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Summary

e Sphingolipids are enriched in microdomains in the plant plasma membrane (PM). Hydroxy!
groups in the characteristic long-chain base (LCB) moiety might be essential for the interaction
between sphingolipids and sterols during microdomain formation. Investigating LCB hydroxy-
lase mutants in Physcomitrium patens might therefore reveal the role of certain plant sphin-
golipids in the formation of PM subdomains.

e Physcomitrium patens mutants for the LCB C-4 hydroxylase S4H were generated by
homologous recombination. Plants were characterised by analysing their sphingolipid and
steryl glycoside (SG) profiles and by investigating different gametophyte stages.

e s4h mutants lost the hydroxyl group at the C-4 position of their LCB moiety. Loss of this
hydroxyl group caused global changes in the moss sphingolipidome and in SG composition.
Changes in membrane lipid composition may trigger growth defects by interfering with the
localisation of membrane-associated proteins that are crucial for growth processes such as sig-
nalling receptors or callose-modifying enzymes.

e Loss of LCB-C4 hydroxylation substantially changes the P. patens sphingolipidome and
reveals a key role for S4H during development of nonvascular plants. Physcomitrium patens is
a valuable model for studying the diversification of plant sphingolipids. The simple anatomy

of P. patens facilitates visualisation of physiological processes in biological membranes.

Introduction

Sphingolipids are involved in essential cellular and subcellular
processes in eukaryotes and some prokaryotes (Smith & Merrill,
2002; Lynch & Dunn, 2004; Sperling ez al., 2005). As abundant
lipid molecules, their predominant role is to maintain the struc-
tural integrity of the plasma membrane (PM) and of endomem-
brane systems. Their amphipathic nature arises from their unique
hydrophobic  sphingoid backbone that is connected to
hydrophilic head groups (Lynch & Dunn, 2004). The backbone
contains an N-acylated amino alcohol, also known as long-chain
base (LCB). LCBs are characteristic for sphingolipids and there-
fore define them as a distinct lipid class. Sphingolipids account
for ¢. 40 mol% of PM lipids in plants (Sperling ez al, 2005;
Cacas ¢t al., 2016) and are thought to play a key role in mem-
brane organisation by participating in microdomain and nan-
odomain formation. In addition to their structural role, some
sphingolipids act as signalling molecules in several processes
including programmed cell death (PCD) (Liang ez al., 2003; Shi
et al., 2007; Zienkiewicz ez al., 2020) and responses to biotic and
abiotic stress (Huby e al., 2020). They, furthermore, play a role
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as necrosis and ethylene-inducing peptide 1-like toxin receptors
during plant—pathogen interactions (Lenarcic ez al., 2017).

The plant sphingolipidome can be broken down into four
classes: LCBs (0.5% of Arabidopsis thaliana leaf sphingolipids),
ceramides (2%), glycosylceramides (GlcCers) (34%) and glycosyl
inositolphosphorylceramides (GIPCs) (64%) (Markham er al,
2006; Markham & Jaworski, 2007). Sphingolipid biosynthesis
starts in the endoplasmic reticulum (ER) with the condensation of
palmitoyl-CoA and serine forming 3-ketosphinganine. This sphin-
goid precursor is reduced to the LCB sphinganine, also called dihy-
droxy LCB or d18:0. Plant LCBs typically have a hydrocarbon
chain length of 18 carbon atoms. The LCBs are the core structures
of ceramides and complex sphingolipids and can be N-acylated
through the action of ceramide synthases. N-acylation of LCBs to
long-chain fatty acids (LCFAs) or very long-chain fatty acids
(VLCFAs) produces ceramides. In plants, the pool of acyl chain
lengths of sphingolipids typically ranges from 16 to 26 carbons.
Complex sphingolipids (GlcCers and GIPCs) are generated
through the attachment of a polar head group to the C-1 position
of the LCB. Sphingolipids are a diverse lipid class, in part due to
structural modifications on their LCB or fatty acid moiety. These
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include phosphorylation, hydroxylation and desaturation and are
usually introduced at the level of LCBs, acyl-CoAs or ceramides.
Even small modifications have a great effect on the biophysical
properties of sphingolipids (Resemann ez af, 2021).

Most of our knowledge of plant sphingolipid metabolism has
been gained from studying the vascular model A. thaliana. Many
enzymes in the sphingolipid pathway have been thoroughly
investigated, and a multitude of mutants with severe, pleiotropic
phenotypes have been identified (Luttgeharm ez 2/, 2016). How-
ever, the tissue and organ complexity of vascular plants has made
it difficult to assign distinct functions to specific sphingolipid
molecules. Furthermore, many A. thaliana sphingolipid mutants
are embryo lethal or severely dwarfed, making it challenging or
impossible to perform phenotypic characterisation on true
knockout plants (Msanne er al, 2015; Tartaglio ez al, 2017;
Gonzalez Solis et al., 2020).

The moss Physcomitrium patens is an appealing alternative
model. The anatomical simplicity of moss organs greatly facili-
tates visualisation of intercellular and intracellular processes.
Additionally, P. patens can be propagated vegetatively, meaning
that mutants that do not reach reproductive maturity can still be
investigated. Bryophytes and vascular plants diverged early in
land plant evolution, ¢. 450 Ma (Rensing ez a/., 2008). Studying
this bryophyte model will therefore complement work in vascular
plant models to provide insight into conserved features of land
plants. A recent study described the lipidome of P. patens, includ-
ing glycerolipids, sterols and sphingolipids (Resemann ez al,
2021), and revealed that sphingolipid metabolism is fundamen-
tally conserved between nonvascular and vascular plants. An
overview of the P. patens sphingolipid metabolism is depicted in
Fig. 1 summarised from (Cacas er al, 2013; Luttgeharm ez al.,
2016; Resemann et al., 2021).

One essential modification of plant sphingolipids is the
hydroxylation of the LCB and fatty acid moieties. Following its
formation, the LCB moiety contains two hydroxyl groups and is
called dihydroxy LCB. The C-1 and C-3 hydroxyl groups result
from the precursor molecules serine and palmitoyl-CoA, respec-
tively (Dunn et al., 2004; Lynch & Dunn, 2004). A hallmark of
plant and yeast sphingolipids is a third hydroxyl group added to
C-4 of the LCB moiety by an LCB hydroxylase (Haak ez al,
1997; Sperling er al., 2001; Markham ez al., 2006; Chen ez al.,
2008). This LCB moiety is referred to as trihydroxy LCB. Over-
all, . 90% of all LCB moieties found in total leaf extract from
A. thaliana contain trihydroxy LCBs (Markham ez al, 2006;
Tarazona et al., 2015). Trihydroxy LCBs are mainly acylated to
VLCFAs and channelled into the GIPC pool (Buré ez 4/, 2011).

GIPCs are the most abundant plant sphingolipids and account
for ¢. 64% of total sphingolipids in A. thaliana leaves (Markham
et al., 2006). GIPCs make up 30-40 mol% of the plasma mem-
brane (PM) lipids of Nicotiana tabacum and 60—-80% of the total
outer leaflet lipids (Cacas ez al., 2016). The presence of additional
hydroxyl groups in the sphingoid backbone allows sphingolipids
to form more hydrogen bonds with other membrane components
such as sterols and saturated phospholipids; this interaction
affects the biophysical properties of the membrane (Quinn &
Wolf, 2009; Klose et al, 2010; Mamode Cassim et 4l., 2019).
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Membrane fractions enriched in sterols and sphingolipids, espe-
cially GIPCs, form stable gel phases with increased melting tem-
peratures, so-called liquid-ordered domains or lipid rafts (Simons
& lkonen, 1997; Pike, 2009). These domains serve as protein-
sorting platforms in the PM (Simons & Ikonen, 1997; de
Almeida e al., 2003; Huang et al., 2019). Arabidopsis thaliana
mutants with altered GIPC content show severe growth and
developmental phenotypes, which could be caused by defects in
cytokinesis, involving altered cell plates and impaired plasmodes-
mal cell-to-cell transport (Chen et al., 2008; Molino et al., 2014;
Liu ez al., 2020; Yan & Liu, 2020). GIPCs are therefore thought
to orchestrate membrane dynamics during plant development.

Although the presence of three hydroxyl groups in the LCB
moiety is considered a characteristic and crucial feature for plants,
sphingolipid C-4 hydroxylases have only been characterised in
A. thaliana (Sperling et al., 2001; Chen ez al., 2008). Arabidopsis
thaliana SPHINGOID BASE HYDROXYLASE1 (As5BH1) and
ASBH?2 are functionally redundant LCB C-4 hydroxylases. Only
sbh1 sbh2 double mutants completely lack trihydroxy LCBs,
affecting the overall sphingolipid content. Null mutants were
severely dwarfed, were impaired in cell expansion and division,
and failed to transition from vegetative to reproductive develop-
ment. LCB C-4 hydroxylation was therefore deemed essential for
A. thaliana growth and viability.

The following study shows the significance of the t18:0 LCB
moiety in sphingolipid metabolism in P. patens. By generating a
loss-of-function mutant of the single gene sphinganine C-4
hydroxylase (§4H) via homologous recombination, a complete
loss of t18:0 LCB-containing sphingolipids was achieved. This
loss resulted in global changes across all sphingolipid classes.
Expression of PpS4H in the Saccharomyces cerevisiae LCB C-4
hydroxylase knockout mutant sur24 restored the formation of
t18:0 LCB-containing sphingolipids in yeast. Similar to the
A. thaliana sbh1 sbh2 mutant, the P. patens s4h mutants showed
severely stunted growth in all developmental stages. This growth
phenotype might be attributed to impaired cytokinesis, as indi-
cated by altered deposition of the cell plate marker callose. This
study highlights the advantages of P. patens as a model plant for
investigating the role of sphingolipids in membrane dynamics.

Materials and Methods

Plant material and growth conditions

The ‘Gransden’ wild-type strain of P. patens (Hedw.) Bruch &
Schimp was used. Plant material was grown at 25°C, in
16h:8h, light:dark cycle, with a photon flux of 50—
70 umol m™?s™". Protonema material was cultivated weekly on
BCD agar medium plates (90 mm diameter) containing 1 mM
CaCl, and 5mM ammonium tartrate (BCDAT) (Ashton &
Cove, 1977) and covered with sterile cellophane discs (Folia,
Wendelstein, Germany). Regular maintenance was achieved by
collecting 1- to 2-wk-old protonema tissue, disrupting the tissue
for 20 s using a tissue lyser (Ultra Turrax; Ika, Staufen, Germany)
and spreading the material onto fresh medium plates. For
lipidomics and growth measurements, the dry mass of each
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Fig. 1 Trihydroxy sphingolipids are mainly channelled into GIPC formation in P. patens. The depicted sphingolipid metabolism shows the two pathways for
glycosylceramide (GlcCer) and glycosyl inositolphosphorylceramide (GIPC) synthesis in P. patens. Dihydroxy long-chain bases (LCBs) are channelled into
GlcCer formation (grey) and trihydroxy LCBs are channelled into GIPC formation (blue). GIPC species with one additional hexose moiety are called series A
GIPCs and GIPC species with two additional hexose moieties are called series B GIPCs. Asterisks indicate functionally characterised enzymes in P. patens.
GlcA, glucuronic acid; Hex, hexose; HexNAc, N-acetylhexosamine; HS-CoA, coenzyme A; Ins, inositol; Man, mannose; SFD, sphingolipid fatty acid
desaturase; UDP-Glc, uridine diphosphate glucose; VLCFA, very long-chain fatty acid.

genotype inoculated was normalised. Protonema material was
harvested after 10 d of growth, weighed for fresh weight (FW)
biomass determination and frozen in liquid nitrogen. Collected
tissue was lyophilised and weighed again for dry weight (DW)
determination. To obtain enough material for analysis, the tissue
from eight plates was pooled during each cultivation round.

To image protonemal development, a ¢. 1 mm spot inocula of
1- to 2-wk-old protonemata were placed on plates containing
BCD medium with 1 mM CaCl,. For induction of game-
tophores, spot inocula were incubated on BCD medium plates
for 5-6 wk.

For targeted cultivation of skotonema filaments, spot inocula
were placed on square Petri dishes containing BCDAT medium
with 2% (w/v) sucrose and were grown horizontally for 1 wk
under continuous light. Plates were subsequently shifted into the
vertical position and grown in the dark for another 3—4 wk.

Images were taken with a binocular microscope (Olympus
SZX12 binocular; Olympus Corpo., Tokyo, Japan) linked to a
digital camera (R6 Retiga; QImaging, Surrey, Canada). Pho-
tographs were acquired using Ocular Image Acquisition Soft-
ware (v.1.0; Digital Optics Ltd, Auckland, New Zealand).

© 2021 The Authors
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Images were processed using IMAGE] 1.52b software (Schneider
et al., 2012).

Generation of targeted knockout plasmids

To construct the vector for targeted knockout of the S4H gene,
750-bp genomic DNA fragments of the 5’ region and the 3’
region of S4H were amplified (Supporting information
Table S1). These fragments were cloned into a pBluescript vector
flanking a kanamycin cassette driven by the 35S promotor. Cor-
rect cloning of the fragments into the destination vector was con-
firmed by sequencing. Before transformation, the fragment
containing flanking regions and the kanamycin cassette was
excised using restriction enzymes Apal and Xbal.

Physcomitrium patens transformation and molecular char-
acterisation of knockout mutants

Before transformation, protonema material was cultured in
nonaerated, shaking liquid cultures in sterile flasks in Knop
medium (Reski & Abel, 1985). At 1 wk before transformation,
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the plant material was transferred to liquid Knop medium con-
taining 1:10 original Ca(NO3), amount. Polyethylene glycol
(PEG)-mediated et al.,
1991).

transformation followed (Schaefer

Molecular characterisation of targeted gene disruption

A small explant of regenerated protonemata was used for
DNA isolation using the cetyl trimethylammonium bromide
(CTAB) extraction method. Integration of the kanamycin cas-
sette into P. patens was prescreened using a primer pair that
was specific for the selection cassette (Table S2). Subse-
quently, insertion of the selection cassette into the correct
locus was confirmed using a primer pair specific for the selec-
tion cassette and the corresponding 5 and 3’ untranslated

regions of S4H (Table S2).

Reverse transcriptase PCR for mutant characterisation

Total RNA was extracted from wild-type and mutant tissue using
TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MA,
USA). Before cDNA synthesis, RNA was treated with DNasel
(Thermo Fisher Scientific) according to the manufacturer’s
instructions; 1 pug of DNA-free RNA was applied for cDNA syn-
thesis using the RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). S4H and ACTINS specific
primers are listed in Table S3.

Particle bombardment of P. patens protonema cells for sub-
cellular localisation

Physcomitrium patens wild-type protonemata were grown on
BCD medium covered with cellophane for 10 d before the par-
ticle bombardment. The gold particles used for the bombard-
ment assay were prepared and precipitated as described in
Mueller et al. (2017). The PpS4H coding sequence was ampli-
fied from P. patens cDNA and was cloned into a pEntry vector
system (pUC18-derived) under a 35S promoter and with a C-
terminal eYFP tag using the primers listed in Table S4. The
used mCerulean::KDEL ER marker plasmid was described in
Miiller er al (2015) and was kindly provided by Ralf Reski,
Freiburg (Mueller & Reski, 2015). Next, 5-8 ug of plasmid
DNA were precipitated onto the gold particles by mixing with
0.1 M spermidine and 2.5M CaCl,. The mixture was vigor-
ously vortexed for 1min. Particles were subsequently washed
with 100% ethanol and finally resuspended in 24 ul 100%
ethanol. P. patens protonemata were bombarded using a particle
gun (PDS-1000/He; Bio-Rad, Hercules, CA, USA) with 900 psi
rupture discs; 6 pl of the gold particles were pipetted onto the
macro carrier. The rupture discs were assembled two levels
above the macro carrier with the gold particles and the protone-
mata were located two levels below the gold. After bombard-
ment the protonemata were incubated under normal conditions
for 48h before visualisation using confocal laser scanning
microscopy.
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Heterologous expression in S. cerevisiae LCB C-4 knockout
mutant sur2A

The P. patens S4H gene was synthesised and codon usage opti-
mised for S. cerevisiae expression (GenScript, Piscataway Town-
ship, NJ, USA) and cloned into the pYES2-CT vector (Thermo
Fisher Scientific) using the primers listed in Table S5. Successful
cloning was confirmed by sequencing. The empty vector and the
S4H-containing plasmid were transformed into the su72A-null
mutant (Haak ez al., 1997) using the LiAc/SS carrier DNA/PEG
method according to Gietz & Schiestl (2007). Transformed yeast
and the corresponding wild-type strain (BY4741) were precul-
tured for 24 h in synthetic dropout (SD) medium lacking uracil
and containing 2% glucose. For gene induction, yeast main cul-
tures were inoculated to a final ODggg of 0.02 in SD lacking
uracil and containing 2% galactose and 2% raffinose and grown
for another 24 h. Yeast cultures were incubated at 30°C in shak-
ing flasks. Cells were harvested at 3000 g for 10 min, washed with
water and stored at —80°C. Yeast cells were lyophilised before
lipid extraction and analysis.

Lipid extraction

The monophasic lipid extraction of Markham ez al. (2006) was
followed with minor modifications; 20 mg lyophilised and
homogenised P. patens or S. cerevisiae material were immersed in
a 60°C preheated solvent mixture containing propan-2-ol : hex-
ane : water (60 :26:14,v/v/v). The mixture was incubated for
30 min at 60°C with vortexing every 10 min. The solution was
centrifuged and the supernatant collected and evaporated under a
stream of nitrogen. Dried lipids were dissolved in 800 pl tetrahy-
drofuran : methanol : water (4: 4 : 1,v/v/v). Extracts were directly
applied for LCB measurement using ultraperformance liquid
chromatography (UPLC) coupled with nanoelectrospray ionisa-
tion (nanoESI) and triple quadrupole tandem mass spectrometry
(MS/MS) (UPLC-nanoESI-MS/MS) analysis (AB Sciex) or pro-
cessed further as described in the following section.

Methylamine treatment

For ceramide and GlcCer analysis, 50 pl of the lipid extract were
evaporated; 1.4 ml33% (w/v) methylamine in ethanol together
with 600 pl H,O were added to the dried extract (Markham &
Jaworski, 2007). After methylamine treatment the solvent was
evaporated, dried lipids were dissolved in 50 pl tetrahydrofu-
ran : methanol : water (4:4:1,v/v/v) for UPLC-nanoESI-MS/
MS.

Derivatisation with acetic anhydride

Acetic anhydride treatment for detection of LCB phosphates
(LCB-Ps) was performed according to (Berdyshev er al, 2005;
Yanagawa et al., 2017). After solvent evaporation samples were
dissolved in 50 pl tetrahydrofuran : methanol : water (4:4:1,
v/vlv) for UPLC-nanoESI-MS/MS analysis.

© 2021 The Authors
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Microsome preparation

For enhanced detection of GIPC and steryl glycoside (SG)
species, microsomal fractions were prepared according to Abas &
Luschnig (2010) from the collected protonemal tissue. The
microsomal pellet was dissolved in water and lipids were
extracted according to lipid extraction described previously.

Sphingolipid and SG analysis

Measurement of targeted molecular sphingolipid and SG species
was performed using the multiple reaction monitoring (MRM)-
based UPLC-nanoESI-MS/MS approach as described (Resemann
et al., 2021). LCB-Ps were measured in negative ionisation mode
with [M-H] ™ as precursor ions. The more complex GIPC classes
containing N-acetylhexosamine (HexNAc) and glucuronic acid
(GlcA) HexNAc-GIcA-IPCs and Hex-HexNAc-GIcA-IPCs were
measured in positive ionisation mode with [M +NH,]" as pre-
cursor ions and ceramide fragments as product ions. Head
group-specific ions were detected as described (Buré ez af, 2011).
The following standards were used for sphingolipid quantifica-
tion: LCB (d17:0), LCB-P (d17:1), Cer (d18:1/c12:0), for
GlcCers and GIPCs: GlcCer (d18:1/c12:0). LC-MS data were
processed using ANALYST 1.6.2 and MULTIQUANT 3.0.2 software
(both AB Sciex). Absolute and relative peak areas are listed in
Tables S6-S11.

Confocal laser scanning microscopy (CLSM)

Callose labelling followed Schuette ez al. (2009); 1- to 2-wk-old
protonemata were de-stained overnight in ethanol : acetic acid
(3:1, v/v), then incubated in 0.1% (w/v) aniline blue in 50 mM
sodium phosphate buffer (pH 9) for 30 min at room temperature
and rinsed in buffer before visualisation. Images were captured
using an excitation wavelength at 405 nm and an emission wave-
length at 500 nm. Images were captured with Leica TCS SP5
confocal microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) and processed using IMAGE] 1.52b software (Schneider
et al., 2012). Images for subcellular localisation of PpS4H were
recorded using a Zeiss LSM 980 confocal microscope (Carl Zeiss
Inc., Jena, Germany) with a x40 objective. Cerulean was excited
at 405 nm and detected at a wavelength of 436495 nm; eYFP
was excited at 514 nm and detected at a wavelength of 517—
560 nm; chlorophyll was excited at 514 nm and detected at a
wavelength of 646-690 nm.

Webtools

Sphinganine C-4 hydroxylases were searched using Brast for
A. thaliana SBH1 and SBH2 in the NCBI proteome database
(National Center for Biotechnology Information (NCBI), US
National Library of Medicine, MD, USA) (http://www.ncbi.
nlm.nih.gov/BLASTY/) for P. patens (Altschul et al., 1990). S4H
was assigned to ‘Fatty acid hydroxylase superfamily’ using the
CDD database (Marchler-Bauer ez al, 2015; Lu et al, 2020).
Membrane protein topology was predicted using TMHMM

© 2021 The Authors
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software (Sonnhammer ¢t al., 1998; Krogh et al, 2001). Gene
expression information was obtained using the P. patens eFP
browser at: https://www.bar.utoronto.ca (Winter ez al, 2007;
Ortiz-Ramirez et al., 2016).

Results

PpS4H is a putative LCB C-4 hydroxylase in P. patens that
localises to the ER

In A. thaliana, LCB C-4 hydroxylation is catalysed by two redun-
dant LCB C-4 hydroxylases SBH1 and SBH2 (Spetling ez 4/,
2001; Chen et al, 2008). BLaST searches using both proteins
retrieved a single putative LCB C-4 hydroxylase in the P. patens
proteome that had 68% and 63% identity to SBH1 and SBH2,
respectively. The P. patens protein is 256 amino acids in length
and is annotated in the NCBI database as sphinganine C4-
monooxygenase 1-like (XP_024362887.1). Here, the protein is
designated as sphinganine C-4 hydroxylase (S4H). Microarray
data from the eFP browser revealed strong expression of S4H in
all organs (Fig. S1a). The highest expression was detected in pro-
tonemata, gametophores and mature spore capsules. The consti-
tutive expression pattern resembled that of SBH! and SBH2 in
A. thaliana, and suggested an important role for S4H in all devel-
opmental stages of P. patens. Similar to other identified mem-
brane-bound hydroxylases and desaturases, S4H contains three
characteristic histidine motifs within its hydroxylase domain that
are thought to be responsible for coordinating the di-iron cluster
in the active site (Shanklin & Cahoon, 1998; Bai et 4/, 2015)
(Fig. S1b,c). S4H also contains two transmembrane domains as
predicted by the TmMHMM web tool (Fig. S1d). Most identified
plant sphingolipid enzymes are located in the ER membrane
(Luttgeharm ez al., 2016), including A. thaliana SBH1 and SBH2
(Chen et al., 2008). To confirm subcellular localisation of the
P. patens LCB hydroxylase S4H to the ER, 10-d-old P. patens
protonemata were bombarded with gold particles covered with
plasmids carrying PpS4H and the ER marker KDEL (Mueller &
Reski, 2015). The C-terminally eYFP-tagged PpS4H showed
colocalisation to the cerulean-tagged ER marker KDEL (Fig. 2a,
b). Two planes of the same protonema cell showed PpS4H and
KDEL localisation in (a) an ER network pattern and (b) at the

nuclear envelope.

PpS4H restores trihydroxy LCB formation in S. cerevisiae
LCB C-4 hydroxylase knockout mutant sur2A

To confirm the annotated LCB C-4 hydroxylase function of
S4H, its coding sequence was codon usage optimised for
S. cerevisiae expression. The optimised gene was expressed in the
LCB C-4 hydroxylase S. cerevisiae knockout mutant sur24. sur24
lacks all trihydroxy LCBs but the yeast cells remain viable (Haak
et al., 1997). Expression of P. patens S4H in sur24 successfully
restored the formation of trihydroxy LCBs in both the ceramide
(Fig. 2¢) and LCB pools (Fig. S2). Notably, plants usually exclu-
sively contain C18 LCBs, while S. cerevisiae contains both C18
and C20 LCBs. Both C18 and C20 LCBs were hydroxylated in
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Fig.2 Physcomitrium patens S4H colocalises with the endoplasmic reticulum (ER) marker KDEL in particle bombarded protonema cells. (a, b) Transient
transformation of P. patens tissue with PpS4H and KDEL was achieved through particle bombardment of 10-d-old protonema tissue. A transformed
protonema cell is shown with chlorophyll autofluorescence (upper row), PpS4H-eYFP fluorescence (second row), mCerulean-KDEL fluorescence (third
row) and the merged image of all three channels (fourth row). Merged images show chlorophyll autofluorescence in blue, PpS4H-eYFP fluorescence in
green and mCerulean-KDEL fluorescence in magenta. Images of the same cell were taken at two different planes. (a) The first plane depicts colocalisation
of the ER network and PpS4H within the protonema cell. (b) The second plane depicts colocalisation of the ER and PpS4H at the nuclear envelope. Bars,

10 um. The experiment was performed once. Photographs are representative images for 21 transformed cells. (c) Complementation of

Saccharomyces cerevisiae LCB C-4 hydroxylase knockout mutant sur24 with P. patens S4H restores the formation of trihydroxy LCB-containing ceramides.
Ceramide profiles of S. cerevisiae wild-type (WT), sur24 knockout strain and sur24 knockout strain complemented with P. patens LCB C-4 hydroxylase
S4H are shown. Ceramide species (Cers) with the same LCB moiety are summed up and are categorised into dihydroxy (d18:0, d20:0) or trihydroxy (t18:0,
t20:0) ceramides with 18 or 20 LCB carbon chain lengths. Data represent the mean =+ SD of four independent biological replicates.
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S. cerevisiae by P. patens S4H. This finding confirmed the pre-
dicted enzymatic activity of S4H and showed that S4H activity
was not highly specific for LCB carbon chain length.

Loss of trihydroxy LCBs reshapes sphingolipid metabolism
in P. patens

Two independent loss-of-function s4/ mutants (s4h-1 and s4h-2)
were generated by homologous recombination. In both lines, the
S4H transcript was completely absent, as determined by reverse
transcriptase PCR analysis (Fig. 3a). To study the in vivo effects
of the complete loss of LCB C-4 hydroxylation on the sphin-
golipidome of P. patens, protonemata were cultured for 10d on
cellophane covered BCD medium. After lipid extraction, the sph-
ingolipid profiles were determined using UPLC-nanoESI-MS/
MS. Relative profiles and fold changes of absolute peak areas
compared with the wild-type were analysed for LCBs, ceramides,

GlcCers and GIPCs. Sphingolipid classes showed varying detec-
tion efficiencies in different extraction fractions. GIPC content
was measured in microsomes prepared from protonemata to
enrich these membrane-bound sphingolipids; all other classes
were analysed in crude protonema lipid extract. These different
lipid preparations gave the best representations of changes in each
sphingolipid class between P. patens s4h mutants and wild-type.
Wild-type t18:0 LCB accounted for 94% and d18:0 LCB for
6% of the total, however s4h-1 and s45-2 had no t18:0 LCB and
instead contained 99% d18:0 LCB (Fig. 3b). The mutants addi-
tionally contained minor amounts of d18:1 and d18:2 LCBs
(0.5% and 0.1%, respectively). In the wild-type LCB-P profile
t18:0 LCB-P also predominated with more than 60% of the total
(Fig. 3¢), d18:0 LCB-P accounted for ¢. 30%. In s4h-1 and s4h-
2, no t18:0 LCB-P was detected. Instead, over 99% was d18:0
LCB-P and ¢ 0.3% d18:1 LCB-P. d18:2 LCB-P was only
detected in trace amounts in the 54/ mutants. Overall, there was
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Fig. 3 Physcomitrium patens s4h mutant characterisation and altered long-chain base (LCB) content of s4h-7 and s4h-2. (a) S4H transcript determination
by reverse transcriptase PCR. ACTINS (ACT8) was used as reference gene and water as a negative control (neg. ctrl). (b—e) Long-chain bases (LCBs) and
phosphorylated LCBs (LCB-Ps) were extracted from protonemata of 10-d-old wild-type (WT), s4h-7 and s4h-2 P. patens and analysed using UPLC-
nanoESI-MS/MS. Dihydroxy LCBs are indicated by a 'd" and trihydroxy LCBs are indicated by a ‘t'. Relative profiles of (b) LCBs and (c) LCB-Ps in WT, s4h-1
and s4h-2 lines. Fold changes of (d) LCBs and (e) LCB-Ps compared with the WT were calculated using absolute peak areas. Fold changes are depicted in
linear scale. The WT, which is not shown, was set to 1. Sphingolipid data represent the mean + SD of measurements from four independent cultivations
each containing protonema material from eight cultivation plates. Statistical analysis was performed using Student’s ¢-test. Asterisks indicate significance

levels at *** P <0.001 compared with the WT.
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a >60-fold accumulation of LCBs and a >2000-fold accumula-
tion of LCB-Ps in the s4h mutants compared with the wild-type
(Fig. 3d,e).

The drastic increase in LCBs and LCB-Ps is consistent with
findings from A. thaliana sbh1 sbh2 (Chen er al., 2008). As the
absolute content of downstream sphingolipid classes was also
affected in sbh1 sbh2, it was hypothesised that this might also be
the case in P. patens. Surprisingly, there was no change in the
total ceramide amount of the 54/ mutants compared with the
wild-type (Fig. S3b). In the wild-type, ceramides with the t18:0
LCB moiety predominated (Fig. 4a,d) while, in the s45 mutants,
the most abundant LCB moiety was d18:0, with lesser amounts
of d18:1 and d18:2 (Fig. 4b,c,e,f).

Ceramides were grouped according to the hydroxylation state
of their fatty acids. By this categorisation, ceramides contain
unhydroxylated fatty acids, indicated by a ‘¢’ in front of the chain
length number (Fig. 4a—c), and hydroxyceramides contain o-hy-
droxylated fatty acids, indicated by an ‘h’ in front of the chain
length number (Fig. 4d—f). Relative ceramide and hydroxyce-
ramide profiles revealed that the wild-type contained more
hydroxyceramides, while the s4/ mutants contained more
ceramides (Fig. 4a—f). Fold change calculations confirmed this
observation with s4h-1 having 4.7-fold more and s4/-2 having
4.4-fold more ceramides than the wild-type (Fig. 4g). Hydroxyc-
eramides decreased in s45-1 to 40% and in s45-2 to 35% of the
wild-type content. On a logarithmic scale, this corresponded to
an increase in ceramide content in s4/ mutants of ¢ 0.65
(Fig. 4g) and a reduction of hydroxyceramide content in s45
mutants of ¢. 0.42 (Fig. 4h).

The wild-type fatty acid profile of all ceramides was mainly
composed of saturated fatty acids and a few unsaturated fatty
acids ranging from C20 to C26 (Fig. 4a,d). Ceramides in s4h-1
and s4/-2 mutants showed a similar fatty acid profile with c16:0
emerging additionally in minor amounts (Fig. 4b,c,e.f).

Over 90% of the GlcCer profile of the wild-type was made up
of a single molecular species, with a sphingoid backbone consist-
ing of a d18:2 LCB moiety and a h20:0 fatty acid moiety
(Fig. 5a). The predominant LCB moiety found in GlcCers of s4/
mutants was also d18:2. The fatty acid profile of the s4/ GlcCers
was substantially broadened compared with the wild-type profile
(Fig. 5b,c). The most abundant fatty acids in the mutants were
saturated and unsaturated fatty acids ranging from C20 to C24
chain length. Total GlcCer levels were not significantly changed
in s4h mutants compared with the wild-type control (Fig. S3¢).

Over 90% of molecular species of P. patens wild-type GIPCs
with one hexose (Hex) moiety attached to glucuronic acid (GlcA)
linked inositolphosphorylceramide (IPC) had a t18:0 LCB moi-
ety (Fig. 5d). Similar to changes in ceramide profiles, the pre-
dominant LCB moiety was changed from t18:0 to d18:0 in the
s4h mutants. By contrast with the LCB moiety, the fatty acid
composition of Hex-GIcA-IPCs was not changed in s4/ mutants
compared with the wild-type (Fig. 5d—f). The four most abun-
dant facty acids found in the Hex-GlcA-IPC pool were h20:0,
h22:0, h24:0 and h24:1. Relative profiles were also determined
for GIPCs with different polar head groups (Fig. S4). GIPCs
may be grouped according to the complexity of their head group
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composition. Series A GIPCs contain one additional sugar
residue, Hex-GIcA-IPCs, which may also be in the form of N-
acetylhexosamine (HexNAc), HexNAc-GIcA-IPCs. Series B
GIPCs contain two additional sugar residues, Hex-Hex- and
Hex-HexNAc-GlcA-IPCs. Series A and B are the main GIPCs
described in P. patens (Cacas et al., 2013) and were therefore used
as representative GIPC analysis for s4/ mutant characterisation
in this study. The relative profiles of these complex GIPCs in the
wild-type and in the 54/ lines were similar to the described Hex-
GIcA-IPC profiles (Fig. S4). Interestingly, fold change calcula-
tions using the absolute peak area given in counts per second
(cps) revealed a slight increase (. 1- to 2-fold) of series A GIPCs
and a significant accumulation (c. 6-fold) of series B GIPCs in
s4h lines compared with the wild-type (Fig. S5).

Analogous to ceramides, molecular species of GlcCers and
Hex-GIcA-IPCs were sorted according to the hydroxylation sta-
tus of their fatty acid moieties. Again, an increase in species with
unhydroxylated fatty acids and a decrease in species with hydrox-
ylated fatty acids was observed in the s44 lines (Fig. S6). Sphin-
golipid quantification in microsomal fractions confirmed the
compositional changes in the sphingolipidome of s45 mutants
compared to the wild-type (Tables S10, S11).

Taken together, these results showed that loss of LCB C-4
hydroxylation in P. patens caused a substantial shift in the com-
position of all sphingolipid classes. The most obvious changes
were observed in the LCBs/LCB-Ps and LCB moieties of
ceramides and GIPCs, and in the fatty acid moieties of GlcCers.
There was a substantial increase of LCBs as potential substrates
of S4H. Except for significant accumulation of series B GIPCs,
loss of LCB C-4 hydroxylation had no substantial effect on total
content of downstream sphingolipid classes.

Loss of trihydroxy LCBs causes a change in the composition
of conjugated sterols

Several studies on PM organisation have demonstrated a strong
interaction network between different free and conjugated phy-
tosterols and sphingolipids (Grosjean ez al., 2015; Grosjean ez al.,
2018). A result of these interactions is the formation of
microdomains and nanodomains, which are considered to be
important sorting platforms for membrane proteins (Simons &
Ikonen, 1997; Cacas et al., 2012). Connections between sterols
and sphingolipids are mediated by hydrogen bonding (Slotte,
1999; Slotte, 2016; Mamode Cassim ez al., 2019). The change of
the hydroxylation pattern of sphingoid backbones in the s
mutants might, therefore, potentially also influence interactions
between sterols and sphingolipids in the PM and, perhaps by
extension, sterol content. To test this hypothesis, the relative pro-
file of SGs was analysed in microsomes obtained from protone-
mata of wild-type and s4/ plants (Fig. 6). At 47% of the total,
campesteryl represented the most abundant steryl moiety of SGs
in the wild-type, followed by isofucosteryl (27%), sitosteryl
(15%), stigmasteryl (9%) and brassicasteryl (2%). Cholesteryl
was only detected in trace amounts (0.07%). While the general
SG profile and total SG content were maintained in 54/ mutants,
a significant increase compared with the wild-type was observed
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Fig.4 Physcomitrium patens s4h-1 and s4h-2 have an altered ceramide content. (a—h) Ceramides were extracted from protonemata of 10-d-old wild-type
(WT), s4h-1 and s4h-2 P. patens and analysed using UPLC-nanoESI-MS/MS. Relative profiles of (a—c) ceramide and (d—f) hydroxyceramide molecular
species are shown with their long-chain base (LCB) (column colour) and fatty acid (x-axis) moieties. Dihydroxy LCB moieties are indicated by a ‘d" and
trihydroxy LCB moieties are indicated by a ‘t'. Molecular species with an unhydroxylated fatty acid moiety are indicated by a ‘c’ and molecular species with
an a-hydroxylated fatty acid moiety are indicated by an ‘h’. Relative profiles of (a) WT, (b) s4h-7 and (c) s4h-2 ceramides with unhydroxylated fatty acid
moieties. Relative profiles of (d) WT, (e) s4h-7 and (f) s4h-2 hydroxyceramides with a-hydroxylated fatty acid moieties. (g) Ceramide and (h)
hydroxyceramide fold changes compared with the WT were calculated using absolute peak areas and are depicted in log4o scale. The WT, which is not
shown, was set to 0. Sphingolipid data represent the mean & SD of measurements from four independent cultivations each containing protonema material
from eight cultivation plates. Statistical analysis was carried out using Student'’s t-test. Asterisks indicate different significance levels at ***, P<0.001 and
** P<0.01 compared with the WT.
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Fig.5 Physcomitrium patens s4h-1 and s4h-2 have altered glycosylceramides (GlcCer) and glycosyl inositolphosphorylceramides (GIPC) profiles. (a—c)
GlcCers were extracted from protonemata of 10-d-old wild-type (WT), s4h-1 and s4h-2 P. patens. (d—f) GIPCs were extracted from microsomes prepared
from protonemata of 10-d-old WT, s4h-7 and s4h-2 P. patens. Sphingolipids were analysed using UPLC-nanoESI-MS/MS. GlcCer and Hex-GlIcA-IPC
molecular species are shown with their long-chain base (LCB) (column colour) and fatty acid (x-axis) moieties. Dihydroxy LCB moieties are indicated by a
'd" and trihydroxy LCB moieties are indicated by a ‘t'. Molecular species with an unhydroxylated fatty acid moiety are indicated by a ‘c’ and molecular
species with an a-hydroxylated fatty acid moiety are indicated by an ‘h'. (a—c) Relative GlcCer profiles of (a) WT, (b) s4h-1 and (c) s4h-2. Only molecular
species with a peak area>1% in at least one of the three lines were included in the GlcCer graphs. (d-f) Relative Hex-GlcA-IPC profiles of (d) WT, (e) s4h-
7 and (f) s4h-2. Only molecular species with a peak area >0.5% in at least one of the three lines were included in the Hex-GIcA-IPC graphs. Sphingolipid
data represent the mean =+ SD of measurements from four independent cultivations each containing protonema material from eight cultivation plates.
GlcA, glucuronic acid; Hex, hexose; IPCs, inositolphosphorylceramides.

for sitosteryl and isofucosteryl (Fig. S7). A significant decrease ~ development of the P. patens s4h mutants was studied to deter-
was observed for stigmasteryl and brassicasteryl. mine whether they were similarly affected. Protonema spot inoc-
ula of ¢. I mm in diameter were placed on BCD medium. After
12d of growth the wild-type plant developed a star-shaped

s#h mutants show impaired growth and development in all colony with long, branched protonemal filaments (Fig. 7a). Small

tissues gametophores developed in the centre of the colony. s4/ mutants
The observed changes in sphingolipid and sterol composition  also developed protonemal filaments, however colonies had a
suggest a change in membrane organisation that could affect cell ~ rounded, less branched appearance than the wild-type. No game-
growth and division. Furthermore, the A. thaliana double knock- ~ tophores could be observed emerging from the centre of the
out mutant sbh1 sbh2 showed defects in cell elongation and divi-  colony. After 24 d of growth, the wild-type showed fully devel-
sion, causing severely dwarfed plants that failed to reach  oped gametophores that completely overgrew the protonemal tis-

reproductive maturity (Chen er al, 2008). Gametophyte  sue. s4h mutants showed no gametophore development and
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Fig. 6 Physcomitrium patens s4h-1 and s4h-2 have altered steryl glycoside
(SQ) profiles. SGs were extracted from microsomes prepared from
protonemata of 10-d-old wild-type (WT), s4h-7 and s4h-2 P. patens and
analysed with UPLC-nanoESI-MS/MS. Relative SG profiles of WT, s4h-1
and s4h-2. SG data represent the mean £ SD of measurements from four
independent cultivations each containing protonema material from eight
cultivation plates. Statistical analysis was carried out using Student's t-test.
Asterisks indicate different significance levels at ***, P <0.001; **,

P <0.01; and not significant (ns) at P>0.05 compared with the WT. Glc:
glycoside.

protonemal filaments remained stunted. After 37 d of growth,
severely dwarfed gametophores were finally observed in s4h
colonies, with diameters of ¢. 0.4 mm.

Protonema consists of two cell types: chloroplast-rich
chloronema cells and caulonema cells that contain fewer and less
well developed chloroplasts. Regarding s44 colony growth, it was
speculated that the transition from chloronema to caulonema
cells might be impaired. To have a more extensive look at pro-
tonema differentiation, a dark growth experiment was performed.
Protonema spot inocula of the wild-type, s45-1 and s45-2 lines
were placed on BCDAT medium supplemented with 2%
sucrose. After growth for 1 wk under continuous light the wild-
type and s4/ mutant colonies looked alike (Fig.7b). Colonies
developed a dense green centre consisting of filamentous pro-
tonema cells. Subsequently, plates were transferred to the dark
and put into vertical orientation. Cultivation under these condi-
tions was continued for 3 wk. The developing filamentous cells
in the wild-type did not contain chloroplasts and had a brownish
appearance. The developed cells are a subtype of caulonema,
specified as skotonema. Wild-type skotonema cells formed
numerous long filaments reaching upwards. Although 4/
mutants were able to generate skotonema cells, their filaments
were much shorter, fewer and had an altered morphology com-
pared with wild-type cells. Gametophytic development, includ-
ing both gametophore and protonemal tissues, was therefore
drastically impaired in s4/ mutants.

To quantify the growth defect of s4/ mutants, protonemata
were cultured on cellophane-covered BCD medium plates. Each

© 2021 The Authors
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plate was inoculated with a protonemal cell suspension that was
adjusted to a volume corresponding to 5 mg DW. Protonemal
tissue was maintained on plates for 10 d before harvesting and
determination of FW. In four independent experiments, wild-
type tissue reached a mean biomass of ¢. 4.4 g (Fig. 7c), while s4/
mutants generated significantly less biomass, ¢. 2.3 g. Determina-

tion of the DW confirmed this effect (Fig. S8).

Imbalance of sphingolipid metabolism alters callose
deposition at protonema cross-walls

P. patens s4h mutants have severe growth defects, similar to
A. thaliana sphingolipid mutants (Chen er al, 2008). In
A. thaliana sbh1 sbh2 these growth defects were attributed to
impaired cell elongation and division (Chen ez al, 2008).
Another study showed that inhibition of VLCFA sphingolipid
synthesis caused abnormal cell plate formation in root tips
(Molino et al., 2014). Defects in cell plate formation are believed
to arise from impaired vesicle and membrane trafficking, affect-
ing the deposition of cell wall material during cell division. Cal-
lose is a cell wall component deposited during plant cytokinesis;
in P. patens protonemata, callose is deposited during cell division
at the cross-walls separating two filamentous cells (Scherp et al,
2001; de Keijzer ez al., 2017). To determine whether s45/ mutants
also have abnormal cell plate formation, callose was stained in 1-
to 2-wk-old protonema tissue using aniline blue and imaged
using CLSM. In wild-type protonema cells callose was exclusively
found in the cross-walls between two filamentous cells, in a clear
line without irregularities (Fig. 8). Cross-walls in s4/ mutants,
however, were abnormally shaped. Callose was still deposited at
cross-walls but irregular stretches could be seen on both sides of
the wall. These were perpendicular to the cross-wall and extended
towards the centre of adjacent filamentous cells. The vast major-
ity of s4h protonema cells showed cross-wall malformations of
different degrees.

Discussion

Sphingolipids containing trihydroxy LCB moieties predominate
in plants (Markham ez al, 2006). A study of A. thaliana sbh
mutants revealed that trihydroxy sphingolipids are crucial for
plant growth and development (Chen ez al, 2008). To examine
the role of trihydroxy sphingolipids in nonvascular plants, the
LCB C-4 hydroxylase S4H from P. patens was characterised. The
enzyme was identified based on sequence homology and its
metabolic activity was confirmed by complementation of the
S. cerevisiae sur2A mutant. Sphingolipid analysis of s4/ null
mutants revealed complete depletion of trihydroxy sphingolipids,
and substantial enrichment of LCB substrates. Consistent with
sbh1 sbh2 in A. thaliana, s4h plants were impaired in growth and
development. The developmental phenotype was accompanied
by irregular callose depositions at the cross-walls of filamentous
s4h protonema cells.

Loss of all t18:0 LCB-containing sphingolipids in s/ mutants
confirmed that the LCB C-4 hydroxylase is encoded by a single
gene in P patens. As in A. thaliana sbhl sbh2, loss of the
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Fig. 7 Physcomitrium patens s4h-1 and s4h-2 lines show a growth phenotype in all gametophytic stages. (a) 1 mm protonema spot inocula of wild-type
(WT), s4h-1 and s4h-2 were placed on BCD medium and grown for the indicated time periods. Bars in 12-d colony images, 4 mm. Bars in 24-d colony
pictures, 1 mm. Bars in 37-d colony pictures, 0.4 mm. Arrowheads indicate gametophores on s4h-7 and s4h-2 colonies. (b) Spot inocula of P. patens WT,
s4h-1 and s4h-2 were placed on BCDAT + 2% sucrose and grown under continuous light for 1 wk (upper row). Plates were moved to the dark and rotated
into a vertical position. Colonies were grown for another 3 wk to induce skotonema development (lower row). Bars, 0.5 cm. (c) Growth of WT, s4h-7 and
s4h-2 was quantified by collecting 10-d-old protonema tissue grown on cellophane-covered BCD medium and determining the FW. Data represent the
mean =+ SD of measurements from four independent cultures, each containing protonema material from eight cultivation plates. Statistical analysis was
carried out using Student's t-test. Asterisks indicate significance level at ***, P<0.001 compared with the WT.
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Fig. 8 Irregular callose deposition at cross-walls of P. patens s4h-1 and s4h-2 protonema cells. Cross-walls of 1- to 2-wk-old filamentous wild-type (WT),
s4h-1 and s4h-2 protonema cells were captured using confocal laser scanning microscopy. Callose was stained with aniline blue. Photographs are shown in
bright field (top row), in aniline blue fluorescence (middle row) and as the merged image of both (bottom row). Bars, 10 um. Photographs are

representative of three independent experiments.

trihydroxy LCB moiety in 54/ caused a shift of the most abun-
dant species from trihydroxy towards dihydroxy LCB moieties.
The shift was observed in P. patens for LCBs, ceramides and
GIPCs, but not for GlcCer, as the wild-type GlcCer pool only
contains d18:2 LCBs but no t18:0 LCBs (Resemann et 4/,
2021).

© 2021 The Authors
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Loss of trihydroxy LCBs in A. thaliana was accompanied by a
total increase of all sphingolipid classes (Chen ez a4/, 2008). In
P. patens only LCBs, LCB-Ps and series B GIPCs were found to
have substantially raised levels in 54/ mutants compared with the
wild-type. The total ceramide, GlcCer and series A GIPC content
was only slightly or not significantly affected. P. patens s4h had a
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much higher fold change for LCB-Ps (c. 2000-fold) than for
LCBs (¢ 60-fold) compared with the wild-type. Possibly, the
excess of d18:0 LCBs exceeds the capacity of d18:0-specific
ceramide synthases to incorporate all LCBs into ceramides. It is
known from vascular plants that application of LCBs induces
PCD (Shi ez al., 2007), while application of LCB-Ps suppresses
PCD (Shi et al., 2007; Alden et al., 2011). The balance of LCBs
and LCB-Ps is therefore considered an important factor in PCD
induction (Shi ez af, 2007; Alden ez al, 2011). To dispose of
excess LCBs in P. patens s4h, it could be that a large part is phos-
phorylated. The resulting higher levels of LCB-Ps might
outweigh accumulation of LCBs and therefore suppress LCB-in-
duced cell death. This idea is supported by the phenotype, as no
cell death was observed in s4/ mutants. However, studies con-
cerning LCB kinase and phosphatase activity, as well as the con-
tribution of LCBs and LCB-Ps on PCD induction, are still
lacking in P. patens and need to be addressed in the future.

A. thaliana sbhl sbh2 accumulated sphingolipids with C16
fatty acids, prompting speculation that this was responsible for
the mutant’s growth defect (Chen ez 4/, 2008). In the P. patens
sphingolipidome, C16 fatty acids only represent a minor fatty
acid moiety, which was not enriched in 54/ mutants. Therefore,
it appears unlikely that the growth phenotype observed in
A. thaliana and P. patens resulted from accumulation of LCFAs
in sphingolipids.

Physcomitrium patens s4h-1 and s4h-2 accumulated ceramides,
Hex-GlcA-IPCs and GlcCers with unhydroxylated fatty acids.
While this was not observed for A. thaliana sbh1 sbh2, it has been
described for S. cerevisiae sur2A cells (Haak et al, 1997). This
finding indicates that fatty acid hydroxylase might prefer
ceramides containing trihydroxy LCBs as substrates. Indeed, the
A. thaliana fatty acid hydroxylase mutant fzh1 fah2 had raised
levels of sphingolipids with trihydroxy LCB moieties, indicating
that these compounds are the favoured substrates of fatty acid
hydroxylases (Konig et al., 2012). Fatty acid hydroxylases have
yet to be characterised in P. patens.

The fatty acid profiles in the complex sphingolipids GlcCers
and GIPCs indicated that enzymes adding different head groups
to the ceramide backbone have preferences for specific LCB mod-
ifications. While P. patens homologues for inositolphosphorylce-
ramide synthases prefer ceramides with a t18:0 LCB moiety, the
glycosylceramide synthase homologue works on ceramides with a
d18:2 LCB moiety. Additionally, series B GIPCs (Hex-HexNAc-
GIcA-IPCs) accumulated more strongly in s4h-1 and s4h-2 than
series A GIPCs (HexNAc-GIcA-IPCs). As detection of GIPC
classes with more complex head groups is a recent achievement
(Buré et al, 2011; Cacas et al, 2013), it is not known whether
GIPC classes in A. thaliana sbhl sbh2 were also differently
affected.

LCB C-4 hydroxylases are functionally related to sphingolipid
A4-desaturases. In mammals, LCB C-4 hydroxylase and sphin-
golipid A4-desaturase activities are carried out by a bifunctional
enzyme, designated DES2 (Sperling ez a/., 2001; Mizutani ez al.,
2004). In A thaliana, sphingolipid A4-desaturase is only
expressed in flowers, while analysis is usually carried out on vege-
tative tissues. It was therefore difficult to exclude the possibility
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that the A. thaliana sphingolipid A4-desaturase also produces
hydroxylated LCBs (Chen ez al., 2008). The authors speculated
that sphingolipid A4-desaturase might show a more prominent
hydroxylase activity in phyla containing high amounts of A4-un-
saturated LCBs, such as Solanaceae (Dunn ez al., 2004; Sperling
et al., 2005; Markham ez al., 2006; Markham & Jaworski, 2007).
In these plants, the A4-desaturase may be ubiquitously expressed
and could contribute either or both hydroxylase/desaturase func-
tions in different tissues. The P. patens sphingolipidome more
closely resembles that of Solanaceae than that of Brassicaceae,
with d18:2 LCB being the only LCB moiety identified in the
GlcCer pool (Markham ez al., 2006; Resemann et al., 2021).
This finding hints at high sphingolipid A4-desaturase activity in
P. patens. As the knockout of S4H in P. patens resulted in loss of
all detectable trihydroxy LCBs, this indicates that S4H is likely to
account for all trihydroxy LCB synthesis. Sphingolipid A4-desat-
urase probably does not contribute to LCB hydroxylation in
P. patens.

Cumulative findings from both A. thaliana and P. patens
showed that defects in growth and development may be caused
by the shift from trihydroxy to dihydroxy LCB moieties and
the accompanied biophysical changes in the membrane.
Changes in the SG composition in P. patens s4h mutants is evi-
dence of this. Free phytosterols and their conjugated forms,
SGs and acylated SGs (ASGs), were shown to induce
microdomain formation (Grosjean ez al, 2015, 2018). These
domains are enriched in sterols and hydroxylated sphingolipids,
mainly GIPCs (Cacas ez al., 2016). Microdomains are thought
to be formed and maintained, in part, through an intermolecu-
lar hydrogen bond network (Slotte, 1999; Mombelli ez al,
2003; Slotte, 2016). Loss of one hydroxyl group in the sphin-
goid backbone of GIPCs may not only reduce the strength of
the hydrogen bond network between sterols and sphingolipids
but, as shown here, may also change the membrane lipid com-
position. Effects on microdomain formation might hamper
protein sorting downstream and therefore influence develop-
mental processes.

Altered membrane composition would explain the observed
impaired callose deposition in s4/ mutants. Callose is a cell wall
component that is deposited at the cell plate during cytokinesis
(Scherp et al., 2001). Several mutations that affect GIPC struc-
ture (head group, trihydroxy LCB moiety, o-hydroxylated
VLCFA moiety) cause developmental phenotypes in A. thaliana
(Chen et al., 2008; Bach et 4/, 2011; Markham ez al., 2011;
Konig ez al., 2012; Molino et al., 2014). Molino ez al., (2014)
observed malformed cell plates in root tip cells in which synthesis
of VLCFA-containing sphingolipids, mainly GIPCs, was inhib-
ited by fumonisin B1. Cell plates were either incomplete or were
tilted, and their change was explained by defects in membrane
fusion and vesicle trafficking. In P. patens s4h protonema cells,
the cross-walls resulting from cytokinesis still appeared to be
formed normally, however stretches of callose were observed trail-
ing into the centre of adjacent cells. The stretches resembled the
microtubule network, which is responsible for transporting vesi-
cles loaded with wall material towards the cell plate during
cytokinesis. This phenotype vesicle

suggested  disturbed
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trafficking during cell division. The altered callose deposition at
newly formed cross-walls in P. patens is a valuable indicator of the
involvement of trihydroxy LCB-containing sphingolipids in cell
division.

Callose deposition regulates the size exclusion limit of plas-
modesmata (Vatén et al, 2011). Plasmodesmata are symplastic
channels that traverse the cell wall between adjacent cells and
enable intercellular transport (Gallagher ez al, 2014; Tilsner
et al., 2016). The plasmodesmal PM is enriched in sterols and
sphingolipids, the same lipids found in detergent-insoluble
microdomains (Grison et al, 2015; Liu et al, 2020). Callose
deposition is regulated by biosynthesis and degradation
enzymes, which were found to be glycosylphosphatidylinositol
(GPI)-anchored proteins (Simpson ez al., 2009; Zavaliev et al.,
2011). Impaired sterol biosynthesis affects the localisation of
callose metabolic enzymes, causing abnormal callose accumula-
tion and thereby limiting plasmodesmal transport (Grison e 4l.,
2015). Recent studies have confirmed that disruption of sphin-
golipid metabolism also alters callose deposition in response to
Botrytis cinerea infection and at plasmodesmal sites (Bi ez al,
2014; Grison et al., 2015; Liu et al, 2020). Whether callose
dislocation in P. patens s4h influences plasmodesmal function
could be targeted in future studies to better understand the rela-
tionship between sphingolipids, callose and plasmodesmal func-
tion.

In summary, LCB hydroxylation has an important role in
maintaining sphingolipid homeostasis in vascular and nonvascu-
lar plants, and loss of trihydroxy sphingolipids causes substantial
growth defects. P. patens offers a valuable platform to study phys-
iological and biochemical processes in complex and highly
dynamic biological membranes. Together with findings from vas-
cular plants and simple model membrane systems, this may con-
tribute to fully understanding the physiological and metabolic
function of sphingolipids.
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