6
1- 3.5 4.2 14.3
Glecp 1- tr 1.0* 1.9*
Manp 1,6 1.1 1.1 tr
Hexp 1,4 3.4 4.9* 4.4*
Rhap 1- 3.6 3.4 3.0
Araf 15 14 1.1 -
1,3 10.3 10.8 3.6
1- 7.1 7.1 1.5
Arap 1- 9.9 9.5 3.5

tr: trace value 0.4 % 1 %; linkage types < 0.4 % not listed
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Figure 2. Features of the isolated and chemically treated AGPsitstumnudum.A: Neutralmonosaccharide
composition of thequeous extract (AE)henative AGP, after reduction of uronic acids (A&Pand subsequent
partial hydrolysis with oxalic acid (AGRox) determined by gashromatography (GC; % mol m¥l B: FID
chromatogram of partially methylated alditol acetates (PMAASs) of &G#ter GLC analysis (*incompletely
methylated constituents).

Microscopic detection of AGPs inPsilotumstems

Cross sections étsilotumstems were incubated ibaglucosyl Yariv reagent solutiob (G| )c Y
and inU-galactosyl Yariv reagensolution(UGX)l as wel |l as in water
solution was used as a negative control (Clatkal, 1975; Pfeifeet al, 2022).Theb GI c Y
staining showed a slight orange staining of the cell walls of the parenchyma cells, but no

difference to the negative control in the area of the vascular bundle.
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Figure 3. Cross sections dPsilotumnudumstems A: Water preparations with focus on the vascular burille.
Vascular bundle stainedwithGa |l Y ( n e g aG: Vascelar bundietstaioed withG| ¢ Y .

DISCUSSION

Polysaccharides of ferrcell walls

Because of the limited knowledge about fern cell walls, four fern species were investigated in
this work with regard to their cell wall composition. As ferns are sister to seed plants, they have
main cell wall characteristics in common with those of sekaatg, including cellulose,
hemicelluloses, pectins, cell wall glycoproteins and lignin (Bartels & Classen, 2017; letroux
al., 2013a; Matsunaget al, 2004; Popper & Fry, 2004; Popper, 2008; Wen@l, 2008).
However, a closer look into these studiegeals structural differences of fern to seed plant cell
walls. The main reason of this difference is supposedly reflected in plant colonization of land.
During this process, plants had to cope with various abiotic stressors, such as drought or UV
radiaton (Harholtet al, 2016). To manage all these stress factors, innovations like vascular
tissues or a cuticle surrounding the cell wadredeveloped (de Virest al, 2016; de Vries &
Archibald, 2018). This also involved modifications in the composiidhe cell wall (de Vries

& Archibald, 2018).

Pectic polysaccharidesThe two pectic fractions isolated with ammonium oxalate and
hydrochloric acid reflected a typical composition with uronic acids and the neutral
monosaccharides Gal, Ara and Rha. Reactivity with LM19 confirmed presence of unesterified
HG in both fractions rad in all investigated species, with highest amount€enatopteris
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LM20 against methyesterified HG showed strongest interaction witbratopteris weaker
binding toSalviniaand low or no binding t&zollapectic fractions in the tested concentrations.
Our results foS. molestand the otheBalviniaspecies (see Figure S1) corresponded well with
investigations on @\NHa).C>Oa4fraction fromSalvinia auriculataSilvaet al, 2011) were Gal,

Ara and Glc were also identified as the main neutral monosaccharides. Glycan microarray with
CDTA extracts and antibodies LM19 and LM20 supported presence of high amounts of HG in
the Ceratopterissporophyte (Eeckhowt al, 2014) and a high number of other tracheophytes
including S. auriculatawith LM19 epitope being generally more abundant than the LM20
epitope (Lerowet al, 2015).

Immunocytochemical labelling @eratopterigEeckhoutet al, 2014) andisplenium(Leroux

et al, 2015) with LM19 and LM20 confirmed presence of HG epitopes in primary walls of
nearly all organs and tissues, whereas labelling of the lycoplugerziastem was only weak
(Lerouxet al, 2015). JIM5 and JIM6 are two further antibodies raised against partiallf®le

and deesterified HG (only JIM5). Strong labelling was shown in several tissues of the stem of
Psilotum(Chernoveet al., 2020).

High abundance of Gal and Ara in the pectic fractions of the four ferns investigated indicate
the presence of RG This has also been proposed fidH4).C204 fractions from various other

fern species (Silvat al, 2011). This was confirmed by the labelling of the antibody LM5
(directed against 1;Mnked Gal side chains of RG of EquisetunandPsilotumstems (Popper,

2006; Chernovat al., 2020). On the other hand, LM5 showed only weak binding to the CDTA
extract of Ceratopterisin glycan microarray with was restricted to phloem cells in
immunocytochemistry (Eeckhoat al, 2014).

RG-1l is part of fern sporophyte cell walls in amounts comparable to angiosperms, whereas
gametophytes of bryophytes only 1 % of the RG Il amount of angiosperms (Matstrzga
2004). However, it cannot be excluded that this was not a case of contamination. The glycosyl
sequence of RA seems to be conserved in vascular plants with the special feature that one
Rha is replaced by-@-MeRha, at least in the lycophyttgcopodiumand the fern$silotum,
Salvinia, PlatyceriunandCeratopterisMatsunagaet d., 2004).

Glucans The sodium carbonate fractions of the four species were very similar with over 50 %
Glc and comparable to a fraction isolated frSalvinia auriculataéby weak sodium hydroxide

(Silva et al, 2011), indicating the presence of glucans of unknown structure. Mintexe
glucans (MLGSs) are known from the Poales order (Popper & Fry, 2003) and are also present in
different Equisetumspecies (Soerensest al, 2008; Fryet al, 2008). Xue & Fry (2012)
explored the occurrence of MLG by TLC analysis of licherthgests in a selection of ferns.
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In this study, MLG oligosaccharides were detected in diffdéguisetunspecies but there was

no evidence for the presence of MLGs in the other eusporangiate or leptosporangiate ferns
studied, thus confirming results of Hsieh & Harris (2012). Studies based on use of the antibody
BS4003 r ai sed ag a i-brgldanbavine(sérifrBalbdmindcdnjugate (Meikis

al., 1994) are somehow contradictory. On the one hand, thi40BS antibody showed no
binding to the cell walls of the stem B§ilotum(Cherrovaet al, 2020), but the MLG epitope

was detected in the lycophy&elaginella(Harholt et al, 2012) as well as in the lycophyte
Huperziaand different eusporangiate and leptosporangiate ferns incl8dingia auriculata
(Lerouxet al, 2015). This indicates that MLGs or MEIke glucans might also be present in

the three ferns investigated here. As the cell wall of the Rbgscomitriuncontains unusual

( 1Y 3, Zrdbinpglucans (Roberét al, 2018) and Ara is a substantial monosaccharide in
this fraction in all four ferns investigated, arabinoglucans might be hemicelluloses present also
in fern cell walls. The assumption that other algae and spore bearing plants synthesize
arabinoglucans is supported by the finding, that sequences similar ®hylseomitrium
arabinoglucan synthase have been identified in algae, bryophytes, lycophytes and ferns
(Robertset al., 2018).

The sodium carbonate fractionsRgilotum Salvinia AzollaandCeratopterisalso contained
appreciable amounts of Gal and Rha. Especial@enatopteris the content of uronic acids

was highest compared to the other fractions of this speciBsilaium the uronic acid amount

was in the same range as in the HCI fraction. Thus, it might be assumed that pectins with

unusual solubility are also present.

Xylans The 2 M and 8 M KOH fractions revealed a compositiah wirong dominance of Glc,

Man and Xyl indicating the presence of xylans, xyloglucans, and mannans. However, the
Glc: Xyl ratios differed greatly within the ferns.

LM10, an antibody directed against the freducing end of unsubstituted xylans (McCartney

et al, 2005), reacted only with the 2 M KOH fractionAxfolla, which was also highest in Xyl
content, indicating that unsubstituted xylans in high amounts were present ohiylia
Investigations of different plant parts Geratopterisrevealed presence of LM10 epitope in
high amounts in the petioles (Eeckhettl, 2014). In another glycan microarray study, LM10
epitopes were not detected in a high numbédyadphytes and ferns (Lerowet al, 2015).

In contrast, Carafeet al, (2005) detected LM10 epitopes in secondary walls of extant
tracheophyte lineages by immunolabelling, but the xylan epitope was lacking in liverworts,
hornworts and mosses. It was concluded that occurrence of xylans might be related to the

evolution of nechanical and vascular tissue (Camtfal, 2005). If this assumption is correct,
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it might be the reason for the lower xylan content in the studied ferns, as these are adapted to
an aquatic habitat.

The occurrence of substituted xylans cannot be excluded as LM11 directed against substituted
xylans was not included in our study. In glycan microarray of 80 lycophyte and fern species,
the LM11 epitope was detected only in eleven species, but Satlvmia auriculata(Leroux

et al, 2015), indicating that substituted xylans are not a common feature for all lycophytes and
ferns. InPsilotum substituted xylans were present in secondary walls of sclerenchyma cells
and tracheids (Chernoet al, 2020), wheh there also found iGeratopterigetioles, rootaind

fertile laminae (Eeckhout al,, 2014).

Xyloglucans The 2 M KOH fractions of the investigated species reacted strongly with the
antibodies LM15 and LM25 directed against xylogluepitopes. LM15 detects a XXX@otif

of xyloglucans (Marcust al.,, 2008; for classification of xyloglucans based on X and G see Fry
et al, 1993; Peiiat al, 2008), which is typical for seed plants, ferns and also some hornworts,
but not for liverworts and mosses (Peftaal, 2008). Fragmentation of xyloglucan from
Ceratopteris by xyloglucanspecific endeglucanasegave rise to different xyloglucan
oligosaccharides with dominance of the XXXG followed by XLSG motif (Reifel, 2008)

The letter G and X denote an unbranched Glc residue and th¢ XyY-Glf motif,
respectively. The letter L and S describe further substitution of X with Gal or Ara, and F is the
fucosylated L motif.

As we also detected Gal and Ara in the 2 M KOH fractionBsibtum Salvinig Azollaand
Ceratopteris presence of the L and S motif besides X and G is likely.

Glycan microarray detected the LM15 epitope in many lycophyte and fern species including
Salvinia auriculataand Psilotum (Leroux et al, 2015) andCeratopteris where it mainly
labelled phloem tissue in the primary cell walls (Eecklebat., 2014). The LM15 epitope was

also detected in phloem tissuekgfuisetun{Lerouxet al, 2011) andddiantum(Lerouxet al.,
2013b).

In our investigation, LM25, which shares the XX>§pecificity with LM15 but also recognizes
galactosylated xyloglucan (Pedersaral, 2012), reacted weaker with the 2 M KOH extracts

of the three species compared to LM15. In another studyevatopteris LM25 bound more
extensively compared to LM15 and labelled many different tissues but not the xylem (Eeckhout
et al, 2014). The antibody CCRM1 detects an epitope of fucosylated xyloglucan (Puhlmann
et al, 1994) and reacted with NaOH extracts of many $épecies includin§alvinia auriculata

andPsilotum(Lerouxet al, 2015). Therefore, fucogalactoxyloglucans might be present in very
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small amounts in the four investigated, as Fuc was detected only in traces or in amounts less
than 2 % inPsilotum

It was suggested that xyloglucan might have been important for the evolution of phloem tissue
(Lerouxetal., 2015). However, only two out of 36 species of the family Aspleniaceae showed
weak interaction with this antibody (Leroakal, 2015), indicating strong differences between

cell walls of different monilophyte families. This was confirmed by studies of Hsieh & Harris
(2012). Thirteen species from ten families of monilophytes were compared with regard to the
structure of xylogluaas. In six speciesXXXG and XLFG oligosaccharides were most
abundant comparable to the xyloglucans of gymnosperms, eudicotyledons anmhmoalinid
monocotyledons, whereas the other species varied in their xyloglucan structures. The dominant
xyloglucan oligosacchariedes Bkilotumwere XXXG, XLFG and XXLG. This means that
galactoxyloglucans (L motif) and the fucogalactoxyloglucans (F motif) are present, which is in
accordance with our analytical resultsaddition the results foAzollaconfirm our analytical

data, whichcontain dominant oligosaccharides with XXXG and XLLG motifs. In the
Ceratopteris2 M KOH fraction, Ara was more abundant compared to Gal, thus confirming
occurrence of arabinoxyloglucans (S motif), which have been detec@tatopteris(Hsieh

& Harris, 2012).

As mentioned above, we detected strong differences in the Xyl:Glc ratio of the 2 M KOH
fractions of the four species: 1:6.7 #alvinig 1:0.6 forAzollaand 1:1.7 folPsilotumand also

for Ceratopteris In a pure XXXG type xyloglucan, the ratio would be 1:1.3, which is close to
the amounts iPsilotumand Ceratopteris Azollacontains much more Xyl, a further hint for
presence of xylans (see above) beside xyloglucans, wher8akvinig Glc is more dominant,
raising the question whether the G motif is more abundant in this species.

Mannans In angiosperms, mannans and glucomannans mainly appear in storage tissues such
as seed endosperm, particularly in the Fabaceae (Buckeridge, 2010), but they also fulfil
structural functions (Scheller & Ulvskov, 2010; Voiniciuc, 2022). It has been proplaed
mannan und glucomannan are abundant in ferns (Lexbak, 2013a; Popper & Fry, 2004,
Silvaet al, 2011;Frankova & Fry, 2011; Weet al, 2014) with higher amounts of mannans in
primary walls of eusporangiate ferns compared to leptospatarfgrns (Popper & Fry, 2004;
Popper, 2006). Especially the eusporangiate Rsitotumhas been shown to contain high
amounts of Man (Popper & Fry, 2004). This could be confirmed in our study. A high Man
content was only found in the 2 M KOH fractionRdilotum After treating the cell wall with

a higher alkali concentration, fractions with high amounts of Man were obtained in all
investigated ferns. But also in this case, the Man contd®ditaftumwas the highest compared
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to the other three 8 M KOH fractions. These results were supported by the study et Silva
(2020), in which a sequential extraction of fern cell walls with 4 M and 8 M NaOH was also
performed. In half of the species investigated Man was abundant, while Glc or Xyl dominated
in the other species (Siha al, 2011).

In addition, the LM21 antibody can be used for detecting epitopes ofglndgalactomannan
(Marcuset al, 2010). Labelling with this antibody was found in the stefassiotumespecially

in the epidermis and the cortex (Cherneval, 2020). In glycan microarray, the LM21 epitope
was detected in the CDTA and NaOH fractions of many lycophytes and ferns, including
PsilotumandSalvinia auriculatgLerouxet al, 2015). These results indicate strong differences

in the hemicelluloses among different féamilies.

AGPs present inPsilotum

Isolation of AGPs yielded 0.08 % of dry plant weight, which is comparal@ertatopterisand
Salvinia AGP (Mueller et al,2023) but lower compared to another eusporangiate fern
(Equisetunh and four leptosporangiates (Bartels & Classen, 2017; Muetleal, 2023).

However, it should be taken into account that the ferns were not all harvested at the same time.

Protein moiety of AGPThe content of the protein part of tRsilotum AGP (5.4 %) is
comparable tahe most other fern and seed pl&a@Ps (5 %1 12.3 %;Classeret al, 20;
Bartels & Classen, 201 Baumannet al, 202). In contrast,the aquatic ferng\zolla and
Salviniaas well as the bryophytes and the lycophyyeopodiumcontain a higher protein
content (15 % 25 %). The mossSphagnunsp. is an exception with 4.6 YBartelset al.,
2017 Bartels & Classen, 2017; Happ & Classen, 2019; Muetlat, 2023.

However the Hyp content of thehole protein of the eusporangia@silotumAGP (6.1 %)is
more similar to those of the leptosporangidtes %1 5.3 %)than to the high proportion of
that found in th&equisetumAGP (15.9 %;Bartels & Classen, 201 ®uelleret al, 2023)

Carbohydrate moiety of AGFhe arabinogalactan part of tRsilotumAGP shows the typical
galactan core structure known from seed plants (Seifert & Roberts, 2007). Th&4al8,6
linkage was determined in high amounts in the same range as in the angiospermsG#ig 1,3
linkage was slightly higher and the iG&lp lower than in several dicot€lasseret al, 2000;
Thude & Classen, 2005The lower amount of the Galp in 1ljfkage was also found in the
other fern and one lycophyte AGBartels & Classer2017; Muelleret al,, 2023)

The partial oxalic acid hydrolysis of AGP B§ilotumincreased these X®Balp linkages as well

as the terminal -Galp linkages. It can be concluded that the Ara or acid labile Rha residues,
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removed by this reaction, were attached to C3 and C6 of theGaly6inkages. This results

in a high degree of branching, which was also found in other fern A@Girsdlér et al, 2023).
Additionally, a further hexose with a 1lihkage was found. Based on tregention time, this

will be either Gal or Glc. Due to the detection of deuterated fragments in therAtBEre is

also 1,4HexApin addition to 1,4Hexp. The 1,4Galp linkage was detected in other bryophytes,
one lycophyte, farsand gymnosperm®értels & Classen, 201 Bartelset al, 2017;Happ &
Classen, 20198Baumannet al, 2021). The 1,4Glcp linkage was found in only 1 % of the
carbohydrate part of the AGP &hyscomitriumpatens(Lee et al, 2005). However, high
amounts of 1,45IcAp were also detcted in thisPhyscomitriumAGP and have also been
reported in the AGP dtostera maringLeeet al, 2005; Pfeifeet al, 2020).

The galactan core structure of seed plants is mainly decorated with Ara side chagtsa{Ma
2018), but the linkage of these chains differs within the land plant AGPs. In angiosperm AGP,
the 1,5Araf is most abundantQlasseret al, 2000;Goellneret al, 2010, this is also the case

for the AGP ofEquisetum(Bartels & Classen, 2017)n addition to thesé,5linkages, most
leptosporangiate ferns also contain high amounts eAdaP(Bartels & Classen, 2017; Mueller

et al, 2023) Bryophytespn the other hanghossess 1;and 1,3Araf in different ratios (Bartels

et al, 2017; Happ & Classen, 2019). Only the lycophyte AGEyobpodiuris decorated with
mostly 1,3Araf linkages, which were also detected in high amounts in the AGBilotum

In addition, high contents of terminal Ara were also found in bgtarsidic and furanosidic
form. The fact that both forms were present in abundant quantities is only the case in the AGP
of Lycopodium(Bartels & Classen, 2017).

A further difference of thésilotum AGP to the AGPs of the most bryophytes, ferns and
gymnosperms is the lack of terminal8MeRha (Akiyama et al, 1987; Fuet al, 2007;
Bartels & Classen, 201 BRartelset al, 2017;Happ & Classen, 2018aumanret al, 2021).

This methylatednonosaccharide was only detectable in the AE fraction, but not in the AGP
fraction (Tab S4). However, also in thesilotumAGP, the terminal unmethylated Rhaas
found.LycopodiumAGP is characterized by complete lack of Rha (Bartels & Classen, 2017).
Based on these findings, a structural proposal oP#ietumAGP was formed and illustrated

in Figure4.

When classifying the AGP éfsilotumin the evolutionary context, the structure of the galactan
core protein is similar to that of the lycophyte and most ferns. Considering the Ara side chains
and end group®silotumAGP is more comparable to thatlofcopodiumwith the exception

that Rha is not part of the lycophyte AGP. This occimshemost land plant AGPs, including
ferns and bryophytg®Vacket al, 2005; Bartels & Classen, 2017; Barteisl, 2017; Happ &
Classen, 2019; Baumarat al, 202; Mudler et al, 2023).Phylogenetic studies have also
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shown thatPsilotumis more closely related tBquisetunthan to lycophytes (Ruhfedt al.,

2014).

Al ready i n ¢$wviet h1 9r®I6csY WwWersd prepared to de
organs, and tissues (Clarkeal, 1979). These tests were mostly gel diffusion assays, which

are still used today (see detailed description in Happ & Classen, 2019 or Muelle2023).

In these assays, a red precipitation line appears as soon as the AGP containing sample and the
bGl cY interact.

This interaction can also be used in light microscopy for detection of AGPs in plant tissue
(Pfeiferet al, 2022).However, the staining d®silotumstemc r oss secti ons wi
weak and only the cell walls of the parenchyma cells of the cortex showed a slight orange
colour.This could mean that either theG | wa$ not accessible to the cell wall to precipitate
AGPs or that the precipitates were not visible by using a light microscope.

Chernoveet al (2020) also examined presence of AGPs in cross sectidPsilofumshoots

with AGP antibodiewia fluorescentmicroscopy. The antibody JIMIéacted negatively in all
tissues. Only LM6 reacted positively in some tissues, but this antibody also recognized the 1,5
Araf side chains of R&in addition to AGPs. As the structureRdilotumAGP has barely 1;5

Araf chains (Tabl), this is probably Ré.

This supports the assumption that the AGP®sifotumare not accessible in simple cross
sections or that thBsilotumAGPs do not possess the epitope of JIM14, which is not defined

in detail (Knoxet al, 1991). Therefore, further AGP antibodies should be tested for interaction
with PsilotumAGP.
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Figure 4. Structural proposal of the carbohydrate moiety of the AGP fRsilotum nudum based on
compositionabnd linkagetype analyses of the native AGP, the reduced &Géhd the hydrolysed AGRox.
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CONCLUSION

The conquest of land required a stable and resistant cell wall against external influences. The
cell wall had to change constantly in course of evolution. In order to understand this evolution,
it is important to study the cell walls of spore producing plants like ferns in comparison to the
seed plant cell walls.

This work shows that cell wall fractions of the four fern species contain pectins and different
hemicelluloses, especially xyloglucans, which are probably XXy¢&& with additional F; L-

, and Smotifs. Xylans seem to be more abundantAirolla compared toSalvinia and
Ceratopteris Mannans occur in the highest alkaline fractions in all species and were most
abundant inPsilotum This supports the finding that mannans are more abundant in
eusporangiate ferns compared to the leptosporangiates. The natghecaris has to be
elucidated further.

The isolation of AGPs from the cell wall B&ilotumprovides further insights into the evolution

of AGPs. Structure elucidation revealed that general features known from seed plant AGPs are
preent. The unusual monosacchar®®-MeRha (acofriose), common for most fern AGPs,
could not be detected in tRsilotumAGP. Instead, the Ara linkage typeAitap and 1,3Araf,

also present in the lycophyitgcopodiumwere found in high amounts.

As to date AGPs from only one other eusporangiate fern and onliycrghyte have been
isolated and characterized, AGPs from further species of this group should be investigated to
get a more accurate insight into the evolution of AGPs in the tracheophytes. In addition, further
functional analyses of fern AGPs should b&ablished in order to gain more knowledge in this

area as well.

EXPERIMENTAL PROCEDERES

Plant material, growth conditions and sampling

The floating fernsAzolla filiculoidesLAm. (Azolla A. filiculoideg, Salviniax molestaD. S.
MITCHELL (Salvinia S. molestp Salvinia auriculataAusL., Salvinia cucullataRoxs. and
Salvinia natans(L.) ALL., as well asCeratopteris richardiiBRONGN. (Ceratopteris C.
richardii) were cultivated in the greenhouse in the Garden of the Pharmaceutical Institute,
Psilotum nudungL.) BEAuv. (Psilotum P. nudunyin the greenhouse of the Botanical Garden
of the ChristiarAlbrechtsUniversity of Kiel. The sporophytes of all ferns were used in this
study (for Psilotumand Ceratopterisonly the aerial part). The harvest times were between
August and October 201&( molestg between July and October 202Ba{vinia spp), in
September and in January 2019/202@dla), in August 2020 Fsilotun) and in July and in
August 2021 Ceratopteri3. The CeratopterisRN3 strain spores were a kind gift of Péter
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Szdévenyi (University of Zurich). For culturing of those, the protocol of Plaektetdt. (2015)
was used. The plant material was cleaned with water and {deiezk

Isolation of the cell wall fractions

The cell wall was isolated by sequential extraction, in which up to six fractions were obtained.
The preparation of the aqueous extract (AE)Rsilotumin a ratio of 1:20 /V) has been
performed according to Muellet al. (2023). Isolation of the two pectic fractions, here the
ammonium oxalate fractiorfNIH4)2C>04] and the hydrochloric acid fraction (HCI), as well as
the hemicellulose fractions, extracted with sodium carbonateC@ and potassium
hydroxide (2 M KOH), are described in Pfeiédral (2023). Additionally, a third hemicellulose
fraction for Azolla, Ceratopteris Psilotum and Salviniawas extracted by using 8 mofL

potassium hydroxide (8 M KOH) at the same conditions as for h&K@H.

Analysis of monosaccharides

The method of Blakenegt al (1983) with slight modifications, described in Muel&gral

(2023) was used to determine the neutral monosaccharide compositions of the fractions. The
quantification was performed by gas chromatography (GC) fldthe ionization detection

(FID) and mass spectrometry detection (MSD): GC + FID: 7890B; Agilent Technologies, USA;
MS: 5977B MSD; Agilent Technologies, USA; column: Opti2izb; MachereyNagel,
Germany; 25m, 250 m, 0. 25 flowrate: h ral imin‘uspiit ratio 30:1. A temperature
gradient was performed to achieve peak separation (itémaperature 200 °C, subsequent
holding time of 3 min; final temperature 243 °C with a gradient of 2 °Cnifor identification

of 3-O-MeRha, the retention time and the mass spectrum were used (according to Happ &
Classen, 2019)

The content of uronic acids in the fractions was determined by a modified method of
Blumenkrantz and Asbeldansen (1973; see Muelletr al, 2023).

Reduction of uronic acids and partial degradationof arabinogalactan-proteins (AGPS)

The AGPs oPsilotumwere isolated according to Classdral (2005). As uronic acids are not
detectable by the method described above (A
to the corresponding neutral monosaccharides following a modified method of Taylor and
Conrad (1972) to gain the AGkfraction. The AGBr fraction was partial degraded by oxalic

acid hydrolysis according to Gleeson and Clarke (1979), to get further structural information

(AGPuroxfraction). The procedures are described in detail in Muetlak. (2023).
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Structural characterization of arabinogalactan moiety ofPsilotum AGP

The AGP, the AGBER and the AGBrox fractions of Psilotum were used for structure

elucidation. Therefore, a modified method of Haatisal (1983), described in Muellet al

(2023) was appliedQuantification was performelly GLC-mass spectroscopy (see above

OAnal ysis of monos ac-d45 25mj 258 o, 0.26 pnh; hetium:flowOp t i ma
rate: ImL min’; initial temperature: 176C; hold time 2 min; rate 1C mint until 210°C was

reached; rate: 30C min! until 250°C was reached,; final hold tenlOmin).

Determination of the protein and hydroxyproline (Hyp) content

The protein content was calculateid the nitrogen content determined by elemental analysis
with multiplication of the factor 6.25 (Kjeldahl, 1883). For elemental analysis, the vario
MICRO cube elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold,
Germany) was usedavhich was determined in the Chemistry Department of Kiel University
Kiel, Germany The Hyp content was measured and quantified photometrically at 558 nm by a
linear regression analysis according to Stegeman and Stalder (1967).

Microscopy

Cross sections atemsof Psilotumwere prepared and stored in water. A part of these sections

was incubated-Gatvaai solhntdi @am o 6 fsaution(ahritmgi n a b
mL?in 0.15 mol ! sodium chloride) overnight at 4 °C. The sections were washed with 0.15

mol L sodium chloride solution until the red colour disappeared. Those as well as the water
sections were investigated by light microscopy (Primostar 3, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany) and the images taken by a digital camera

(Axiocam 208 color, Carl Zeiss Microscopy Deutschland GmbH).

Indirect enzyme-linked immunosorbent assay (ELISA)

The samples of the fractions were dissolved in the concentration 25 ijrddH:0. The test
performance is described in Pfeitdral. (2023).

The primary antibodies LM10 and LM15 were used for the hemicellulose fractions (Kerafast,
Inc., Boston, MA, USA); LM19, LM20, and LM25 (Kerafast, Inc.) for the pectic fractions, all
in a dilution of 1:20 Y/V). The secondary antibody (ainéitlgG conjugated with alkaline
phosphatase, produced in goat, Sightdrich Chemie GmbH, Taufkirchen, Germany) was
dissolved in a dilution of 1:50¥/(V). The samples were analyzed in triplicate. For presentation,
the absorbance of the control was set to zero andghedtisignal in the dataset was set to 1.0.
Epitopes of the antibodies and key references are listed in Table S6.
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SUPPORTING INFORMATION

Table Sl. Yields of different cell wall fractions oPsilotum nudum Salvinia molesta Azolla filiculoides, and
Ceratopterisrichardii in % of dry fraction materiai w).

Yields P. nudum S.molesta A. filiculoides C. richardii
(NH4)2C204 4.0 8.9 8.7 11.3
HCI 0.4 1.4 3.3 3.7
NaCQOs 2.0 4.0 8.6 3.7
2 M KOH 14.6 22.6 23.4 10.9
8 M KOH 3.2 0.9 0.7 0.3

Table S2a. Neutral monosaccharide composition of the ammonium oxalate fraafti®silotumnudum Salvinia
molesta Azollafiliculoides andCeratopterisrichardii in % (mol mot%; n=3).

Neutral P. nudum S. molesta A.filiculoides C. richardii
monosaccharide (NH4)2CoOs  (NH4)2C0s  (NH4)2C20s  (NH4)2C204
3-O-Me-Rha 1.0+£0.1 1.5+0.1 tr 2.1+0.2
Rha 5.0 £0.2 8.5+0.3 11.7+0.1 10.8+ 0.6
Fuc 1.5+0.0 2.0+0.0 3.7+0.1 2.8+0.3
Rib 2.8+0.4 5.3+0.2 8.6 £0.7 6.3+0.2
Ara 18.3 £0.7 23.1+0.4 17.3+0.1 19.4+1.8
Xyl 2.4 +£0.1 3.1+0.1 155+0.4 11.5+0.5
Man 13.9+0.5 25+0.0 7.4+0.3 6.5+1.6
Gal 16.5 £0.6 14.2 £ 0.1 21.8+0.8 18.8+1.2
Glc 38.6 +1.4 39.8+0.9 14.0+0.2 21.8+2.4

tr: trace value <1 %
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Table &2b. Neutral monosaccharide composition of the hydrochloric acid fracfiétsilotumnudum Salvinia

molesta Azollafiliculoides andCeratopterisrichardii in % (mol motY).

Neutral P. nudum S. molesta A. filiculoides C. richardii
monosaccharide HCl HC HCl HC
n=1 n=3 n=3 n=3
3-O-Me-Rha tr tr tr tr
Rha 2.4 6.2+0.5 8.0+0.3 15.0+0.2
Fuc tr 1.3+0.2 21+0.1 2.2+0.1
Rib tr tr tr -
Ara 9.8 13.0+£0.3 13.4 £0.2 149+ 0.6
Xyl 2.3 45+0.6 11.5+0.6 10.4 £ 0.7
Man 16.6 1.8+0.2 7.0+£05 4.1+0.2
Gal 12.8 11.3+0.4 16.8 + 0.3 21.5+04
Glc 56.1 61.9+1.6 41.2+1.1 31.9+1.2

tr: trace value <1 %

Table S2c. Neutral monosaccharide composition of the sodium carbonate fradtigsilotumnudum Salvinia

molesta Azollafiliculoides andCeratopterisrichardii in % (mol mot?).

Neutral P. nudum S. molesta A.filiculoides C. richardii
monosaccharide NaQ_C@ N""Q_C@ NaQ_CO3 Naz_CCh
n=1 n=3 n=3 n=3

3-O-Me-Rha tr tr tr 1.1+0.7
Rha 4.7 83+1.1 8.2+0.4 88+15
Fuc 2.1 1.3+0.1 1.8+0.1 1.4+0.3
Rib - tr tr tr

Ara 22.7 17.7+1.6 13.8+0.2 126+1.5
Xyl 2.3 4.4+27 40+0.1 6.0+2.2
Man 2.1 3.1+0.8 3.1+0.1 32+1.0
Gal 11.2 149+1.6 14.3+0.1 15.1+£3.0
Glc 54.9 50.3+1.2 54.6 +0.9 51.8+9.8

tr: trace value <1 %

Table 2d. Neutral monosaccharide composition of thé potassium hydroxide fractioof Psilotumnudum

Salvinia molesta Azollafiliculoides, andCeratopterisrichardii in % (mol mot'; n=3).

Neutral P. nudum S. molesta A.filiculoides C. richardii
monosaccharide 2 M KOH 2 M KOH 2 M KOH 2 M KOH

3-O-Me-Rha tr - - -

Rha 4.7 +0.1 43+0.1 3.1+0.1 20+x04
Fuc 1.9+0.0 tr tr tr

Rib - tr - tr

Ara 11.7 £0.3 3.2+0.2 3.7+£0.1 6.3+0.1
Xyl 23.1+15 11.1+04 50.0+0.9 32.8+0.6
Man 12.1 £+0.4 tr 1.3+0.1 1.1+0.0
Gal 7.9 0.1 7.4 +£0.1 10.2+0.1 3.2+0.3
Glc 38.6 +0.9 74.0+06 31.8+0.7 546+1.2

tr: trace value <1 %
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Table S2e. Neutral monosaccharide composition of the 8 M potassium hydroxide fracomofiumsS. molesta
A. filiculoidesandC. richardii in % (mol mof*; n=3).

Neutral P. nudum S. molesta A. filiculoides C. richardii
monosaccharide 8 M KOH 8 M KOH 8 M KOH 8 M KOH
3-O-Me-Rha - - - -
Rha 1.6 +0.1 - - -
Fuc tr tr - -
Rib - - - -
Ara 5.4 +0.1 2.3+0.1 - 2.0£0.3
Xyl 28.5+2.5 27.5+0.4 450 +0.1 57.6+0.8
Man 39.1+1.7 28.8 £0.2 211+0.1 213+0.4
Gal 4.7 £0.2 5.320.1 6.6+0.2 34+0.3
Glc 20.7 £0.6 36.1+0.2 273+0.2 157+0.2

tr: trace value < 1 %

Table S3. Colorimetric determination of the content of uronic acids in the different cell wall fracifd?slotum

nudum Salvinia molestgAzolla filiculoides andCeratopteris richardiin % (w w?).

Uronic acids P. nudum S. molesta A. filiculoides C.richardii
AE 3.0 1.8* 8.4* 4.4*
(NH4)2C204 17.8 33.7 33.8 13.1
HCI 14.0 16.8 22.7 12.6
NaCOs 12.4 7.9 6.7 21.6
2 M KOH 4.1 3.7 2.9 2.6
8 M KOH 3.1 45 3.7 4.9

*: published in Muelleet al (2023)

Table S4.Neutral monosaccharide composition of AE, AGIBPy, and AGPyox of Psilotumnudumin % (mol

mol?; n=3).

Neutral

monosaccharide AE AGP AGPur AGPurox
3-O-Me-Rha - - - -

Rha 40+0.1 47+0.1 45+0.2 3.3+0.2
Fuc 1.2+0.1 tr - -

Ara 26.7+0.8 36.6 +0.8 36.0+0.6 11.2+0.1
Xyl 3.2+0.2 - - -

Man 10.6 £ 1.0 tr tr -

Gal 349+1.6 54.7+0.5 54.6 £+0.3 78.8+0.4
Glc 194+1.1 4.0+0.3 49+0.3 6.7+0.3
Ara : Gal 1:1.3+0.0 1:1.5+0.0 1:1.5+0.0 1:7.0+0.1

tr: trace value <1 %
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Table Sha. Neutral monosaccharide composition of the watduble polysaccharides froBalvinia spp.in %
(mol mot%; n=3).

Neutral S. auriculata  S. cucullata S. natans
monosaccharide AE AE AE

3-O-Me-Rha 2.8+0.1 1.3+0.2 1.7+0.1
Rha 47+0.1 6.7 +0.6 7.1+0.2
Fuc 1.9+0.0 4.8+0.6 3.1+£0.0
Rib 1.4+0.0 1.1+0.1 20+0.1
Ara 33.8+1.1 30.5+0.3 345+05
Xyl 53+0.2 7.9+0.6 6.8+0.1
Man 43+0.1 7.4+0.0 45+0.1
Gal 25.7+0.3 25.3+1.6 25.6+0.4
Glc 20.1+£0.7 15.0+£0.3 146 £+ 0.4

tr: trace value <1 %

Table $b. Neutral monosaccharide composition of the ammonium oxalate fractiorSatrimiaspp.in % (mol

mol?; n=1).
Neutral S. auriculata  S. cucullata S. natans
monosaccharide (NH4)2Co04 (NH4)2C204  (NH4)2C204
3-O-Me-Rha 1.7 1.0 tr
Rha 11.2 15.2 5.2
Fuc 2.1 4.7 tr
Rib 7.5 9.2 2.8
Ara 27.7 23.3 9.6
Xyl 3.1 5.7 3.2
Man 2.7 5.0 tr
Gal 16.8 19.3 7.0
Glc 27.2 16.6 72.2

tr: trace value <1 %

Table $bc. Neutral monosaccharide composition of the hydrochloric acid fraction alviniaspp.in % (mol

mol?; n=1).

Neutral S. auriculata  S. cucullata S. natans
monosaccharide HCI HCI HCI
3-O-Me-Rha tr tr tr
Rha 7.7 11.7 2.7
Fuc 1.1 4.3 tr
Rib tr 1.9 tr
Ara 12.8 21.1 4.2
Xyl 4.7 9.1 6.0
Man 1.3 49 tr
Gal 10.7 19.5 4.1
Glc 61.7 27.5 83.0

tr: trace value <1 %
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Table S5d.Neutral monosaccharide composition of the sodium carbonate fractiorSaitwimiaspp.in % (mol
mol?; n=1).

Neutral S. auriculata  S. cucullata S. natans
monosaccharide  NaCOs NaeCOs NaCO3
3-O-Me-Rha 1.1 tr -
Rha 7.8 8.3 3.0
Fuc 1.2 3.4 tr
Rib - - tr
Ara 21.3 16.1 8.4
Xyl 2.4 5.9 2.5
Man 2.2 5.2 1.2
Gal 12.3 16.3 6.7
Glc 51.7 44.8 78.2

tr: trace value < 1 %

Table S5e.Neutral monosaccharide composition of the 2 M potassium hydroxide fractiorSbnimiaspp.in
% (mol mott; n=1).

Neutral S. auriculata  S. cucullata S. natans
monosaccharide 2 M KOH 2 M KOH 2 M KOH
3-O-Me-Rha tr tr -
Rha 4.2 12.9 2.5
Fuc tr 1.3 tr
Rib tr - tr
Ara 4.0 6.2 2.1
Xyl 15.4 13.9 3.9
Man 1.0 8.1 tr
Gal 8.1 15.8 4.4
Glc 67.3 41.8 87.1

tr: trace value <1 %

Table S6.Antibodies tested for binding to fern cell wall components.

Antibody Epitope Key References

LM10 Nonr educi ng ebrpskylaof ( McCartneyet al (2005);
Ruprechtet al (2017)

LM15 XXXG -motif of xyloglucan Marcuset al. (2008)

LM19 Unesterified HG Verhertbruggeret al
(2009b)

LM20 Methyl-esterified HG Verhertbruggeret al
(2009b)

LM25 XXXG / galactosylated xyloglucan Pedersemt al (2012)
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ABSTRACT

Significant changes have occurred in plant cell wall composition during evolution and
diversification of tracheophytes. As the sister lineage to seed plants, knowledge on the cell wall
of ferns is key to track evolutionary changes across tracheophytesamierstand seed plant
specific evolutionary innovations. Fern cell wall composition is not fully understood, including
limited knowledge of glycoproteins such as the fern arabinogalpctdaeins (AGPs). Here, we
characterizéhe AGPs from the leptospamgiate fern generazolla SalviniaandCeratopteris

The carbohydrate moiety of seed plant AGPs consists of a galactan backbone including mainly

1,3 and 1,3,dinked pyranosidic galactose, which is conserved across the investigated fern
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AGPs. Yet, unlike AGPs of angiosperms, those of ferns contained the unusual €dgar 3
methylrhamnose. Besides terminal furanosidic Ara f)Atae main linkage type of Afran the

ferns was 1,2inked Ard, whereas in seed plants didked Ard is often dominating.
Antibodies directed against carbohydrate epitopes of AGPs supported the structural differences
between AGPs of ferns and seed plafismparison of AGP linkage types across the
streptophyte lineage showed that angiosperms have rather consemvesbotharide linkage
types; by contrast bryophytes, ferns and gymnosperms showed more variability.

Phylogenetic analyses of glycosyltransferases involved in AGP biosynthesis and bioinformatic
search for AGP protein backbones revealed a versatile genetic toolkit for AGP complexity in
ferns. Our data reveal important differences across AGP diversity fumctional significance

is unknown. This diversity sheds light on the evolution of the hallmark feature of tracheophytes:

their elaborate cell walls.

INTRODUCTION

One of the most important steps in the evolution of life on Earth happened aroumd|®&e0

years ago (mya), when descendents of streptophyte algae colonized the terrestrial habitat (e.qg.
Kenrick and Crane, 1997; Becker and Marin, 2009; Delwiche and Cooper, 2015; Batvman

al., 2017; Harrison, 2017; de Vries and Archibald, 2018). By the end of the Devonian (360
mya), the extant lineages of land plants comprising bryophytes, lycophytes, monilophytes
(=ferns), and spermatophytes have evolved and the majan @nd tissue types known from
extant plants (e.g. vasculature, roots, leaves, seeds, wood, secondary growth) were already
present (Bowman, 2013). Vascular plants (tracheophytes) comprise lycophytes, ferns and seed
plants, and are characterized by feasuike tracheids and sieve elements for water and nutrient
transport and a highly structured and dominant sporophyte. Lycoegasated from all other

living vascular plant lineages already in the neanig Devonian (approx. 400 mya; Bandis

al., 2011; Pryeret al, 2004), ferns first appeared in the early Carboniferous (Galtier and Scott,
1985). They comprise around 12,000 extant species belonging to the five lineages Equisetales,
Psilotales, Ophioglossales, Maratialles and the dominant group of leptosporamgg(efger

et al, 2004; PPG 2016; Nittat al, 2022). Ferns form the sister lineage to seed plants; to
understand the evolutionary history of innovations specific to-pkads, knowledge of this

group is necessary to infer (i) the chaegistics of the last common ancestor (LCA) shared by
ferns and seegdlants and (ii) define the evolutionary trajectory of spkht specific

characteristics (Rensing, 2017).
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Figure 1. Overview of the investigated plant species. (a) Phylogenetic position of the analyzed plants according
to de Vries and Archibald (2018) and Puttekal (2018). The colored dots indicate inclusion in the PCA (see
Figure 3). The fern species which were cultured for this study are marked by asterisks. (b) Cultivation of the ferns
S. molestgA. filliculoidesandC. richardii in the greenhouse of the Pharmaceutical Institute of Kiel University.
Scale bars =1 cm.

Ferns are known for possessing large genomes with numerous chromosomes. To date, genome
sequence of theeterosporoufernsAzolla filiculoidesandSalvinia cucullatathe homosporous

ferns Ceratopteris richardij Adiantum capillusveneris as well as the tree ferAlsophila
spinulosaare publicly available (Let al, 2018; Marchangt al, 2022; Fangt al,, 2022; Huang

et al, 2022).Azolla and Salviniaare floating aquatic ferns with high growth rates and the
potential to be significant carbon sinks. Data from the Arctic Ocean revealed that around 50
mya, an abundance #&ollacharacterized an 800,080e ar i nt er Rzallae wean tl & d
which possibly had a role in global cooling by sequestering atmospheric carbon dioxide
(Brinkhuiset al., 2006; Speelmaat al, 2009).Azollais further remarkable due to its obligate
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symbiosis with the Nixing cyanobacteriuniNostoc azollagn specialized leaf cavities (lat

al., 2018; de Vries et al., 2018; de Vries and de Vries, 2@&atopteris richaridiiis also
adapted to water and is known as t hRrergnéeinet i c
Plackettet al, 2015) and as a teaching tool in biology (Renzaglia and Warne, ¥9%#g,
Salvinia and Ceratopteris all belong to the leptosporangiate ferns, which account for
approximately 80 % of neflowering vascular plant geies (Placketet al, 2015). Among
themCeratopteriswas suggested as the model for research on adaptive cell wall modification
in vascular plants (Lerowst al, 2013a).

Plant cell walls are important at various levels of plant morphology and as such are expected to
have changed during evolution (Sgrenseal, 2011). According to current knowledge, fern

cell walls share basic features with those of seed plants, e.g. cheence of cellulose,
hemicelluloses and pectic polysaccharides (Leretnal, 2013a; Matsunagat al, 2004;
Popper and Fry, 2004; Popper, 2008). However, differences exist, e.g. in lignin structures:
Whereas secondary cell walls of lycophytes and angiosperms are reinforced with lignin
containing mainly syringyl monomers, lignin of ferns and gymnospesmgrived primarily

from guaiacyl monomers (Wengt al, 2008). Besides polysaccharides and lignin,
hydroxyprolinerich-glycoproteins (HRGPSs) are also important components of plant cell walls.
They are broadly classified into the three groapbinogalacein-proteins (AGPS), extensins

and prolinerich proteins (PRPs) however in reality a continuum exists (Johetsaln 2018).
PRPsare only minimally glycosylated, extensins possess a glycan part of around 50 % and
AGPs consist of up to 90 % polysaccharides. In AGPs, several arabinogalactan (AG) moieties
are covalently linked to the proteu hydroxyproline. The characteristic structure of the AG

in angiosperms is a backbone of-1,3 n kpeGhlp, branched at position 6 to #,6i n kbe d D
Gapsi de chains, whi clhArahared safbtsda i t aiGeml (fawe rt rhi rDa |
review see Meet al, 2018; Strassest al, 2021).AGPs are key constituents of seed plants
extracellular matrix and are involved in several processes such as cell growth, cell proliferation,
pattern formation, sexual reproduction and plantrobe interactions (for review see Seifert

and Roberts, 2007; Mat al, 2018).

A unique feature of AGPs is their ability to precipitate with -cetbured Yariv
phenylglycosides, e.g. thb-glucosyl Yariv reagentbGIcY). Already in the 1970s, the
occurence of AGPs in extracts of different bryophytes and ferns was shown by precipitation in
geldiffusion assays with Yariv's reagent (Clarkeal, 1978). Additionally, AGPs in plant
tissue or extracts can be detected using monoclonal antibodies directed against AG maotifs.
Using these antibodies in microscopy or ELISA revealed AGP glycan epitopes in different
bryophytes (Bernet al, 2016; Kremeet al, 2004; Ligroneet al, 2002; Bartelst al, 2017;
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Happ and Classen, 2019) and ferns (Eeckbbat, 2014; Lopez and Renzaglia, 2014; Bartels

and Classen, 2017).

Up to now, fine structures of AGPs from bryophytes (Bageld, 2017; Fuet al, 2007, Happ

and Classen, 2019) and ferns (Akiyaetaal, 1987, Bartels and Classen, 2017) were only
sparsely investigated. To systematically assess cell wall characteristics of the emerging model
ferns, we isolated and characterized AGPs from the leptosporangiatézetissfiliculoides
Salvinia molestandCeratopteris richardii To obtain broader insight into AGP biosynthesis

in ferns, we searched for members of thegsyltransferase family 31 (GT31) involved in AG
glycan biosynthesis as well as identified sequences encoding AGP and other HRGP protein
backbones. Knowledge of cell wall diversity contributes to our understanding of plant
evolution. Due to their crucighylogenetic position as sister to land plants, ferns are key for

understanding cell wall evolution of land plants.

RESULTS

We usedSalvinia molestaAzolla filiculoides and Ceratopteris richardiito investigate the
diversity and conservation of AGPs in cell walls of ferns. The three species were cultivated
under greenhouse conditions, harvested, and dried (see Figure 1 for appearance of cultivated
ferns and phylogeny of the green plant linealethe water soluble fractions (AE) of all species
(Tables Si1S3), Gal and Glc were present in high amounts. The content of Ara differed between
the investigated species with around 30 %aivinia 20 % inCeratopterisand only 10 %n

Azolla AE of Azollafurther differed by higher amounts of Man, uronic acids and Fuc as well

as lack of 30-methylrhamnose3O-MeRha;trivial name acofrioge The content of Xyl was
another striking difference between the species with low amou@wniabut over 20 % in

CeratopterisandAzolla
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Figure 2. Features of AGPs fror8.molesta A. filiculoidesandC. richardii. (a) Gel diffusion assay with G| c Y
and fractions AE from the three ferns (100 mgthtompared tdchinacea purpure&GP (10 mg mt!). The
red precipitation line indicates presence of AGPs. (b) Proteiw (94 of AGP) and hydroxyproliacontent (%w
wt of protein) in AGPs from the three species. (c) Relatiomosaccharideomposition of AGP$rom the three
fernsin the native state (AGP) and after reduction of uronic acids and partial hydrolysis with oxalic acigfAGP
determined by gas chromatography (GC) (% molhald) Results of ELISA experiments with AGPs and
antibodies directed against epitopes present in AGPs (JIM13, LM2, LM6, KM1) after 10 min. For epitopes of the
antibodies see Table S6. (e) FID chromatogram of partially methylated alditol acetates (PMAASqfvinia
AGPyox after GLC analysis.
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(Glyco)diversity in fern AGPs

In a gel diffusion assay with the watsnluble fractions (AE) of the three fernsdnds | c Y, re
precipitation lines occurredtar 22 h of incubation in the dark at room temperature, indicating

the presence of AGPs (Figure 2Bjesence of AGPs was further confirmed by isolation with
bGl cY i n amo waving n=8) 0.18 % Az8lla #&2)(and 0.07 %Qeratopteris

n=1) in relation to the dry weight of the ferns.

The amounts of nitrogen in the AGP samples were determined by elemental analyses and used
to estimate the protein content of the AGPs according to Kjeldahl (factor 6.25, Figure 2b). The
protein amounts of AGPs were 14.6 % f®alvinia 19.4 % forAzolla, and 11.1 % for
Ceratopteris In AGPs, the amino acid hydroxyproline is responsible>glycosidic linkage

of the arabinogalactan moieties to the protein. Photometric quantification of this amino acid
(Stegemann and Stalder, 1967) revealed amounts o%®f86Salvinig 0.29 % forAzolla and

0.55 % forCeratopterisAGP. This means that Hyp accounts for 2.5 % of the protein moiety in
Salvinig 1.5 % of the protein moiety idzolla and 5.0 % of the protein moiety @eratopteris

AGP (Figure 2b).

As expected, Gal and Ara were the dominant monosaccharides of thephanipitated AGPs

and accounted for slightly over 80 % of the neutral monosaccharides in all species (Figure 2c,
Table S4) with an Ara : Gal ratio comparable to other AGPs of fernge{Band Classen,

2017) and seed plants (Clarkeal, 1978). These monosaccharides were accompanied by Rha

/ 3-O-MeRha in substantial amounts between 8.3 % and 9.2 % (counted together). Interestingly,
the ratio between both deoxyhexoses varied stromgl$alvinia AGP, both were present in
nearly equal amounts, whereasArollaAGP, 30-MeRha was present only in traces and in
CeratopterisAGP, the methylated Rha is strongly dominating (Figure 2c, Table S4). The
monosaccharides Glc, Man, Xyl and Fuc were present in smaller amounts, but it cannot be fully
excluded that they might be part of other polysaccharides not completely separaigd drivi
precipitation. me Glc might alsbe the residue of the precipitatingadgerl c Y. Phot om
quantificaton of uronic acids revealed a content of 11.0 %Salvinia 5.6 % forAzollaand

11.1 % forCeratopterisAGPs (Table S3).

To gain further information, uronic acids were carboagiuced to the corresponding neutral
monosaccharides with sodium borodeuteride. Afterwards, deuterated Glc was detected, thus
revealing that GIcA has been part of the native AGP. Furthermore, theesanwgye partially
hydrolysed with oxalic acid, a treatment known to hydrolyse mainly furanosidic arabinose
residuesThis led to strong decrease of the Ara content (Figure 2c, Table S4) and also to further

decrease of the minor monosaccharides Rha, FuarkiyMan.
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Fern AGPs structural characteristics appear evolutionarily more flexible compared to
angiosperms

Linkage types of monosaccharides were determined by methylation analyses before and after
partial acid hydrolysis and uronic acid reduction (TablEidure 2e, compare Figure Sla and

b). In the native AGPs, the typical galactan backbone known from seed plant AGPs was present
with pyranosidic Gal in4 1,3 1,6- and 1,3,8inkage. According to the retention time and the
mass spectra, a further peakreented a mixture of pyranosidic, 1ghd 1,4linked hexoses
(Figure S1). 1,2 and/or LJihked Gap have also been detected in some moss and other fern
AGPs (Bartelset al, 2017; Bartels and Classen, 2017). Furanosidic Ara, which is typically
located &the periphery of the AGP molecule, was 1,2 and 1,5linked with dominance of
1,2-linkage type. After partial acid hydrolysis, there was nearly complete loss-thle8

Araf, strong reduction of terminal Arand moderate reduction of 1/2af . Furthermore, acid
hydrolysis strongly increased the amount oflinBed Gap, which is an indication that Ara is
mainly bound to Gal at-G of 1,3,6linked Gal. The increase in terminal Gal is a hint that some
Ara or acidlabile Rha or Fuc is bound to-&€d Gal in the native AGP. Comparable to other
fern AGPs, Rha(including 30-Me-Rha) is localized terminallyBartels and Classen, 2017).
After carboxyreduction of uronic acids to the corresponding deutetabeled neutral
monosaccharides, only GIcA was detected as a terminal monosaccharidedAGP

Antibodies directed against epitopes of the glycan part of angiosperm AGPs (see Experimental
section) were tested for their binding capacities to the different fern AGPs to gain further
information on AGP structures (Figure 2d, Figure S2). In the testatkntrations, there was

no binding of the fern AGPs to KM1 and LM6, thus supporting structural differences to
angiosperm AGPs. For KM(Classeret al, 2004) it has been shown thlD-1,6-Galp is part

of the epitop€Ruprechtet al, 2017) which is present in the fern AGPs only in small amounts.
LM6 is directed againdi-L-1,5linked Ard (Verhertbruggert al, 200%) present in arabinans

but also in some AGPs. Although this Ara linkage type is present in the investigated fern AGPs,
the amounts are lower compared to thelihRage type. Weak binding of LM6 ©eratopteris

AGP was observed after longer times of incubation (data not shown), thus confirming higher
amounts of 1,8Araf in Ceratopteriscompared taSalvinia and Azolla AGP. LM2 showed
moderate binding to the fern AGPs, probably due to presence of termingd,®lb&kh has

been described as part of the epitffRaprechtet al, 2017) JIM13 strongly binds to the three

fern AGPs, especially t8alviniaAGP.JIM13 is known to recognize many AGPs but the exact
epitope is under debate. The trisaccharie-GlcAp( 1 Y-B-p-GalAp-( 1 Y-PH)-Rhd
isolated fromhydrolysate of gum karaylainds to this antibody (Yatest al, 1996). Strong
binding of JIM13 to a rhamnogalactanotein fromSpirogyra(Pfeifer et al, 2022) further
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suggests that terminal Rha must be an important part of the epitope of JIM13 and is possibly
responsible for binding to the investigated fern AGRs.exemplary structural proposal for
AGP ofAzollabased on the results above is given in Figure S3.

Table 1.Linkage type analysief AGPs and hydrolysed AGPAGPurox) from S. molesta, A. filiculoidesndC.
richardii in % (mol mol?, n=1).

Mono- linkage S. molesta A. filiculoides C. richardi
saccharide type AGP AGPurox  AGP AGPuox  AGP AGPUrox
Galp 1,36 307 33.8 27.0 30.8 35.9 37.8
1,6 2.1 15.8 2.6 11.5 2.2 12.4
1,3 15.2 14.4 15.5 18.7 16.4 15.0
1- 2.1 12.0 3.4 5.1 6.0 9.4
Araf 1,5 3.9 - 4.4 - 7.3 -
1,2 17.2 6.7 16.9 10.7 11.5 3.9
1- 9.6 1.8 8.5 2.6 6.4 1.8
Rhap 1- 11.0 5.9 9.5 6.1 7.8 8.2
Fup 1- - - 1.4 - 2.2 -
GIcAp 1- nd 3.6 nd 2.9 nd 3.2
Manp 1,6- 2.9 - 2.9 1.2 1.3 2.7
Hexp 1,4/1,2- 5.3 6.0 7.9 9.2 3.0 5.6

nd: not detectable due to the method

21 different species representing the streptophyte lineage (a streptophyte alga, three bryophytes,
a lycophyte, seven ferns, three gymmaod six angiosperms) weoempared with regard to

AGP linkage types (Table 2). Here, we only used data from our working gwoesure a
comparable methodology for isolation and structural characterizdsea Figure 3 for
references). The comparison of AGP fine structures over the streptophyte lineage by PCA
(Figure 3) revealed first hints on lineagecific structural features of AGPs. The streptophyte
algaSpirogyra pratensiand the lycophyteycopodium annotinunvere clearly separated from

all other species due to high amtaiaf terminal and unique X|Bked Rhao in SpirogyraAGP

and unusual terminal Apeaccompanied by 1;Bnked Ard in LycopodiumAGP. Yet, a broader
sampling is needed to clarify how common these features are in the respective lineages, or
whether these are specigsecific characteristics. PCA reveals clustering of angiosperm AGPs
due to the common structure with a Bhhckbone in 1,3;6and 1,6 linkage decorated with
1,5linked and terminal ArfaIn contrast, gymnosperms linkage types of AGPs seem lgsb
conserved, although it needs to be considered that only three species from three lineages,
Ginkga Cycas and Ephedra and no representatives from conifers were included in the
analyses. For fern AGPs a clear separation to angiosperm AG@R#Is in line with their
evolutionary distance. There is an overlap of fern AGPs with those of mosses and
gymnosperms. A common feature of AGPs from mosses, ferns and gymnosperms is the

presence of the unusual monosaccharid®Ne-Rha not observed in any angiosperm AGP
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or any other angiosperm cell wall polysaccharide. Within the ferns, the only eusporangiate fern
AGP from Equisetumis separated from the leptosporangiate AGPs. The leptosporangiate
OsmundaAGP is located in betweeBquisetumAGP and the other leptosporangiate AGPs.
This is in accordance with the phylogeny of ferns, wi@senundas sister to the rest of the
leptosporangiateg\zollaand Salviniaare members of the same family (Salviniaceae) and the
similarities in their AGPs reflect their close phylogenegiationship or the similarity of their
aqguatic lifestyle. IndeedteridiumandCeratopterisbelong to the same family (Pteridaceae),

yet Pteridium AGPs cluster with those frorDryopteris while those of the aquatic fern

Ceratopteriss more similar to AGPs fror8alviniaandAzolla

6 1
(a) g (b) 1,3-Araf
O - L. annotiinum
4 4 0,6 4
M. polymorpha i C. revoluta 0. regaiis 04
: g 7 D filix-mas = t-Galp
J ~ 0,2
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4 © O =ferns O = gymnosperms
: O = bryophytes O = lycophyte
. . = angiosperms O = charophyte
6 B e e e e e

6 -4 2 0 2 4 6
PC1(20.90 %)

Figure 3. Results of the PCA analysis of linkagges in AGPs throughout the streptophyte lineage. (a) Scatter
plot of PC1 (20.90%) against PC2 (16.42). Different colors were used for each evolutionary group. Ellipses
represent 90 % confidence intervals. For ildint names refer to Bartels and Classen (2017), Baitals (2017),
Baumanret al (2021), Classeat al (2000), Goellneet al. (2010, 2011, 2013), Happ and Classen (2019), Pfeifer
et al (2022), Thudeand Classen (2005) and Waekal (2005). (b) Loading plot for the PCA with influences of
the different input variables.
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Table 2.Linkage type analysis of AGPs throughout #ieptophyte lineage in % (mol mil

3
g2 & T
s &6 & ® L B B B s BB &,
& & o o £ g < < S g T ogx d ©
™ o o © O N o L) < < T & 2 < =
- =] — — A — — — W o o5 L= A — S
Charophyte alga S. pratensis 30.7 0 9.8 5.8 0 0 0 0 1.1 0 247 2.0 200 O 5.9
M. polymorpha 27.1 0 192 0 0 0 4.3 2.7 363 O 1.1 1.1 0 4.3 3.9
Bryophytes Sphagnunsp. 27.5 4.8 17.8 7.3 7.0 0 0.5 5.3 3.9 0 1.9 7.2 0 111 57
P. formosum 28.2 6.6 145 2.6 142 0.6 3.4 1.8 9.2 0 7.4 25 0 6.8 2.2
Lycophyte L.annotinum 29.2 O 195 11 1.3 0.2 152 1.0 11.8 134 O 0 0 3.1 4.2
E. arvense 26.4 0 16.3 1.8 24 05 0.2 143 231 O 0 3.4 0 5.2 6.4
0. regalis 355 0 19.7 1.3 3.4 2.9 0.8 2.4 159 0 1.1 5.1 0 6.3 5.6
S. molesta 307 O 152 21 2.1 172 0 3.9 9.6 0 5.4 5.6 0 5.3 2.9
Ferns A. filiculoides 27.0 0 155 2.6 34 169 O 4.4 8.5 0 9.5 0 0 7.9 4.3
C. richardii 359 0 164 2.2 6.0 115 0 7.3 6.4 0 0 7.8 0 3.0 3.5
P. aquilinum 29.7 0 206 2.2 10.6 9.6 1.7 25 46 0 0.5 1.3 0 7.6 9.1
D. filix-mas 237 0 185 2.9 9.0 5.0 1.7 2.9 152 0 0.7 1.3 0 4.8 14.3
C. revoluta 324 0 132 3.8 2.1 15 7.1 6.9 21.7 3.7 4.4 0 0 1.1 2.1
Gymnosperms G. biloba 126 O 2.8 1.3 2.3 1.0 2.3 13 8.4 1.0 2.1 1.2 0 473 4.7
E. distachya 39.2 0 7.3 4.0 0.9 0.7 0 3.7 27.4 0.5 2.4 8.7 0 5.2 0
T.aestivum 37.7 O 19.0 3.0 1.2 0 0 9.0 30,1 O 0 0 0 0 0
S. cereale 363 0 142 6.4 3.3 0 0 7.7 321 0 0 0 0 0 0
) A. sativa 368 0 196 6.1 3.6 0 0 7.3 266 O 0 0 0 0 0
Angiosperms . )
B. tinctoria 242 0 16.7 5.8 3.6 0 1.7 9.4 33.2 1.9 1.7 0 0 1.8 0
E. pallida 269 0 16,5 6.3 2.5 0 0 142 294 0 0 0 0 0 4.2
E. purpurea 318 O 127 154 0 0 0 117 248 O 0 0 0 0 3.6
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A genetic framework for AGP glycosylation in ferns

Glycosylation of AGPs is very complex and involves addition of large arabinogalactan (AG)
moieties to hydroxyproline residues often arranged in characteristic dipeptide repeétgpAla
SerHyp, ThrHyp. The AGs consist ob-1,3-Galp backbones witth-1,6-linked Gap side
chains that are further decorated with mainly Ara but also GIcA, Rha, Fuc or Xyl (for review,
see Showalter and Basu, 2016; Siktaal, 2020, Strasseet al, 2021). The responsible
glycosyltransferases (GTs) belong to different GT families that have been classified in the
carbohydrate active enzymes (CAZy) database (http://www.cazy.org). Although several GTs
responsible for AGP glycosylation have been idedifn Arabidopsis many enzymes are still
unknown, e.g. most arabinosghd all rhamnosyltransferases (Sikfaal, 2020). Responsible

for galactosylation of AGPs are enzymes of the family GT31. A phylogeny éfrdi®dopsis
thalianasequences in this family divides into three distinct groups which were subdivided into
9 subgroups-IX (group A with clades-1V, group B with clades V and VI, group C with clades
VII-IX, Qu et al, 2008). Eleven of these enzymes belonging to clades Il, Ill, V and VI have
already been characterized and are involved in AGP galactosylatAmrabiopsis thaliana
(Silvaet al, 2020).

To elucidate whether homologs of these enzymes are present inAiebglopsissequences

from group A and B were used to search for GT31 sequences in the gen&aksnid Azolla

and Ceratopterisas well as in transcriptomic data from other ferns (Carpesttat, 2019;
Leebengavlack et al, 2019, Figure 4, Table S5 and Figure S4). The first step of AGP
galactosylation is the transfer of the first Gal onto Hyp by a hydroxyprdbre
galactosyltransferase. IArabidopsis GALT 2-6 (Basuet al, 2015a;Basu et al, 2015b)
belonging to clade VI as well as HPGT1, HPGT2 and HPGT3 from clade IIl within GT31
(OgawaOnhnishi and Matsubayashi, 2015) have been identified to be responsible for this step
of the biosynthesis. Whereas GAL-B2contain a galectin domaithis domain is absent in
HPGTL3 (Showalter and Basu, 2016). Genomedpblla Salvinia and Ceratopterisand
transcriptomes of all ferns contain at least one corresponding sequence in one of these GT31
families, thus supporting that the transfer of Gatlo Hyp is possible in all fern AGPs.

The Arabidopsisgenes At1G77810 (Qet al, 2008), At1G33430 (called UPEX1 or KNS4,
Suzukiet al, 2017) as well as GALT8 (Narcigh al, 2021) belonging to clade Il and possibly
CAGE1 and CAGE?2 (clade I, Nibberingt al, 2022) encodé-1,3-galactosyltransferases
which function in AGPb-1,3-galactan backbone synthesis. Galactan side chains of AGPs
consi s t-1igked dGhl arb synthesized Wy-1,6-galactosyltransferases of family
GALT31A (clade Il, Geshet al, 2013), although in a recent stuALT31A was found to

galactosylate substituted and unsubstitui€dd3-galactan oligosaccharides rather tlah,6-
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linked galactan oligosaccharides (Rupreehial, 2020) Homologs to sequences from all
Arabidopsisenzymes from group A and B responsible for synthesis of the galactan structure
are present izolla Salvinig Ceratopterisand all investigated fern transcriptomes. Clades |

and Il could not be phylogenetically separated (Figure S4; although clade Il had also no support
as an independent group in Qu et al. 2008, where the groups were originally defined). On
balancetheevolution of GT31 group | and Il characterized by lineaggpecific diversification

(Figure 4):Arabidopsisappeared to have slightly more homologs (eight sequences) compared
to leptosporangiate (on average 4.8 per species) and eusporangiate ferns (on average 1.8 pel
species). That said, the investigated fern genomes contain similar numbers of homologs as
Arabidopsis(eight inAzolla, six in Salviniaand ten inCeratopteris see Table S5), indicating

that the overall lower number of homologs in transcriptomes of ferns is likely an undatest
caused bytechnical limitations or other reasons like e.g. low expression or differential
regulation. To summarize, the genetic toolkit necessary for galactosylation of Hyp and the
biosynthesis of the typical AGP galactan scaffold known from seed plants is pretbentarn

lineage, corrobarting our analytical findings (Figure S3). Overall, this suggests that Hyp
galactosylation and the synthesis of typical AGP galactan is conserved and was already present

in the LCA of ferns and seed plants.
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Figure 4. Overview of GT31 homologs from fern transcriptomes and genomes. The fern phylogeny on the left
side is based on the dataset of Nétaal. (2022) and was visualized with iTOL (v6.6, Letunic and Bork, 2021).

The heatmap on the right side is based on the average homolog number in the respective clades of the phylogenetic
tree (Figure S4). White fields with dashes were not covered by thetd&iiaske annotations marked with asterisks

are used according to Cat al. (2008).
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Identification of AGP and other HRGP protein sequences iriern genomes

Sequences for classical AGPs and other HRGPs (extensins and PRPs) as well as hybrid
sequences with motifs from different HRGPs were identified (Figure 5) using the established
motif and amino acid bias 0&MAARBLFaby Classlsand i ¢ a
4 comprise classical AGPs with and without GPI anchor respectively, class 2 and 9 are extensins
(crosslinking or with GPtanchor) and class 3 contain PRPs. All other classes consist of hybrid
HRGP sequences. For the heterosporeussiAzolla and Salvinia AGP sequences identified

were similar in number with six fékzolla(none with GPdanchor) and seven f&alvinia(three

with GPFanchor), whereas for homosporous feAdiantum Alsophila and Ceratopteris
numbers were much higher with 181 AGP sequences (two to seven with @Rthor). The

same trend was found for extensins with no sequence identifigbilg, only one sequence

in Salviniaand higher numbers of sequenceadiantumandCeratopteris PRPs were absent

in all investigatd species and only one sequence was detected @etla¢opterisgenome. In
AzollaandSalviniaonly one or two hybrid HRGPs were present, whereas in the homosporous
ferns, numerous sequences were found, especially in classes 6 (AGP bias), 10 and 12 (extension
bias) and 18 (PRP bias). Sequences belonging to class 24 have been detected in alittpecies
the exception oAlsophilabut have low percentages of HRGP motifs and possibly comprise
likely either noAHRGPs or unknown HRGPs (Johnsairal, 2017)

Chimeric AGPs are characterized by A@GM®tifs, a signal peptide and one or more known
functional protein domains. They were identified by screening the translated genome for
sequences which meet the criteria (i) signal peptide (SignalP 5.0), (ii) prediGteegions,

and (iii) at least one detectable protein domain (Pfam). 108 chimeric AGPs were present in
Adiantum 257 inAlsophila 75 inAzolla 184 inCeratopteris and 71 inSalvinia(Figure S5

and Figure 5b).

By evaluation of the intersections between chimeric AGPs from all five species, shared domains
were detected (highlighted in Figure S5 and Figure 5b). Ten domains were present in all ferns.
Interestingly, they comprise between 47.1 % and 54.9 % of allectorAGPs in ferns (Figure

S5). The most dominant members are protein kiikeeAGPs, plastocyanidike AGPs (Cu
bind-like domain, pfam02298) and fasciclike AGPs. Another shared group of all ferns are
xylogenlike AGPs (containing the LT2 domain, fam14368) which occurs in lower numbers

in the small aquatic ferns (each two farollaandSalvinig but higher numbers iAdiantum

(three sequenced))sophila(four sequences) ar@eratopteris(seven sequences).
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DISCUSSION

Polysaccharides of ferns cell walls

Plant terrestrialisation was accompanied by drought stress and leading to diversification of land
plants through innovative strategies to reduce dependence on water avail8biitgural
innovations of tracheophytes include those that enhance transport of water and solutes, as well
as taller andurgorstabilised uprighstems for improved spore dispersal and more efficient
light capture (Batemamt al, 1998; Eeckhoutet al, 2014). Cell wall modifications are
important at all levels of plant growth and development amsllikely that the evolutionary
pressures brought about the differences in cell wall composition that occurred during the
colonisation of land and the emergenaf the tracheophyte®Vith increasing focus on the
molecular processes of plant evolution, different groups have contributed to the knowledge of
specific cell wall characteristics in ferns using a variety of methods. Often,
immunocytochemical workflows (Eeckhoat al, 2014;Lerouxet al, 2011; Lerouxet al,

2013k Lerouxet al, 2015; Popper 2006; Chernostal, 2020;Harholtet al, 2012;Carafaet

al., (2005))were appliedising various monoclonal antibodies against glycan epitdpeskie

etal., 1994,McCartneyet al, 2005; Marcuset al, 2008; Pederseet al, 2012; Puhlmanet

al., 1994; Marcus et al, 2010). Furthermore, enzyrassisted digestion with (partial)
characterization of the released oligosaccharides was used and shed light on fern xyloglucans
(Pefaet al, 2008; Hsieh and Harris 2012), mannafRsafkova and Fry, 2011; Popper 2006;
Silvaet al, 201) as well as mixedinkage glucansKopper and Fry, 2003; Soerensral.,

2008; Fryet al, 2008;Xue and Fry (2012). All theseusties fostered the conclusion tffi@tn

cell walls share basic features with those of seed plants, such as the ocurrence of cellulose,
hemicelluloses and pectic polysaccharides (Leretnal, 2013a; Matsunagat al, 2004;

Popper and Fry, 2004; Popper, 2008). Yet they differ from them, for example, in their
composition of lignin (Wengt al, 2008, see introduction), suggesting that linesgific cell

wall properties have evolved after the split of the fern and seed plant lineages. These lineage
specific differences seem to occur mainly in the {fsteicture of the cell wall, e.g. through
variation of sidechain structures. Our focus on AGPs in ferns using methods ranging from
carbcanalytical,immunocytochemical to bioinformatic approaches provide detailed insights

into the evolutionary history of AGPs in tracheophytes.
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AGPs abound in fern cell walls

Already in the 1970s, the occurence of AGPs in several leptosporangiate ferns was shown by
gekdiffusion assay with Yariv's reagent (Clarkeal, 1978). Monoclonal antibodies directed
against arabinogalactan epitopes (e.g. JIM4, JIM8, JIM13, KM1, LM2, LM6 or MAC207 (for
epitopes and references see Clastal, 2019) were used to verify the presence of AGPs in
combination with glycan microarrays, ELISA and microscopy to detect AGPs in different
monilophytes (Popper, 2006; Moaetal, 2013; Lerowet d., 2015; Bartels and Classen, 2017,
Eeckhoutet al, 2014; Lopez and Renzaglia, 2014; Lopez and Renzaglia, 2016). However,
reliability of these discoveries are sometimes questionable because the exact structures of
epitopes of the antibodies are not always known and-ceassions with other polysacchagsl

might occur. For example, LM6 is directed againstlihked Ard and binds to arabinans, yet

it can also detect AGPs.

Information on the structure of AGPs from seed plants is extensive, while limited data is
available for monilophytes and other seedless plants. Such studies are, to the best of our
knowledge, currently limited to seven mes§Geddes and Wilkie, 1971; Kremet al, 2004;

Leeet al, 2005; Fet al, 2007; Happ and Classen, 2019) and four monilophyte species (Bartels

and Classen, 2017). To gain further information on fern AGPs and insight into AGP evolution,

we isolated AGPs frorBalvinig AzollaandCeratqpterisby s peci fi c precipitat

The amount ofAzolla AGP was comparable to AGP content of the mo&@sagnumand
Physcomitrium(Bartelset al, 2017) and slightly higher compared to other monilophytes (in
mean 0.12 % 0.15 %, Bartels and Classen, 2017) whereas AGP amouiahadhiaand
Ceratopteriswere slightly lower and comparable to AGP recovery in the obgrichastrum
(Bartelset al, 2017). However, variation in AGP amounts is observed at different times of
harvest (Bartels and Classen, 2017); thusannot be excluded that some of the observed
variation may stem from different times of harvest.

With regard to the AGP protein moieties (high protein and low hydroxyproline content) AGPs
from the three fern species investigated here are more similar to some moss AGPsgBartels
al., 2017; Happ and Classen, 2019) than to those from other ferns (Bartels and Classen, 2017).
This may reflect similarities in habitat of the mosses and the water ferns we investigated,
including characteristics such as high moisture.

The carbohydrate backbones of AGHkedBapi nl y
attached to Hyp, -liakediGafbsidachank @atalwi018h Oubrésults
reveal that AGPs of the three ferns contain this typical galactan cor&alghn 1-, 1,3 1,6-

and 1,3,dinkageknown from seed plants and also from other fern genera (Bartels and Classen,
2017). A proposal for the structure of the carbohydrate moiety of AGPAmmifais shown in
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Figure S3. The lower amounts of digked Gap, indicating a highly branched structure, may

be a special feature of fern AGPs. For example in AGP from the angiogpsinaceal,6

linked Gap was present in high amounts (Class¢ral, 2000). KM1, an antibody directed
against 1,dinked Gap (Ruprechtet al, 2017), has been generated agakgiinaceaAGP
(Classenet al, 2004). This antibody showed no reactivity with the fern AGPs tested here
(Figure 2d), thus supporting low amounts of-lin&ed Galpin the three species.

We observed several differences to seed plants with regard to the monosaccharides present at
the periphery of the fern AGPs. The unusual monosaccharideM8-Rha is present as
terminal monosaccharide fBalvinia Azolla and CeratopterisAGPs. 30-Me-Rha has been
detected in cell walls of streptophyte algae, bryophytes, lycophytes, ferns and gymnosperms
before (Popper and Fry, 2003; Pfeiéral, 2022; Popper, Sadler and Fry, 2004; Matsumdga

al., 2004; Anderson and Munro, 1969), but has never been found in angiosperm celhwalls.
Lycopodiumand different ferns3-O-Me-Rhaoccurs in rhamnogalacturonan 1l (Matsunaga

al., 2004). Several studies now show tBaD-Me-Rhais also part of many moss, fern and
gymnosperm AGPs (Fet al, 2007; Barélset al, 2017; Bartels and Classen, 2017; Happ and
Classen, 2019; Baumamt al, 2021), but it was not found inycopodiumAGP (Bartels and
Classen, 2017).

Furanosidic Ara is present in all typical AGPs in substantial amounts, but linkage types differ.
The terminal linkage is the preferred one whilefAmnal,2-, 1,3 and/or 1,8inkage occurs less
often. AGPs fronalvinig AzollaandCeratopterishad high and comparable amounts of 1,2
linked Ard to other leptosporangiate fern AGPs (except the early diverging sgzsmesnda
regalis, Bartels and Classen, 2Q1This linkage type is, howevdrave not been described for
angiosperm AGPs so far. It is notewgrthat linkage types can also differ within one species.

In AGPs from the medicinal plaichinacea purpureaAraf was present in 1;bnkage, but
secreted AGPs from cell cultures of the same species predominantly formedraflifkage
(Classen, 2007). The latter is not limited only to cell culture AGPs but is also the predominant
type in AGPs fromArabidopsideaves Tryfonaet al, 2012) andZostera(Pfeiferet al, 2020).

Structure of fern AGPs in light of evolution

The comparison of AGP fine structures over the streptophyte lineage by PCA revealed first
hints on lineagespecific structural features of AGPs. Generally spoken, angiosperms are most
likely more stable regarding the type of sihein linkages while thetloer major (land) plant
lineages show more flexibility in this direction. The set of angiosperms included in our PCA is
composed of members of the monocot order of Poales as well as the two dicot orders Asterales

and Fabales. While this dataset does neecall of angiosperm diversity, the inclusion of
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monocots and dicots covers the entire evolutionary distance of angiosperms; thus ruling out that
the clustering of the PCA can stem from a sampling bias. Clustering of the aquatic ferns
Ceratopteris SalviniaandAzollaseems to correlate with their aquatic habitat. Overall, the data
suggest that both, a close phylogenetic relationship and a very divergent lifestyle can drive the

evolution of AGP linkage types.

AGP GTs, AGP as well as other HRGP proteins have diversified in ferns

Transfer of the first Gal onto Hyp as well as biosynthesis of the AGP galactan consisting of a
b-1,3linked Gal with b-1,6-linked Gal side chains is performed by members of the
glycosyltransferase family 31. We find homologs oRArabidopsis Hyp-O-
galactosyltransferaseb;1,3-galactosyltransferases, andbdl,6-galactosyltransferase in the
genomes of the three investigated ferns and the transcriptoms of otheatepeusporangiate

ferns. These data agree with our analytical investigations on fern AGP structure and support
that the seed plattypical AGP @lactosylation is present in ferns, and was likely present in the
LCA of the two lineages.

The occurence of terminal Rha, partially present-@sNMeRha is the most striking difference

of fern to seed plant AGPs. Up to now, the only rhamnosyltransferase characterized with regard
to cell wall biosynthesis is involved in pectic rhamnogalacturonan | synthesis (Taletraka
2018). Future characterizations of rhamnosyltransferases acting on AGPs will be illuminating.
Protein backbones of classical AGPs consist of @ariinal signal peptide, a protein sequence

rich in Pro, Ala, Ser and Thr (PAST) residues and may have an additicean®al GPI

anchor sequence (Schudtizal,, 2000).In silico analyses revealed several homologs to classical
AGPs, extensins and hybrid HRGPs in ferns suchdiantum AlsophilaandCeratopterisin

similar amounts as found in seed plants and slightly lower numbers for theAfasitsand
Salvinia(Maet al, 2017; Johnsoet al, 2017gb). The latter two have small genomes compared

to other ferns (Let al, 2018), which could explain our results. In all ferns, the chimeric AGPs
comprise mainly protein kinadike, phytocyaninlike, fasciclinlike and xylogedike AGPs,

which are well described chimeric AGPs in seed plaluir{son, 2003; Bast al, 2016; Costa

et al, 2019; Heet al, 2019; Maet al, 2022; Shafeet al, 2020). Conservation of AG
attachment sites close to these protein domains underlines the necessity of glyodsyltte
correct function of t hetalf20X))T¥hedgroup/oéxylagdikea i n s
AGPs is of interest with regard to the evolution of vascular tissues (Metoak 2004,
Kobayashiet al, 2011). The characteristic pfam domain is among the top ten protein domains
conserved in all investigated fern genomes. However, the domain was less abundant in the

genomes of the heterosporous fehasllaandSalvinia Such universal occurrence across fern
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species hints towards a fundamental contribution of AGPs to the process of vascular tissue
differentiation (see below); lower numbers in some of the water ferns might be connected to
their aqueous habitatVhile AGP protein sequence numbers of ferns and their galactosylation
are similar to that of seed plants, their oligosaccharide structures at the periphery of the AGP
molecules differ between ferns and seed plants. This might result in deviating fulacttbns

explain lineagespecific differences in cell all structures of ferns and seed plants.

On possible functions of AGPs in ferns

Functional roles of AGPs in seed plants amongst others include cell division, growth,
programmed cell death, pattern formation, and paictobe interactions (for reviews see
Seifert and Roberts, 2007; Ellet al, 2010; Maet al, 2018; Hromadové&t al, 2021).
Interaction of GRhnchored AGPs with plasma membrdomind transmembrane proteins of

the same cell or soluble AGPs with receptors in adjacent cells have been proposetigEllis
2010).Signalling caused by AGPs might also occur by oligosamdmenzymatically cleaved

from the AG glycan moieties or via &dons (Lamportet al, 2014) Knowledge on the
function of fern AGPs is limited, but their roles in gamete and embryo development (Lopez and
Renzaglia, 2014, 2016) and desiccation tolerance (Mebed, 2013) have been described
previously. In Ceratopteris richardiieggs and multiflagellated sperm cells (Lopez and
Renzaglia, 2014, 2016) are covered by an extraprotoplasmic AGP matrix. Given that seed plant
AGPs bind and release €aat the plasmalemma (Lamport and Varnai, 2013), Lopez and
Renzaglia (2016) proposed that AGPs frenrichardii could facilitate gamettision through

Ca&"* oscillations. These data together with the vdeltumented role of seed plant AGPs in
these processes (for review seedflal, 2018;Leszczuket al, 2019) suggest that AGPs have
likely facilitated reproduction and embryogenesis already in the LCA of vascular plants.
Comparison of hydrated and desiccated leaf material of the resurrectidadieria caffrorum
revealed that arabinosih polysaccharides (arabinaich pectins and AGPSs) protect cell
walls against desiccation (Mooet d., 2013). The Arecontaining polysaccharides act as
plasticizers ensuring the maintenance of hydration during drought stress. When the first land
plants evolved from an aquatic ancestor, adaptation to water deficiency was a big challenge;
the evolution of dferent kinds of watetransporting mechanisms was likely key for land plants

to establish themselves on land and diversify (Wouderdiealy 2022). Involvement of AGPs

in water transport has been suggested for many lineages across the land plaintifeee
antibodies directed against AGP epitopes labelled veateducting cells of different liverworts

and mosses (Ligronet al, 2002). Additionally, xjogentype genes are present in the moss
Physcomitriumas well as the lycophyt&elaginella(Kobayashiet al, 2011).The AGP
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AXxyl ogeno induces xylem differenti adinnion I
(Motoseet al, 2004). InArabidopsisAGP epitopes mark the initial cell that gives rise to proto

and metaxylem (Dolaet al,, 1995). In roots, stems and leaf stalks of the angiosgelmmacea
purpureg labelling of AGPs is most dominant in the area of the xylem (Bessy, 2009;
Goellneret al, 2013). The recurrent use of AGPs in water transporting tissues in bryophytes,
lycophytes and angiosperms suggest tha thinction is also conserved in other lineages,
including ferns; more data is however needed to support their involvement in development of
watertransporting tissues in ferns.

Due to similarities in overall AGP structure, some functions of AGPs might be conserved in
bryophytes and tracheophytes. However, differences in fine structure, especially the
arabinogalactan moiety, can also cause functional differences. Here we sh@&altiaig
AzollaandCeratopterigeveal high content of Rha and methylated Rha at the periphery of their
AGPs. This feature is similar to the structure of AGPs of the bryoptBtigscomitrium
Sphagnumand Polytrichastrum(Fu et al, 2007, Bartelst al, 2017). The cell walls of the
streptophyte alga8pirogyracontain rhamnogalactgproteins that are structurally similar to
AGPs with nearly complete replacement of Ara by Rha (Pfateal, 2022). Rha and
methylated Rha are less polar compared to Ara. This suggests a change fromydrdgsslic

AGP surface with Rha and methylated Rha as terminal groups to a more hydrophilic surface
dominated by terminal Ara in vascular plants. Given the less hydrophilic features of AGPs in
algae, bryophytes and the water ferns it is logical to assiaiehese AGPs have alternative
functions with regard to hydrophobic interactions @ al, 2007). Arabinosylation of existing

cell wall polymers has been proposed to be an evolutionary strategy to prevent polymer
aggregation during water loss (Moateal., 2013). If true, one may assume that the challenges
of a life on land have selected for more hydrophilic AGPs with higher amounts of Ara, allowing
for dessication tolerance in tracheophytes. The modificatios observed here for the aquatic ferns

may be an@aptation to their reversion to aquatic life.

CONCLUSION

During plant terrestrialization, plants acquired molecular adaptations to cope with the terrestrial
environment. Tracheophyte innovations like xylem and stabilised upright stems needed
modifications in cell wall compositigreither through elaboration of ancestral polymers or
through synthesis of new components. Our investigations show that AGPs, which are important
cell wall components with signalling functions, are present in the three fern species investigated

and their asic molecular features are siatito those known from seed plants.
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Phylogenetic analysis of relevant GT31 enzymes confirmed that AGP protein backbones and
homologs of the basic enzymes responsible for biosynthesis of the galactan core of AGPs are
present in ferns likely underpinning the conservation of AGP structurescimebphytes. An
unusual attribute of the three fern AGPs was the presence-tmied Ard in high amounts

which has also been detected in other leptosporangiate fern AGPs, but not in AGPs from other
taxa. Interestingly, fern AGPs share a special featnith moss and also gymnosperm AGPs,

the occurrence of terminal@-MeRha not present in angiosperrdentification of enzymes

that synthesize AG glycans in nflowering plants, especially rhamnosyltransferases, is a
challenge for the future.

More phylodiverse fern genomes are needed to identify AGP protein backbones and
glycosyltransferases involved in polysaccharide biosynthesis and AGP glycosylation in this
lineage of tracheophytes. Future studies should also include detailed structuysésarmdl

AGPs from higher numbers of bryophytes and monilophytes. Generation of AGP mutants, e.g.
by CRISPR/Cas9 technique, will help to gather new information on AGP functions in the
streptophyte lineage. As AGPs are possibly involved in water balan¢ant$,they might be

interesting targets to modulate desiccation tolerance of plants in times of climate change.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions and sampling

The fernsSalviniax molestaD. S.MITCHELL (Salvinig S. molesty Salvinia auriculataAusL.,
Salvinia cucullataRoxB., Salvinia natans(L.) ALL., Azolla filiculoidesLAm. (Azolla A.
filiculoides) and Ceratopteris richardiiBRONGN. (Ceratopteris C. richardii) were cultivated

in the greenhouse in the Garden of the Pharmaceutical Institute of the Clilbtiachts
University of Kiel between August and October 20Balyinig, September and January
2019/2020 Azolla and July and August 202I1Cératopteriy; see Figure 1. Spores of
CeratopterisRN3 strain were kind gifts of Péter Szévényi (University of Zurich). For spore
germination, gametophyte development and sporophyte culturdemm @edium, the protocol

of Plackettet al.(2015) was used. Plant material was cleaned with water and {deezk

Isolation of arabinogalactanproteins (AGPS)

The freezeadried and ground plant material was extracted two times (2 h and 21 h) with 70 %
acetonesolution {//V) in a ratio of 1:20W/V) for A. filiculoidesandC. richardii and in a ratio

of 1:30 (v/V) for S. molestainder constant stirring at 4 °C to remove phenolic compounds.
Afterwards, the aidried plant residue was extracted with douthdstilled water (ddkD) in a

ratio of 1:20 (/V) for A. filiculoidesandC. richardiiand in a ratio of 1:30n(/V) for S. molesta
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After constant stirring for 21 h at 4 °C, the aqueous extract was separated through a tincture
press from the remaining plant material.

The aqueous extract was heated in a water bath at9%0°C for ten minutes to denature

proteins. These proteins were removed by centrifugation (4,2Z2min, 4 °C), and the extract

was concentrated with a rotary evaporator at 40 °C and 0,010 mbar to approximately one tenth

of its volumeln order to precipitate polysaccharides and AGiRsagueous extract was poured

into ethanol at 4 °C in a ratio of 1.M/{/) and stored overnight at 4 °C. The precipitated material

was isolated by centrifugation (19@g, 4 °C, 20 min) and freezdried (AE).

Following the procedure of Classehal.( 2005) , AGP was i solated fro
Gle-Yariv reagent ( bGl ioddHO andbGicye(t mgdriLisanlequal ng AE
volume ofsodium chloride solutiond(3 molL™), the AGP was precipitated overnight at 4 °C

after addition of th&GIcY solution. The AGP-bGIcY-complex was separated by centrifugation
(19,000g, 4 °C, 20 min) and relissolved irddHO. After heating to 50 °C, sodium hydrosulfite

was added until the red color disappeared. To purify the aqueous AGP solution, it was dialyzed
against demineralized water for four days &iCGA(MWCO 127 14 kDa)and freezedlried

afterwards

Analysis of monosaccharides

For determination of the neutral monosaccharide composition, a modified method of Blakeney
et al.(1983) was used. Toi110 mg of sample 1.0 mirifluoracetic acid (TFA2 mol L) and

50¢ Linternal standarchyainositol (10 g L) were added, incubated for 1 h at 121 °C, washed
three times with 5 mlddH,O and evaporated. The samples wereuced with 200e L
ammonium hydroxide 1( mol L) and 1.0 mLsodium borohydride in dimethyl sulfoxide
(DMSO, 1 g 50mLY). After incubation for 1.5 h at 40 °C the reaction was stopped with 100

¢ Lglacial acetic acid. For the acetylati@n0 0 ¢ dmethylfmiddzole and 2.0 mL of acetic
anhydride were added, incubated for 20 min at room temperature and stopped by afdbiition

mL ddHO. The samples were acidified with 1.0 mL aqueswifuric acid 0.1 mol L?) and
liquid-liquid extraction was performed with an equivalent volume of dichloromethane. The
identification and quantification of the neutral monosaccharides was performed by gas
chromatography (GC) with flame ionization detection (FID) and mass spectrometry detection
(MSD): GC + FID: 7890B; Agilent Technologies, USA; MS: 5977B MSD; Agilent
Techrologies, USA; column: Optima25; MachereyNagel, Germany; 25 m, 250 m, 0. 25
e m; ubm#foW rate: 1 ml min'; split ratio 30:1. A temperature gradient was used to achieve

peak separation (initial temperature 200 °C, subsequent holding time of 3 min; final temperature
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243 °C with a gradient of 2 °C mih 3-O-MeRha was identified by retention time and mass
spectrum (see Happ and Classen, 2019).

According to a modified method of Blumenkrantz and AsBamasen (1973), the uronic acid

(UA) amount was determined photometrically using a linear calibration generated with a
mixture of glucuronic and galacturonic acid (MIw). 200e L o f  a™ sandpl dissgved

in sulphuric acid (4 %y/V) was mixed with 1.2 mL of sodium tetraborate in sulphuric acid (75
mmol L'} and incubated at 100 °C in a water bath for 20 min. After cooling for another 10 min
on ice, 20 ¢rmetabyidroxgdiphenyl (0.15 %gviv) indNBOH (0.5 %w/V) was

added to the sample. After incubation for 15 min at room temperature, the absorbance was
determined at 525 nm. For each sample, a threefold determination was performed and an
additional blank sample, containing NaOH (0.5 ®#48Y) instead of the color reagent, was

substracted.

Reduction of uronic acids and partial degradation of AGPs

The AGP fraction was first subjected to uronic acid reduction followed by oxalic acid partial
hydrolysis. A modified method of Taylor and Conrad (1972) was used to perform a carboxy
reduction of the uronic acids. After dissolving 280 mg AGP in 20 mlddHO, 216 mg of
N-cyclohexytNG[2-(N-methylmorpholinojethyl]-carbodiimide4-toluolsulfonate was added
slowly under constant stirring until it was completely dissolved. An autotitrator adjusted the pH
to 4.75 with 0.01 M HCI and maintained it for another 2 h. The uronic acids were theadeduc
by the dropwise addition of sodium borodeuteride solutions in increasing concentrations (2.0
mL of 1 mol L'Y; 2.5 mL of 2mol L%; 2.5 mL of 4mol LY). To avoid strong foaming during

the reaction, one to two drops cbttanol were added beforehand.abidition, the pH value

was set to 7.00 with &1 HCI by an autotitrator and also maintained for another 2 h after the
reduction agent was fully added. Finally, the pH was adjusted to 6.5 with glacial acetic acid,
the solution was dialysed for three days at 4 °C against demineralized MA{€0O 127 14

kDa) and freezedried.

For the oxalic acid hydrolysis, a modified method of Gleeson and Clarke (1979) was used. 10
i 15 mg of the uronic acid reduced sample was dissolved in 2.0 rokadic acid (12.5 mmol

LY and incubated for 5 h at 100 °C. After cooling to room temperature, the hydrolysate was
precipitated in ethanol at a final concentration of 804%). The precipitate was separated by
centrifugation (19,00@, 10 min, 4 °C), washed twice with 80 &hanol {/V), dissolved in 2

mL ddHO and freezalried.
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Structural characterization of arabinogalactan moiety of the AGP

Structure elucidation cAGPs was performed by a modified method according to Hetras
(1984)with potassium methylsulfinyl carbanion (KCA) and iodomethane (IMDMSO. The

sample (35 mg freezedried AGP) was treated stepwise with the KCA and IM (1. 100 uL KCA

for 10 min; 2. 80 pL IM for 5 min; 3. 200 pL KCA for 30 min; 4. 150 pL IM for 30 min; 5. 500

pL KCA for 30 min; 6.400 pL IM for 60 min).The permethylated sample was dissolved in 3.0

mL dichloromethane/methanol in a ratio of 2WW\(), washed three times with 2.0 mL water

and centrifuged (5 min, 2,5@f). 2.0 mL 2,2-dimethoxy propane ar2D uL glacial acid were

added to the sample, heated to 90 °C and dried under a stream of nitrogen. The samples were
hydrolyzed with trifluoroacetic acid (21@ol L) at 121°C for 1h, mixed with 2.0 mL water

and freezalried. Afterwards, the partially methylated monosaccharides were reduced by
addition of sodiunborohydride (0.5n0l LY), dissolved in ammonium hydroxide (2v@l L°

1y, incubated at 60C for 1h, and the reaction stopped by 0.5 mL acetone. Acetylation was
performed by addition of 200L glacial acid, 1.0nL ethyl acetate, 3.0L acetic anhydride

and 10QuL perchloric acid and stopped by demineralized water angill@9methylimidazole.

The permethylated alditol acetates were extracted with dichloromethane and separated and
detected by GL@nass spectroscopy as described above (instrumentation see@lfonea | y s i s
of monosacchar i d&elp25 mc260 um,mMr5 umChelium flow ratenl

min'; initial temperature: 176C; hold time 2 min; rate 1C min* until 210°C was reached

rate: 30°C mint until 250°C was reached; final hold time hin).

Principal Component Analysis (PCA)

Based on the resulting biochemical data of the methylation analyses, a PCA was performed
with the mean values after standardization by uSiggnaPlot (build 14.5.0.101) with default
settings. The proportion of the terminal rhamnose (unmethylated) to the terr@rslie3Rha

was calculated from the compositional data of the acetylation analyses. See Figufelll f

plant names and phylogenetic position as well as Figure 3 for references.

Determination of the protein moiety and the hydroxyproline content

According to the method of Kjeldahl (1883), the protein content was calculated from the
nitrogen content (factor 6.25). The nitrogen content was measured by elemental analysis in the
Chemistry Department of CAU Kiel Universjtiel, Germany (HEKAtech CHNS Analyzer).

For the quantification of hydroxyproline (Hyp), the methodology of Stegemann and Stalder,
1967 was used with slight modifications. AGPs (10 mginiere hydrolyzed in a 6 M HCI
solution at 110 °C for 22 h. After cooling to room temperature, the hydrolysate was centrifuged
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at 25,000g for 10 min. 160uL of the supernatant were diluted with 3840 ddHO and 0.6

mL of this dilution was measured in triplicate, as well as a blank value. The blank value was
mixed with 0.3 mL of oxidation buffer (pH 6.8; 2.6 g citric acid monohydrate; 7.8 g sodium
acetate anhydrous; 1.4 g sodium hydroxide; 25 nprapanol filed to 100 mL ddHO) and

the samples with 0.3 mL of an oxidating solution (210 mg chloramine T in 15 mL oxidation
buffer pH 6.8) and incubated for 20 min at room temperatutiee dark. After addition of 0.3

mL colour reagent (1.5 gdimethylaminobenzaldehyde; 5.25 mL perchloric acid, 64)(

9.25 mL 2propanol) to all samples, they were incubated for 15 min in a water bath at 60 °C.
After cooling under running tap water for 3 minutes, incubation followed for 30 min at room
temperature, before the absorbance was measured at 558 nm with Afs-UV
spectrophotometer. To determine the hydroxyproline content, a linear regression analysis was

performed, using-4ydroxy-L-proline as a standard.

Indirect Enzyme-linked immunosorbent assay (ELISA)

96-well plates were coated with 100 pl per well of the sample in the concentrations 12.5 g
mL?, 25 pg mLt and 50 pg mtt in ddH20 and incubated at 37.5 °C for 3 days with open
cover. After washing the plates three times with 100 pl phosphate buffered salinel{ RBE)

7.4, 0.05 % Tween® 20) per well, they were blocked with 200 pl of BSAifle serum
albumin,1 % (/V)) in PBS per well and incubated again at 37.5 °C for 1 h. The plates were
again washed three times with 100 ul of PB®er well. After addition of 100 pl primary
antibody solution (JIM13, KM1, LM2, LM6, LM10, LM15, LM19, LM20, LM25) per well in

1:20 (V/V) PBS 7.4 dilution, the plates were incubated for 1 h at 37.5 °C and washed again three
times with 100 ul PBS per well. This was repeated with the secondary antibodyfanise

IgG (KM1) or antiratlgG (others) conjugated with alkaline phosphatasejymed in goat,
SigmaAldrich Chemie GmbH, Taufkirchen, Germany) in a dilution of 1:50%) in PBS 7.4.

Finally, 100 pl of the substragenitro-phenylphosphate was added per well and the plates were
incubated in the dark at room temperature. The absorbance was measured at 405 nm with a
plate reader after ten minutes. The samples were analyzed in triplicate. For visualization, t
absorbance of the control was set 0 and the highest signal in the dataset wapabpek

of the antibodies and key refeoas are listed in Table S6.

Gel diffusion assay

In an agarose gel (TFHCI, 10 mmol L*; CaCk, 1 mmol LY NacCl, 0.9 %w/V; agarose, 1 %
w/V), several cavities were stamped. The cavities in the first row were filled with dilutions (100
mg mL?) of each sample and one of them with the positive control, AGP Honinacea
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purpurea(10 mg mLY) . I n the second | ine, the cavities
mg mL?). After incubation in the dark at room temperature for 22 h, a red precipitation line
appears if the sample contains AGPs.

Phylogenetic analysis of glycosyltransferase family 31 (GT31)

Putative GT31 homologs of ferns were identified by using the BLASTp interfacal(g of

0.01) at the 1KP database (Carpermteal, 2019; LeebenMack et al, 2019) webserver as

well as blasting the translated genomesAofiliculoides(v1.1), C. richardii (v2.1) andS.
cucullata(vl.2) (Table S7). AGRelevant GT31 protein sequences from group A and B. of
thaliana were used as query sequences against all accessible leptosporangiate and
eusporangiate ferns (accessed at Jurig, ZB?2). The resultingandidate sequences as well as

the query sequences were aligned withNIS-1 using MAFFT (version 7.490; Katoh and
Standley, 2013). All sequences with a minimum of 200aa were included in the dataset. the
phylogenetic tree was constructed by usingl®eusing model JTT+1+G4 identified by model
finder in-built in IQ-TREE (multicore version 1.5.5 ; Letunic and Bork, 2021). 100 bootstrap

replicates were performed.

AGP backbone sequence identification and classification

The annotated protein sequences from the férn§liculoides (v1.1), Adiantum capillus

veneris Alsophila spinulosa(version 5), C. richardii (v2.1), S. cucullata(vl.2) were

downloaded from the respective web resources (Tablar8iAmported into the R environment.
ByusingtheRo ac k age fr a gepah 20Q0) theNerninal signdl sequences were

identified and the maab

pipeline (Johnsort al, 201D) as implemented in the-Package was used to classify the

proteins based on their motifs and amino acid biases. All small (< 90 amino acids), highly
similar (O 0.95 similarity) and chvalueglei c sequ
5) were exclded from the classification. To differentiate the classes 1 and 4 the bigPI algorithm
(Eisenhabeet al, 2003) was used to predict G&ichor signals.

Chimeric AGP sequences were identified by detecting (STAGV)P by using the implementation

i n t h epackagevgtip the strict mode (at least four dipeptided in a maximal distance of
four amino aci detal(202%)eAd dipeptideiman armatatetl pfam domain

(by querying the Pfam databasathe CDD webtool, Lt al, 2020) or in the signal sequence

were not count. The candidate sequences were ingth t er ed (O 90 ami no ac

similar sequences (> 0.95 similarity) were disealrd
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For each translated genome, the chimeric AGPs were grouped by their largest domain and the
number of sequences was plotted as bars in Figure S5. An analysis for common domains in the
different ferns was performed and visualized by an UpSet plotdt.ak, 2014) with the R
package fAUpSaal,ROL7)( Conway
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SUPPORTING INFORMATION

Table S1.Yields of watefrsoluble polysaccharides (AE) froB molestgA. filiculoides andC. richardiiin % of
dry plant materialy w?).

Yields

S. molesta

A. filiculoides C. richardii

AE

4.5

5.6

3.4

Table S2.Neutral monosaccharide composition of wateluble polysaccharides (AE) from filiculoides S.
molestaandC. richardii in % (mol motY).

Neutral S. molesta A. filiculoides C. richardii
monosaccharide AE AE AE
(n=9) (n=3) (n=3)

3-O-Me-Rha 26+0.2 tr 3.0+0.3
Rha 42+0.3 51+0.1 1.9+0.1
Fuc 22+0.2 6.5+0.1 29+0.1
Rib 26+1.0 tr 1.2+0.2
Ara 30.5+2.8 10.8 + 0.6 19.8+0.6
Xyl 54+1.1 23.5+1.5 22.6 0.8
Man 6.8+0.5 12.3+1.0 9.0+1.5
Gal 25.8+1.8 21.7+0.3 23.7+15
Glc 19.9+1.8 20.1+1.1 159+1.9

tr: trace value <1 %

Table S3. Colorimetric determination of the content of uronic acids inwagersoluble polysaccharides (AE)
from S. molestgA. filiculoidesandC. richardiiin % (w w?).

Uronic acids S. molesta A. filiculoides C. richardii
AE 1.8+0.2 8.4+0.3 44+0.1

Table S4.Neutral monosaccharide composition of AGPs and partially hydrok&Hk,.ox from S. molestaA.
filiculoidesandC. richardiiin % (mol motY).

Neutral S. molesta A. filiculoides C. richardii
monosaccharide "GP AGPurox AGP AGPurox AGP AGPyrox
(n=5) (n=1) (n=3) (n=1) (n=3) (n=1)
3-O-Me-Rha 45+0.3 2.9 tr tr 8.3+0.7 57
Rha 43+0.1 2.1 9.2+0.2 6.1 tr tr
Fuc 1.7+0.2 tr 1.9+0.0 tr 2.8+0.2 tr
Ara 35.2+2.1 10.0 29.1+0.5 14.7 32.3+1.0 8.0
Xyl 1.2+0.2 tr 1.7+0.1 1.1 tr -
Man 2.4 +04 1.7 3.8+0.1 2.6 tr tr
Gal 457+ 2.6 756 51.7+0.5 70.4 51.6+1.7 75.9
Glc 5.0£0.5 7.7 2.6+0.6 5.1 5.0+£0.3 10.4
Ara : Gal 1:1.3+02 1:76 1:18+00 1:48 1:16+01 1:95

tr: trace value <1 %
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Table S5.Galactosyltransferase sequences of family GT31 present in gendaads (Salvinig Ceratopteri3
compared to transcriptomes of other ferns

Clade Clade Clade Clade Clade
|+ 1% "= Iv* V* VI*
Number CAGE HPG GALT9 GALT1 GALT2
of GALTS8 T GALT3 GALT4-6
species GALT31 1-3
include A UPEX1
d
Genomes
Arabidopsis 1 8 3 3 2 4
thaliana
Azolla filiculoides 1 8 3 2 1 3
Salvinia cucullata 1 6 1 2 1 2
Ceratopteris 1 10 2 1 1 3
richardii

Transcriptomes

Polypodiales

Cyatheales

Plagiogyriales
Salviniales

Schizeales

Gleicheniales
Hymenophyllales
Osmundales

Marattiales
Equisetales
Psilotales
Ophioglossales

Aspleniaceae
Athyriaceae
Blechnaceae
Cystopteridaceae
Davalliaceae
Dennstaedtiaceae
Diplaziopsidaceae
Dryopteridaceae
Elaphoglossaceae
Hypodematiaceae
Lindsaeaceae
Lomariopsidaceae
Lonchitidaceae
Onocleaceae
Polypodiaceae
Pteridaceae
Thelypteridaceae
Woodsiaceae
Culcitaceae
Cyatheaceae
Thyrsopteridaceae
Plagiogyriaceae
Marsileaceae
Salviniaceae
Anemiaceae
Lygodiaceae
Dipteridaceae
Hymenophyllaceae
Osmundaceae

Marattiaceae
Equisetaceae
Psilotaceae
Ophioglossaceae

Leptosporangiates
8
23

AN D
\,

[(o}¥ep}

AWRRRPRRPRPRRPRPRPREPNRPRRPORPRRPRPWONRPRRPRRERLRORAN
(V)

OFRP WNWOUIWPRAPOWERLRPAROWNNOUOEFRPOWOND

Eusporangiates

ANON S
N b BN

UUORRPRONNRPRRPRONRRPORRPROWRRREPRREPONREAR

R whoo

WRRPRRPRRPROOOOORRPNORNWRRREPRRERORAN

OFL NN

NORFRPROFRPROMNMNREPENONNRPRPPOFRPRNFPWRFRORLRNREPONPWER

RODMNW

OB~

* according to Quet al (2008)
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Table S6.Antibodies tested for binding to fern cell wall AGPs

Antibody Epitope Key References
JIM13 AGP glycan, Pfeiferet al. (2022);
e . go-GlcAp-( 1 Y-B)-GalAp-( 1 Y-PH)-Rha Yateset al (1996)

KM1 ( 1 Y-B-p-Galp units in AGs type I Classeret al (2004);
Ruprechtet al (2017)

LM2 ( 1 Y-B-p-Galp units with terminal B-GlcApin AGP  Ruprechtet al. (2017);
Smallwoodet al (1996)

LM6 ( 1 Y-BH)}Araf oligomers in arabinan or AGP Verhertbruggeret al
(200%)

Table S7.Accessed resources for the analysis of translated fern genomes.

Plant species Genome versior Resource
Adiantum capillus version 1 https://figshare.com/s/47be9fe90124b22d3c0e
veneris (accessed
October &,
2022)
Alsophila spinulosa version 5 https://figshare.com/articles/dataset/A spinulos
genome_rar/19075346/5
Azolla filiculoides  version 1.1 https://fernbase.org/
Ceratopteris version 2.1 https://phytozomeaext.jgi.doe.gov/
richardii
Salvinia cucullata  version 1.2 https://fernbase.org/
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Figure S1.FID chromatograms dBalviniaAGPs after GLC analysis(a) Partially methylated alditol acetates
(PMAAS) of the oxalic acid degradesialvinia AGPurox (See also Figure 2) in direct comparison to the native
sample (b) AGE.. The relevant linkagé¢ypes are highlighted by schematic representations.

Intensity (in counts)

Figure S2.Results of ELISA experiments with fern AGPs in comparison to the positive cdfthohacea
purpureaAGP. (a) Binding of monoclonal antibody KM1 (b) Binding of monoclonal antibody LM6
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