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Convergence of sphingolipid desaturation across
over 500 million years of plant evolution
Hanno Christoph Resemann1, Cornelia Herrfurth 1,2, Kirstin Feussner 1,2, Ellen Hornung1,
Anna K. Ostendorf3, Jasmin Gömann1, Jennifer Mittag4, Nico van Gessel 3, Jan de Vries 5,6,7,
Jutta Ludwig-Müller 4, Jennifer Markham 8, Ralf Reski 3,9 ✉ and Ivo Feussner 1,2,10 ✉
For plants, acclimation to low temperatures is fundamental to survival. This process involves the modification of lipids to maintain membrane fluidity. We previously identified a new cold-induced putative desaturase in Physcomitrium (Physcomitrella)
patens. Lipid profiles of null mutants of this gene lack sphingolipids containing monounsaturated C24 fatty acids, classifying
the new protein as sphingolipid fatty acid denaturase (PpSFD). PpSFD mutants showed a cold-sensitive phenotype as well as
higher susceptibility to the oomycete Pythium, assigning functions in stress tolerance for PpSFD. Ectopic expression of PpSFD
in the Atads2.1 (acyl coenzyme A desaturase-like 2) Arabidopsis thaliana mutant functionally complemented its cold-sensitive
phenotype. While these two enzymes catalyse a similar reaction, their evolutionary origin is clearly different since AtADS2 is a
methyl-end desaturase whereas PpSFD is a cytochrome b5 fusion desaturase. Altogether, we suggest that adjustment of membrane fluidity evolved independently in mosses and seed plants, which diverged more than 500 million years ago.

I

n contrast to mammals, plants cannot escape unfavourable environmental conditions and do not maintain an optimal internal temperature. They instead evolved mechanisms to endure
stresses such as cold temperatures. One aspect of acclimation to
cold stress is to maintain membrane fluidity, mainly by modifying
the desaturation grade of fatty acid moieties of membrane lipids1.
Increased desaturation lowers the phase transition temperature at
which fluid membranes transition to a gel-like phase. As loss of fluidity is associated with structural changes and ion leakage across
cellular compartments, this is an essential strategy to survive temperature fluctuations2.
Double bonds are introduced into fatty acids by desaturases.
Most desaturases are membrane-bound proteins of two subgroups
(Fig. 1)3. Methyl-end desaturases require the presence of an additional electron donor in the membrane to function. One group of
desaturases introduce the first double bond at position n-9 and the
next double bond towards the methyl-end of the fatty acid. A different group, so-called front-end desaturases harbour an electron
donor as a cytochrome b5 fusion domain4. In plants, this domain
is located at the N terminus of the protein. These cytochrome b5
fusion desaturases (Cb5 desaturases) can accept either fatty acids or
long-chain bases (LCB), the backbone molecule of sphingolipids, as
substrates4. In vascular plants, Cb5 desaturases exclusively use LCBs
as substrates. Non-vascular plants like the moss Physcomitrium
patens (until recently known as Physcomitrella patens) contain very
long chain polyunsaturated fatty acids (VLC-PUFA), such as arachidonic acid (20:4n-6), which are synthesized by Cb5 desaturases
introducing double bonds in front of the existing double bond at
position n-9 (ref. 5).

Sterols and sphingolipids together form lipid rafts, microdomains with a higher density than the surrounding membrane6. They
are important for recruiting receptor and signalling proteins7. Small
changes in the make-up of sphingolipids can have drastic effects on
the formation of these microdomains, leading to phenotypes such
as higher susceptibility to pathogens8,9. Therefore, the desaturation
of sphingolipids may be of central importance for stress responses.
A putative Cb5 desaturase transcript was found to be upregulated
in cold-stressed P. patens cultures10 but analysis of loss-of-function
mutants showed no notable differences in the fatty acid composition in comparison to wild type. To identify the function of this
putative Cb5 desaturase, we examined P. patens plants on a global
lipid level. This resulted in the identification of >700 molecular lipid species. By searching for species that were affected in the
mutants, we observed reduced amounts or complete absence of
several sphingolipid and phospholipid species with n-8 desaturated
very long chain fatty acids (VLCFAs). From this observation, we
concluded that the desaturase catalyses the introduction of double
bonds at the n-8 position in VLCFAs of sphingolipids and some
minor phospholipids. The moss mutant was sensitive to long-term
cold-stress conditions and infections with the oomycete Pythium.
Ectopic expression of this Cb5 n-8 desaturase from P. patens in the
cold-sensitive Arabidopsis thaliana mutant Atads2.1, which is a
loss-of-function mutant in a methyl-end n-9 desaturase, resulted in
complementation of the mutant phenotype. Lipid composition in
these complemented lines was also similar to wild-type A. thaliana,
while the positional specificity of the double-bond insertion by that
desaturase was maintained. Phylogenetic comparison revealed that
this desaturase is part of a separate cluster of Cb5 desaturases of
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Fig. 1 | Two types of membrane-bound desaturases exist in plants. Membrane-bound desaturases can be distinguished in plants by the occurrence of an
additional N-terminal extension. In methyl-end desaturases this domain is missing. They introduce double bonds into fatty acids behind an existing Δ9
double bond towards the methyl end. Cb5 desaturases harbour an N-terminal cytochrome b5 domain and can use both fatty acids and LCB as substrates.
They introduce into fatty acids double bonds in front of an existing double bond and are often called front-end desaturases. In LCB, the double bond is
introduced at position Δ8.

yet unknown function. These results suggest that, even though they
share the same enzymatic function, the P. patens desaturase and
AtADS2 evolved independently from each other.

Results

A sphingolipid desaturase from moss. Global differential gene
expression analyses of P. patens challenged with cold highlighted the
induction of a putative desaturase10, designated Pp3c21_180V3.1 in
the latest genome release11 (formerly Pp1s286_53V6.1). The gene
is transcribed in all major developmental stages and tissues11; it
encodes a protein of 469 amino acids that belongs to the group of
Cb5 desaturases. We next explored to which characterized bryophyte proteins our putative desaturase had the highest resemblance;
Pp3c21_180V3.1 had promising sequence identity with Δ5 desaturases MpDES5 from Marchantia polymorpha (AAT85663, 25.2%
identity)12,13 and PpDES5 from P. patens (XP_024396886, 23.7%
identity encoded by Pp3c15_5610V3.1)12,14 and all proteins share
the same domain structure (Supplementary Fig. 1). A conspicuous (potentially paralogous) locus (PNR35346/Pp3c18_17160V3.1/
Pp3c18_17150V3.1) with high sequence similarity (79.4%) can be
found in the P. patens genome. However, since the expression of the
two gene models was low or often undetectable10,11, we regarded its
biological relevance as ambiguous.
To perform functional analyses of the putative Cb5 desaturase, we
retrieved previously generated knockout mutants, gKO25 (ref. 15),
from our stock. Correct 3′ and 5′ integration of the targeting construct was shown by PCR for five mutants (Supplementary Fig. 2a);
PCR with reverse transcription (RT–PCR) verified the absence of
the transcript in all mutants (Supplementary Fig. 2b) and Southern
blot analysis resulted in differing banding patterns of multiple
integrations, thus verifying the mutants as independent events
(Supplementary Fig. 2c). Three null mutants (gKO25#3, gKO25#10
and gKO25#11, which were named sfd3, sfd10 and sfd11, respectively) were analysed further. Under standard growth conditions16,
wild type and the three mutants did not differ in size, form, differentiation of protonemata, gametophores and sporophytes
(Supplementary Fig. 3) or protonema growth rate in liquid media
(Supplementary Fig. 4). Moreover, we did not detect any notable
differences between wild type and mutants in fatty acid profiles6
under standard conditions or upon cold induction for 8 h and 24 h
(Supplementary Fig. 5). Likewise, we did not detect any notable
difference between wild type and mutants in carotenoid profiles
(Supplementary Fig. 6). Since the sfd mutants represent knockouts
of a single gene, we concluded from these initial screens, that no
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major lipid or carotenoid species was the substrate of this putative
Cb5 desaturase.
To establish a launching point for the identification of the substrate of the putative desaturase, we established a lipidomics workflow for P. patens on the basis of the one for A. thaliana17. Overall,
733 molecular species derived from glycerolipids, sterol lipids and
sphingolipids were detected in P. patens wild type grown in liquid
culture (Table 1).
By applying the lipidomics workflow, we searched for differences in
the occurrence of lipid molecules between wild type and the mutants.
As the three mutants had a similar lipid species composition (shown
for ceramide (Cer) in Supplementary Fig. 7), one mutant (sfd10) was
further investigated. Next we calculated the fold reduction for every
lipid species by dividing the relative peak area from the sfd mutant
with that from wild type (Supplementary Data). Thirty-one lipid species showed a more than fivefold reduction but 28 species represented
low abundant species of a relative peak area below 1% (Supplementary
Table 1). In the mutant, the remaining three Cer and glycosylinositolphosphate ceramide (GIPC) species containing monounsaturated
hydroxylated and non-hydroxylated C24 fatty acids were barely
detectable compared to wild type (Fig. 2a and Supplementary Figs.
8–12) and the relative amounts of these Cer and GIPC species were
reduced by 95% (P = 9.89 × 10−5) and 86% (P = 9.08 × 10−4), respectively. In contrast, saturated C24 fatty acids were notably increased in
the mutant compared to wild type (for example, 35% increase for Cer
(18:0;3/24:0;1), P = 0.0123 and 20% increase for GIPC (18:0;3/24:0;1),
P = 0.2678). (Nomenclature for fatty acids and LCB: X:Y;Z, X number of carbon atoms, Y number of double bonds and Z number of
hydroxyl-groups in the hydrocarbon chain.) In other lipid classes,
again mainly monounsaturated C24 fatty acids were also notably
reduced compared to wild type, namely in glycosylceramide (GlcCer)
(18:2;2/24:1;1, 97% reduction, P = 0.0005), phosphatidyl choline
(PC) (20:4/24:1, 79% reduction, P = 0.0042) and phosphatidyl ethanolamine (PE) (20:4/24:1, 81% reduction, P = 0.0031). In these lipid
classes, however, even monounsaturated C24 fatty acids were rare,
while in Cer and GIPC they represent the second most abundant
lipid species. However, in addition we observed a reduction of rare
monounsaturated C20 and C26 fatty acids (Supplementary Table 1).
From these data, we concluded that this putative desaturase preferentially accepts VLCFAs as substrate, which are major components of
P. patens sphingolipids. We therefore named the gene Physcomitrium
patens sphingolipid fatty acid desaturase, PpSFD.
The knockout of the Ppsfd gene has the strongest impact on the
composition of Cer and GIPC. To confirm the function of PpSFD in
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Only lipid species detected with a relative peak area of >0.01% in each lipid class were included in the dataset. All lipid profiles of the different lipid classes are shown in Supplementary Figs. 8–12. Lipids were measured in four independent experiments. aSterols were analysed
via GC–MS. Nomenclature for fatty acids and LCB: X:Y;Z, where X is the number of carbon atoms, Y the number of double bonds and Z the number of hydroxyl-groups in the hydrocarbon chain. Abbreviations: PA, phosphatidic acid; PC, phosphatidyl choline; PE, phosphatidyl
ethanolamine; PG, phosphatdidyl glycerol; PI, phosphatidyl inositol; PS, phosphatidyl serine; MGDG, monogalactosyl diacylglycerol; DGDG, digalactosyl diacylglycerol; SQDG, sulfoquinovosyl diacylglycerol; DGTS/A, diacylglycerol-O-(N,N,N-trimethyl)-homoserine/alanine; DAG,
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Fig. 2 | Analysis of PpSFD activity in P. patens and S. cerevisiae. a, Analysis of lipid species containing very long chain fatty acids (VLCFAs) in P. patens
wild type (WT) and in a Ppsfd mutant. Subclasses include: ceramides (Cer), glycosyl ceramides (GlcCer), glycosylinositolphosphate ceramide (GIPC),
phosphatidyl choline (PC) and phosphatidyl ethanolamine (PE). Shown are sphingolipid species that contain C24 fatty acids and LCBs 18:0;3 (Cer) or LCB
18:2;2 (GlcCer), as well as PC and PE lipid species that contain 24:1. Data represent mean values with standard deviations of n = 4 independent experiments
(complete dataset is shown in the Source data). Please note that the GIPC data were taken from an independent experiment. Asterisks represent results
of a two-sided Student’s t-test performed for the differences in relative peak area between wild type and mutant. *P < 0.05, **P < 0.01, ***P < 0.001.
Exact P-values are as follows: Cer(18:0;3/24:0;0) = 0.0039, Cer(18:0;3/24:0;1) = 0.0123, Cer(18:0;3/24:1;0) = 0.0001, Cer(18:0;3/24:1;1) = 9.89 × 10−5;
GlcCer(18:2;2/24:0;1) = 0.0008, GlcCer(18:2;2/24:1;0) = 0.0074, GlcCer(18:2;2/24:1;1) = 0.0005; GIPC(18:0;3/24:1;1) = 9.08 × 10−4;
PC(18:2/24:1) = 0.0011, PC(18:3/24:1) = 0.0006, PC(20:3/24:1) = 0.0028, PC(20:4/24:1) = 0.0042, PC(20:5/24:1) = 0.0347; PE(18:2/24:1) = 2.66 × 10–5,
PE(18:3/24:1) = 5.76 × 10−7, PE(20:3/24:1) = 0.0004, PE(20:4/24:1) = 0.0031, PE(20:5/24:1) = 0.0094. b, Analysis of ceramides (Cer) containing
monounsaturated VLCFAs in the S. cerevisiae OLE1 mutant line (desaturase mutant that does not produce unsaturated fatty acids on its own) and OLE1/
Ppsfd line. Data show relative intensities (cps, counts per second). Data are depicted in the Source data and represent mean values with standard deviations
of four independent OLE1/Ppsfd lines. The experiment was done twice for at least two of the four lines with comparable results. c, GC–MS analysis of
the double-bond position in dimethyl disulfide-derivatized 24:1;1 fatty acid methyl ester from either A. thaliana or P. patens wild type. Left, extracted ion
chromatograms of fragments m/z 269 (red, specific for n-9 position) and m/z 283 (black, specific for n-8 position). The x marks an unknown substance.
Right, fragmentation pattern of dithiomethyl 24:1;1 fatty acid methyl ester. Position of the double bond and the resulting fragmentation patterns are shown in
the chemical formulas. Measurements depicted are representative for n = 2 independent experiments each.

ceramide metabolism, PpSFD was expressed in the Saccharomyces
cerevisiae strain OLE1, which is devoid of fatty acid desaturases18.
C24 and C26 fatty acids are only found on sphingolipids in these
cells. The transgenic OLE1/PpSFD line produced monounsatu222

rated C24 and C26 fatty acids in Cer, which were not present in
an OLE1/empty vector line (Fig. 2b). This independently supported
our finding that PpSFD inserts double bonds into VLCFAs found in
sphingolipids.
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Desaturases are highly specific for the position at which they
insert a double bond19 and so we sought to establish the positional
preference of PpSFD on the basis of analysis of lipid desaturation in
wild type. We focused on α-hydroxylated monounsaturated C24 fatty
acids (24:1;1), which are abundant and specific moieties of sphingolipids. Lipid extracts from P. patens wild type were transmethylated to
produce fatty acid methyl esters and then derivatized with dimethyl
disulfide, which forms dithiomethyl groups at double bonds in acyl
chains20. The fragmentation pattern of 24:1;1 revealed that it mainly
contains the double bond at the n-8 position but small amounts of
24:1;1 n-9 were also detected (Fig. 2c). In contrast, in A. thaliana, the
double bond in the corresponding molecule is found exclusively at
the n-9 position, with no trace of double bonds at n-8 (Fig. 2c).
Cold stress affects lipid amounts and fatty acid composition in
wild type but has a reduced effect in the Ppsfd mutant. Since the
PpSFD transcript was upregulated at low temperatures10 and lipid
desaturation has a known role in cold-stress tolerance, we analysed
lipid composition under cold stress. We exposed wild type and
Ppsfd mutant to 6 °C for 24 h and analysed lipid composition compared with non-stressed plants. By binning lipid species into the five
major lipid groups (phospholipids, glycolipids, neutral lipids, sterol
lipids and sphingolipids), significant differences became apparent.
Cold-stressed wild type contained higher relative amounts of neutral lipids and sphingolipids than did untreated wild type (Fig. 3a).
In contrast, levels of neutral lipids were already 1.4-fold higher in
untreated mutants and further increased to 1.87-fold higher levels
after cold stress. Amounts of sphingolipid in the Ppsfd mutant were
only slightly increased by cold stress. Furthermore, sterol lipids
in both conditions were significantly reduced in the Ppsfd mutant
when compared to wild type.
Cold stress also affected the composition of lipids on the fatty acid
level. When binning lipid molecules by fatty acid content, different
effects were observed. In wild-type monogalactosyl diacylglycerol
(MGDG), the relative amount of 16:3 decreased significantly after
cold stress (11% less, P = 0.0090), while the levels of 20:(2–3) (33%
more, P = 0.0075) and 20:(4–5) (15% more, P = 0.0493) increased
(Fig. 3b). In PC, 20:(2–3) also increased (15% more, P = 0.0246) but
20:(4–5) decreased significantly (15% less, P = 0.0094) after cold
stress. In contrast to wild type, the relative levels of fatty acids in the
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

mutant remained similar to untreated samples, with the exception
of 20:(2–3) in PC (13% more, P = 0.0272) (Fig. 3b).
Ppsfd mutants are cold-sensitive. In vascular plants, loss-of-function
mutants of some desaturases like AtFAD5 and AtADS2 have been
linked to cold-sensitive phenotypes21,22. Therefore, we compared
growth of P. patens wild type and the three Ppsfd mutants (sfd3, sfd10
and sfd11) under long-term cold stress (56 d, 6 °C) with continuous
light. At 25 °C all plants showed tissue browning after 48 d, respectively. In the cold, however, wild-type plants stayed green during
the entire experiment, while the mutants turned brown after 48 and
56 d, comparable to plants grown at 25 °C (Fig. 4a). Consistently,
all sfd KO lines contained notably less chlorophyll after cold stress
than wild-type moss (sfd3: 83% less, P = 5.02 × 10−7; sfd10: 71% less,
P = 5.06 × 10−6; sfd11: 63% less, P = 2.20 × 10−5; Fig. 4b). In contrast
to wild type, mutants ceased to grow in the cold (Fig. 4a), possibly
explaining their unchanged lipid composition (Fig. 3).
Expression of PpSFD in the Atads2 mutant rescues its
cold-sensitive phenotype. In A. thaliana, the methyl-end desaturase
AtADS2 has a similar function as the Cb5 desaturase PpSFD has in P.
patens. In A. thaliana wild type, monounsaturated C24 and C26 fatty
acids constitute the majority of fatty acid residues of sphingolipids
and Atads2.1 loss-of-function mutants are devoid of them23. Atads2
mutants further contain no monounsaturated C24 fatty acids in the
phospholipid classes PC, PE and phosphatidyl serine (PS) and grow
much slower at low temperatures than does the wild type22. To test
if PpSFD can functionally complement Atads2 mutants of A. thaliana, PpSFD was expressed ectopically under the CaMV 35S promoter in the Atads2.1 mutant. As a control, AtADS2 was expressed
under the same promoter in Atads2.1. Two transgenic lines of each
construct that contained high levels of either PpSFD or AtADS2
transcript, measured via real-time PCR, were chosen for analysis
(Supplementary Fig. 13). Mutant plants ads2.1/PpSFD C05 and C11
contained 7.52× and 4.73× higher levels of PpSFD transcript than
the reference actin gene, respectively. Mutant plants ads2.1/AtADS2
F03 and F09 contained 4.64× and 15.73× higher levels of AtADS2
transcript than the reference actin gene, respectively.
When grown at normal temperatures for 15 d, no obvious morphological differences were observed between the complementation
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temperatures. All cultures were grown under continuous light and initially incubated at 25 °C for 1 week. b, Chlorophyll content of lyophilized moss tissue
from plate cultures after 56 d of growth (µg chlorophyll per mg moss material). Moss cultures grew either at 25 °C or at 6 °C. Data are depicted in the Source
data and represent mean values with standard deviations of n = 5 biologically independent samples, except for wild type 25 °C (n = 4 biologically independent
samples). One-way analysis of variance (ANOVA) with Tukey test was performed comparing the chlorophyll amounts. Different letters indicate that the
means difference is significant at the 0.05 significance level. Same letters indicate that the means difference is not significant at the 0.05 significance level.

lines, the Atads2.1 line and wild type (Fig. 5a and Source Data Fig.
5). After additional growth at 6 °C for 59 d, Atads2.1 mutants were
much smaller than the wild type or the complementation lines. The
weight of cold-treated wild-type plants (0.97 g) was also significantly higher than that of Atads2.1 (0.15 g, P = 0.0078); complementation lines had slightly lower weight than wild type but significantly
higher weight than Atads2.1 (C05: 0.39 g, P = 0.0135; C11: 0.56,
P = 0.0004; F03: 0.60 g, P = 0.0027; F09: P = 0.0039; Fig. 5b). In the
complemented lines, all monounsaturated C24 fatty acids or C26
fatty acids in sphingolipids as well as in PC, PE and PS were similar
to the levels measured in wild-type plants under normal temperature; in Atads2.1 plants these compounds were missing (Fig. 5c and
Supplementary Fig. 14). Additionally, the double-bond position in
24:1;1 in the Atads2.1/PpSFD line C11 was mainly present at the n-8
position and to a lesser degree at n-9, similar to P. patens wild type
(Supplementary Fig. 15).
Ppsfd mutants are susceptible to the oomycete Pythium. Pythium
species are soil-borne, plant-pathogenic oomycetes with a broad
host spectrum, which normally cause root rot disease24. Under laboratory conditions, P. debaryanum infects P. patens25–27. At 3 d after
inoculation (dai), P. patens wild type showed only moderate symptoms, while the Ppsfd mutants were more susceptible. Later, wild
type also showed typical symptoms of P. debaryanum infection like
stem base, stem and leaf browning (Fig. 6a). Four weeks after inoculation, wild-type plants were also strongly colonized but, in contrast
to Ppsfd mutants, not all wild-type gametophores showed whitening. Moreover, only infected wild type but not infected mutant
plants were able to produce new viable gametophores on rhizoids.
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All Ppsfd mutants showed signs of cell death on green leaves already
3 dai and browning of all plant parts was more substantial at 14 dai.
The infection was evaluated by categorizing the plants in disease severity classes (Fig. 6b). From these, a disease index (DI)
and the infection rate (%) were calculated (Supplementary Table
2). In general, wild-type plants presented low severity classes
(Fig. 6b) and the DI was between 50 and 60. In contrast, the DI
was always above 80 for Ppsfd mutants (Supplementary Table 2).
The fresh weight reflected these observations with high values for
wild type (~200 mg) and much lower for Ppsfd mutants (<90 mg)
(Supplementary Table 2). At 3 dai, wild type showed an infection
rate of merely 5%, whereas the mutants already had a high proportion of infected plants (Supplementary Table 2). At later time points
all plants displayed some type of symptoms, so the infection rate
was 100% in all experiments.
An evolutionary ancient group of front-end VLC-PUFA desaturases. PpSFD has the protein domain structure of a Cb5 desaturase.
This stands in contrast to AtADS2, which is a methyl-end desaturase. The enzymatic activity of PpSFD is unprecedented among any
known Cb5 desaturase. To explore the evolutionary roots of PpSFD
and other Cb5 desaturases, we first used PpSFD as a query for a
survey against public databases to obtain a phylodiverse sample of
homologous protein sequences. On the basis of these results, protein data from relevant fully sequenced genomes were mined for
additional informative sequences. Using this dataset, we performed
a phylogenetic analysis. We used MAFFT (L-INS-I) to generate an
alignment28 and computed a maximum likelihood phylogeny with
IQ-TREE (v.1.5.5; 100 bootstrap replicates)29 using an LG + I + G4
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants
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was performed comparing the lipid amounts. Different letters indicate that the means difference is significant at the 0.05 significance level. Same letters
indicate that the means difference is not significant at the 0.05 significance level.

model for protein evolution that was chosen according to Bayesian
information criterion by ModelFinder (Fig. 7a)30.
PpSFD fell into a fully supported clade separate from the archetypal front-end desaturases, namely the Δ5 fatty acid desaturases
and Δ6 fatty acid desaturases and Δ8 LCB desaturases. This separate cluster contains several putative proteins whose function have
not been described previously. Of particular note is that the clade
includes a conspicuously phylodiverse set of sequences, spanning
eukaryotic supergroups by ranging from a liverwort (M. polymorpha) protein to sequences from opisthokonts (fungi and choanoflagellates) as well as stramenopiles (diatoms and Eustigmatophyceae).
This suggests that PpSFD is part of a new group of Cb5 desaturases
with yet unknown substrate specificity—a group with a complex
evolutionary history. Among streptophytes, this group currently
appears limited to some Setaphyta.
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

Despite their similar substrate specificity, PpSFD and AtADS2
have independent evolutionary origins. AtADS2 probably evolved
from the group of methyl-end desaturases, while PpSFD derives
from Cb5 desaturases. These Cb5 desaturases might have evolved
from front-end desaturases, yet an emergence from LCB desaturases
is an equally possible scenario. The independent origins of these
desaturases may be reflected by their slightly different preferences
for double-bond positions, that is, n-8 (PpSFD) and n-9 (AtADS2;
Fig. 7b). Such preferences aside, it is fair to say that the function of
these phylogenetically distant proteins converged (Fig. 7b).

Discussion

Sterols and sphingolipids form lipid rafts31, which are important for
recruiting specific receptor and signalling proteins7. Small changes
in sphingolipid content can have drastic effects on the formation of
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Fig. 7 | A phylogenetic framework for the origin of PpSFD. a, Unrooted phylogeny of PpSFD and closely related desaturases from diverse organisms.
Amino acid sequences of 142 proteins were aligned. PpSFD is highlighted in orange font. Well-supported clades are highlighted and labelled on the basis
of the types of proteins they contain and/or their taxonomic affiliations. The maximum likelihood phylogeny was computed using IQ-TREE multicore
v.1.5.5 for Linux 64-bit29, on the basis of a MAFFT28 L-INS-I generated alignment; using ModelFinder30, 144 models for protein evolution were tested and
LG + I + G4 was chosen according to Bayesian information criterion. A total of 100 bootstrap replicates were computed; maximum support (100/100) is
indicated by a filled circle and only bootstrap values ≥50 are shown. b, Proposed evolutionary scenario for the convergence of sphingolipid desaturase
function in AtADS2 and PpSFD. We assume PpSFD probably evolved from front-end Cb5 desaturases due to the closest sequence identity but LCB Cb5
desaturases are an equally possible origin.

these microdomains, leading to phenotypes like higher susceptibility to pathogens8,9. Here, we provide evidence that sphingolipids also
play a central role in the cold-stress response and upon infection
with the oomycete Pythium of the model moss P. patens. Lipid profiling of a protonema culture (Table 1) revealed that P. patens contains high relative amounts of the VLC-PUFA 20:4 in all analysed
diacyl- and triacyl-lipid classes (Supplementary Figs. 8–10)—which
aligns with previous coarser analyses5. The presence of VLC-PUFA
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

adds to the complexity of lipid species in P. patens. Previous analysis
of lipids in leaves of the vascular plant A. thaliana using a similar
approach identified 393 individual lipid species17, ~54% of the number of lipid species detected here in moss (729).
On the level of fatty acid composition, P. patens appears to adjust
glycolipids and phospholipids in opposite ways upon cold stress.
While in glycolipids like MGDG, lipid species with 20:4 accumulated, in phospholipids 20:4 decreased (Fig. 3b). This contrasts with
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A. thaliana, where under cold stress the degree of unsaturation generally increases in all lipids17,32. That said, 20:4 is not present in vascular plants.
PpSFD is crucial for the formation of monounsaturated VLCFA
moieties in sphingolipids (Fig. 2a). The same fatty acids were also
detected in PC, PE and GlcCer but there they made up a much
smaller relative proportion of these lipid classes. Expressing PpSFD
in the desaturase-impaired yeast strain ole1 confirmed the activity
on sphingolipids (Fig. 2b). Further analysis of VLCFAs in P. patens
wild type revealed that the double bond occurred mostly at the n-8
position and to a lesser extent at n-9 (Fig. 2c). This positioning is
different to that found in A. thaliana sphingolipids where n-9 is the
only double-bond position in hydroxylated VLCFAs23.
PpSFD was discovered as a gene highly expressed under
cold-stress conditions in P. patens10. In A. thaliana, unsaturation of
VLCFAs has been associated with the cold-stress response17,22 but
this trend was observed across lipid classes, mainly in phospholipids23. To establish a complete picture of the effects of cold stress on
lipids in P. patens, we compared the lipid composition of wild type
and Ppsfd mutants grown under normal as well as cold conditions.
Cold-stressed mosses accumulated neutral lipids, as documented
for taxonomically diverse microalgae33 and vascular plants17,32; this
might therefore represent a universal response to unfavourable conditions in photosynthetic eukaryotes. In Ppsfd mutants, accumulation of neutral lipids is elevated under normal growth conditions
and rises to even higher levels after cold stress, reaching almost
double of the relative amount as non-stressed wild-type plants
(Fig. 3a). Ppsfd mutants also contain significantly less sterol lipids,
however, which are also classified as neutral lipids. In P. patens they
were mostly present as non-esterified free sterols and glycosylated
sterols, which are commonly part of plant plasma membranes34.
Finally, under cold-stress conditions, P. patens contains higher relative amounts of sphingolipids. The stronger accumulation of neutral
lipids suggests that Ppsfd mutants are generally in a stressed state
compared to wild type, both in normal and cold growth conditions.
Interestingly, this does not affect growth, differentiation and fertility
under standard laboratory conditions.
Our data show that the desaturases PpSFD from P. patens and
AtADS2 from A. thaliana fulfil similar biochemical and physiological functions. Both enzymes are upregulated under cold-stress
and loss-of-function mutants of both lead to a cold-sensitive phenotype22. Here, we trace this to the inability of Ppsfd and Atads2
mutants to produce monounsaturated VLCFAs in sphingolipids
and some phospholipid species. Ectopic expression of PpSFD in
the Atads2 background resulted in a similar degree of recovery to
complementation with AtADS2. This suggests that the slightly different double-bond insertion preference (n-8 in PpSFD and n-9 in
AtADS2) most probably did not affect the functionality of PpSFD
in A. thaliana. The fact that PpSFD, a bifunctional Cb5 desaturase,
could function properly in place of a monofunctional desaturase
shows that the cytochrome b5 domain does not interfere with activity when it is not needed otherwise. This has been reported for other
Cb5 desaturases35.
During recent years P. patens has been established as a model
system for the interaction of bryophytes with necrotrophic filamentous pathogens26. In angiosperms, either a pathogen-induced
increase in LCBs or change in the LCB/Cer ratio induce cell death,
thereby leading to susceptibility against necrotrophic pathogens36.
However, neither LCB nor Cer levels are affected in the PpSFD
mutant (Supplementary Data). Therefore, it is tempting to speculate
that in mosses different sphingolipids may serve as signals to induce
cell death conferring susceptibility against Pythium (Fig. 6).
PpSFD and AtADS2 behave like functional orthologues. Yet,
these proteins are far from being orthologous to one another.
PpSFD is a Cb5 desaturase, closely related to front-end desaturases
(which are not present in vascular plants) and to LCB desaturases37.
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AtADS2 is a methyl-end desaturase, like most desaturases in
plants19,23. Apparently, PpSFD and AtADS2 converged during evolution towards the same biochemical function; one evolving from
Cb5 desaturases and the other from methyl-end desaturases, with
the common biochemical function of desaturating VLCFAs in
sphingolipids (Fig. 7b). This convergence bridges an astounding
evolutionary timescale: apart from the Physcomitrium proteins
Pp3c18_17150/60 and a Marchantia protein, PpSFD clusters with
protein sequences from eukaryotes from many different ‘supergroup’-level taxa38 (Fig. 7a). How did this come about? The only
explanation conceivable to us is a very complex evolutionary scenario that involves rampant loss or horizontal gene transfer. Testing
these possibilities is difficult; the evolutionary origin of PpSFD thus
remains obscure. What is clear is that PpSFD is a new Cb5 enzyme
that catalyses the desaturation of fatty acids in sphingolipids with
preference for double-bond insertion at the n-8 position. Since no
other protein from this cluster (Fig. 7a) has been characterized,
it remains unknown whether they share this substrate specificity. These desaturases probably share common roots with the Δ5
front-end desaturases, which are the most closely related type of
enzyme with known function. Characterizing some of these divergent enzymes from diverse taxonomic backgrounds is bound to be
illuminating; they might shed light on a mechanism that could be
as old as eukaryotes.
The broader diversity of lipids we observed in P. patens may
reflect strategies for coping with terrestrial challenges distinct from
those of vascular plants. Non-vascular plants are largely unable to
maintain an equilibrium of humidity inside their tissues and it is
conceivable that this was also the case for the earliest land plants39.
With the advent of vascularity, the selective pressure on such a
lipid composition was lifted and tracheophytes, thus, lost the corresponding enzymes. Mosses in general appear to be well adapted
to surviving extremely low temperatures40; the high variety of membrane lipids might allow these organisms to better adjust membrane
fluidity to deal with abiotic stresses.

Methods

Plant lines. All plant samples were obtained from the organisms A. thaliana (Col-0
accession), P. patens (Grandsen strain, International Moss Stock Center (IMSC;
http://www.moss-stock-center.org) accession no. 40001) and mutants in these
genetic backgrounds. The A. thaliana KO mutant Atads2.1 was first described by
Smith et al.23.
P. patens cultivation. Mosses for lipid analysis were grown in liquid minimal
medium as described in ref. 41 with the following modifications: 12.5 mg l–1 FeSO4,
0.5 mg l–1 thiamin/HCl, 920 mg l–1 di-NH4-tartrate. Growth occurred at long-day
light regime (16 h light/8 h dark). Liquid cultures were constantly supplied with
air containing 1% CO2. Normally grown liquid cultures were grown for 1 week at
25 °C. Cold-stressed cultures were grown for 1 week at 25 °C and then for 24 h at
6 °C by submerging cultures in crushed ice. Material was harvested by drying off
collected cultures with tissues and freezing them in liquid nitrogen.
Moss plate cultures were grown on BCD-AT media42 overlaid with cellophane,
under continuous light. Plants were grown at 25 °C for 1 week in Petri dishes sealed
with micropore tape. Plates were then sealed with parafilm and grown either at
25 °C (normally grown) or at 6 °C (cold stressed) for an additional 49 d (56 d of
growth total). Plate cultures were harvested by scraping moss tissue from the
cellophane and freezing in liquid nitrogen.
Protonema for growth quantification (Supplementary Fig. 4) were cultivated in
Erlenmeyer flasks containing 180 ml of liquid Knop medium41 under standardized
growth conditions of 55–70 µmol m−2 s−1 light intensity (Philips TL-D 36W/33-640)
and a photoperiod of 16 h light to 8 h dark at 23 ± 1 °C43. The flasks were shaken
continuously at 125 r.p.m. Sterile gas exchange was enabled via micropore silicone
caps. The initial moss density was adjusted to 150 mg of dry weight per 1 l of Knop
medium. The increase of biomass was determined by dry weight measurement.
For that purpose, three times 10 ml of the suspension culture was taken out with a
wide-necked pipette and sieved with filter paper that had previously been dried at
105 °C for at least 30 min and weighed for tare weight. The filtered moss material
was incubated at 105 °C for 2 h. Finally, the moss dry weight was determined with a
special accuracy microbalance (CPA 3245, Sartorius).
For phenotypic characterization, fatty acid profiles under cold stress and
carotenoid profiles (Supplementary Figs. 3, 5 and 6), gametophores were grown on
agar-solidified (1.2%) Knop medium in Petri dishes enclosed with Nescofilm. The
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

Nature Plants
standardized growth conditions were 55–70 µmol m−2 s−1 light intensity (Philips
TL-D 36W/33-640) and a photoperiod of 16 h light to 8 h dark at 23 ± 1 °C. For
sporophyte induction, plants were transferred to a low-temperature incubator of
15 °C, with a photoperiod of 8 h light to 16 h dark and a reduced light intensity
of 20 µmol m−2 s−1 (ref. 43). After 4 weeks, the gametophores were controlled for
gametangia development and the plates were watered with autoclaved tap water
to enable fertilization. The watered cultures were kept under sporophyte-inducing
growth conditions for at least 8 weeks to develop mature spore capsules. An F1
generation was established to test for spore viability (Supplementary Fig. 3a).
Cold treatments (Supplementary Fig. 5) were performed by placing the Petri
dishes onto ice in polystyrene boxes in a growth chamber under standardized
light conditions of 55–70 µmol m−2 s−1 and 16 h light to 8 h dark photoperiod.
Gametophores were grown for 4 weeks before each cold treatment under
standardized growth conditions. The transfer to ice caused a rapid temperature
decrease from 23 °C ± 1 °C to 3.5 °C ± 1.5 °C within the first hour of treatment as
determined with a micro-infrared thermometer (Graupner).
Pythium infection tests were performed on gametophores on agar-solidified
(1.2%) Knop medium in parafilm-sealed Petri dishes under long-day conditions as
described in ref. 43.
A. thaliana plant cultivation. All A. thaliana plants were grown on soil. Seeds
were planted directly on the soil, kept in the dark at 4 °C for 2 d and transferred
to climate chambers. For analysing effects of low temperature, plants were first
cultivated at 22 °C at long-day conditions (16 h light/22 °C, 8 h night/22 °C). After
15 d, plants were moved to a growth chamber and grown under continuous light
at 6 °C for another 59 d (74 d of growth total). Pictures were taken directly before
the transfer to climate chambers and after finishing the experiment. All plant parts
above soil level were harvested and frozen in liquid nitrogen.
Generation of A. thaliana complementation lines. The A. thaliana KO mutant
Atads2.1 was described in ref. 23.
The coding sequence of PpSFD (Pp1s286_53V6.1) was amplified
from P. patens complementary DNA using reverse transcriptase and the
following primer pair: 5′-GAATTCATGGCGACATCTGAAGCT-3′,
5′-CTCGAGTTAATCAGCATGTTCAATCTTTGTA-3′. Nucleotide
transcript of the gene AtADS2 (OAP08999) was amplified from
A. thaliana cDNA using reverse transcriptase and the following
primer pair: 5′-CGGATCCATGTCGGTGACATCAACGGT-3′,
5′- ATAAGAATGCGGCCGCACGAACTATAGCCATACGACG-3′.
Complementary DNA sequences were cloned into a pCambia 33.1s-35S
vector (containing a CaMV 35S promotor in front of the multiple cloning site,
resistance genes for kanamycin and a Basta-resistance cassette). The vector
constructs were transfected into Agrobacterium tumefaciens competent cells (strain:
EHA 105). Agrobacterium-mediated flower dip transformation was applied for
transforming A. thaliana ads2.1 plants with either a 35S::PpSFD or a 35S::AtADS2
construct. Seedlings were sprayed with 0.5% Basta (Bayer CropScience) solution
1 and 2 weeks after sowing. Surviving seedlings were planted in single pots and
grown until seed maturity. Seeds were harvested individually for each plant and
numbered. For ads2.1/35S::PpSFD, lines C05 and C11 and for ads2.1/35 S::AtADS2,
lines F03 and F09 were chosen for further experiments after preliminary analysis of
transcript levels and lipid composition. These seed lines were then used for growth
and lipidomics experiments.
Nucleic acids analysis. To test P. patens for knockout construct integration on
genomic DNA level, PCR-based screening was done (Supplementary Fig. 2a). The
primers were ATAGTGACCTTAGGCGAC and GTTTGGGAACCATCTCGTGT
for 3′ integration of the construct and TTAACATGTAATGCATGACG and
TCCTCACATACAGAGAATGC for correct 5′ integration. In addition, the whole
construct was amplified from the mutants. The primers used for this approach
were CACACTCCACCAGAAGAGCA and CGAAGGGGAGTCTAAGAGACG,
amplifying 1,963 base pairs (bp) in the mutants and 480 bp in wild type
(Supplementary Fig. 2a). RT–PCR was done to test for transcript abundance
(Supplementary Fig. 2b). Using the primers CGAAGGGGAGTCTAAGAGACG and
TGTGGGAAACAAGTGGTGAA, flanking the selection cassette, the abolishment of
the transcript in comparison to wild type was shown. A TATA-binding protein (TBP)
was used as a control for proper cDNA synthesis and amplified with the primers
TBP_for: GCTGAGGCAGTTGGAG and TBP_rev: TCGAGCCGGAGGGAAC.
For the Southern blot analysis of P. patens, 0.7 µg of genomic DNA of each
plant were digested with 20 U of restriction endonuclease. Two approaches were
performed. PvuII cuts within the nptII selection cassette and both upstream and
downstream of the knockout construct. EcoRV cuts only outside the construct.
DNA separation, blotting, hybridization and detection were done essentially as
described in ref. 15.
Four of the putative mutant lines (nos. 3, 7, 9 and 10) showed multiple
integrations of the nptII cassette and one (no. 11) showed only one band for
the EcoRV digestion and two bands for PvuII digestion. As the banding pattern
differed between the five mutants, we regard them as independent transformation
events. On the basis of the combined molecular analyses, the knockout lines sfd3,
sfd10 and sfd11 were selected for further analyses.
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Complemented A. thaliana lines were analysed for transcript levels via
quantitative PCR with reverse transcription (qRT–PCR). The cDNA was extracted
from a frozen leaf for each plant of 74 d old and cold-stressed (for 59 d) A. thaliana
plants. Primers for qRT–PCR were designed using the Primer3Prefold44 and
Primer3Plus45 tools. Settings were as follows: product size range 70–150, primer
size 18–23, primer melting temperature (Tm) 58–62 (maximum Tm difference 3),
primer GC% 30–80. Automatically designed results were tested via PCR and RT–
PCR and best performing primer pairs used for the final qRT–PCR experiment.
The following primer pairs were used for qRT–PCR: actin AtACT8
(reference gene, NM_103814.4) 5′-GGTTTTCCCCAGTGTTGTTG-3′,
5′-CTCCATGTCATCCCAGTTGC-3′; AtADS2 (NM_128693.5) 5′-CAGT
GTGGAAGAAGAGCAAACG-3′, 5′-ACATGCCACCAAGGTAGAAGAG-3′;
PpSFD (XM_001780735.1) 5′-TGAAGTGGTTGCCCATTCAC-3′, 5′-TGTCAAG
CCAAACTCAACCG-3′.
Lipid extraction and derivatization. Extraction was performed using a one-phase
lipid extraction protocol modified as described before with modifications46: 20 mg
of lyophilized plant material was extracted by adding 6 ml of propan-2-ol/hexane/
water (60:26:14, v/v/v) and incubating at 60 °C for 30 min while occasionally
stirring. Afterwards, cell debris was centrifuged down and the supernatant
collected. Solvents were dried under a nitrogen stream and the remaining lipids
dissolved in 800 μl of tetrahydrofuran/methanol/water (4:4:1, v/v/v).
For PA and lysophosphatidic acid (LPA) detection, samples were methylated
before analysis. Extract was dried under a nitrogen stream and dissolved in
methanol. Trimethylsilyl diazomethane was added to the solution and shaken at
room temperature for 30 min. After adding 10% acetic acid solution, samples were
dried under a nitrogen stream and dissolved in tetrahydrofuran/methanol/water
(4:4:1, v/v/v).
LC–MS lipid analysis. For analysis of the molecular composition of lipid species,
extracts were analysed via multiple reaction monitoring (MRM)-based UPLC–
nanoESI–MS/MS (ultraperformance liquid chromatography–nanoelectrospray
ionization–tandem mass spectrometry) analysis. The method was described before
and used with some modifications17.
Separation of lipid molecular species was carried out via reversed-phase
UPLC using an ACQUITY UPLC I-class system (Waters) with an ACQUITY
UPLC HSS T3 column (100 mm × 1 mm, 1 μm; Waters). Aliquots of sample
extracts of 2 μl were injected. Flow rate was set at 0.1 ml min–1 at a separation
temperature of 35 °C. Separation of lipids was performed via linear binary
gradients using two solvent mixtures (A and B). Solvent mixture composition was
as follows: A, methanol/20 mM ammonium acetate (3:7, v/v); B, tetrahydrofuran/
methanol/20 mM ammonium acetate (6:3:1, v/v/v). Both solvent mixtures
were substituted with 0.1% (v/v) acetic acid. Linear gradients following similar
procedures were used for the respective lipid classes: starting conditions (50–100%
B) for 2 min, linear increase to 100% B for 8 min, holding 100% B for 2 min,
returning to starting conditions for 4 min. Starting conditions vary between lipid
classes analysed: 65% B for digalactosyl diacylglycerol (DGDG), MGDG, PA, PC,
PE, phosphatdidyl glycerol (PG), phosphatidyl inositol (PI), PS, sulfoquinovosyl
diacylglycerol (SQDG), GIPC, diacylglycerol-O-(N,N,N-trimethyl)-homoserine/
alanine (DGTS/A), sterol glycoside (SG); 80% B for acylsterolglycoside (ASG), Cer,
GlcCer, diacylglycerol (DAG); 90% B for sterol ester (SE), triacylglycerol (TAG);
50% B for lysolipids.
Lipids were ionized for both positive and negative mode measurements by
chip-based nanoelectrospray (nanoESI) with a TriVersa Nanomate (Advion),
using nozzles with 5 μm internal diameter. Advion ChipSoftManager was used for
ion source control. A post-column splitter was used to direct 255 nl min–1 of the
eluent to the nanoESI chip. Ionization voltage was set according to the lipid classes
of interest: 1.23 kV for DGDG, MGDG, PA, PC, PE, PG, PI, PS, SQDG, GIPC,
DGTS/A and SG; 1.30 kV for ASG, Cer, GlcCer and DAG; 1.45 kV for SE and TAG;
and 1.41 kV for lyso lipids. Detection of ions was performed with a 6500 QTRAP
tandem mass spectrometer (AB Sciex Germany) used in MRM mode. Dwell
time was set to 5 ms and MS parameters were calibrated for maximum detector
response. Analyst IntelliQuan (MQII) peak-finding algorithm was used for peak
annotation. The lipid classes PA, PC, PE, PG, PI, PS, MGDG, DGDG, SQDG,
GIPC and lysolipids were analysed in negative ionization mode. Cer, GlcCer, DAG,
TAG, ASG, SG, SE and DGTS/A were analysed in positive ionization mode.
Precursor ions that were measured for analysis were as follows for different
lipid classes: Cer, GlcCer: [M+H]+; GIPC: [M–2H]2–; sterol lipids, neutral
glycerolipids: [M+NH4]+; phospholipids (except PC), SQDG: [M–H]–; PC,
glycolipids: [M–H+CH3CO2H]–. For lipid species with more than one acyl chain,
fragment ions were detected for either neutral loss of the acyl chain during positive
ionization (neutral glycerolipids) or for formation of fatty acyl-related fragments
during negative ionization (phospho- and glyco-glycerolipids). Fragmentation of
Cer and GlcCer was detected for dehydrated LCB fragments in positive ionization.
For GIPC, fatty acid-specific ions and a head group-specific ions were detected as
described before47. The identity of the detected GIPC species was confirmed by
positive ionization with [M+NH4]+ as precursor ions and the ceramide fragments
as fragment ions. All liquid chromatography–mass spectrometry (LC–MS) data
were analysed using Analyst software (v.1.6.2, AB Germany).
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Yeast expression of PpSFD and Cer analysis. For heterologous expression
in S. cerevisiae the coding sequence of PpSFD was cloned into pYES2
(Thermo Fisher Scientific) using HindIII and XhoI sites. For amplification
and attachment of the respective restriction sites the following primer
pair was used: 5′-CAAGCTTATGGCGACATCTGAAGCTGT-3′ and
5′-CCTCGAGTTAATCAGCATGTTCAATCTTTGTAG-3′. pYES2 and
pYES2-PpSFD were transformed into yeast strain Ole1 (ole1)18. For cultivation
individual colonies were grown overnight at 30 °C in single dropout media with 2%
glucose lacking uracil and containing 1 mM linoleic acid (18:2 (n-6)) to supplement
Ole1-cells with unsaturated fatty acids. Expression cultures were inoculated with
overnight cultures to a final optical density OD600 = 0.2 in media supplemented
with 2% galactose and the appropriate supplements. Cells were cultivated for
6 d at room temperature. A final amount of 5% trichloroacetic acid was added
and cultures were incubated for 20 min on ice. Cells were harvested at 3,000g for
10 min, washed once with water and stored at −80 °C.
For Cer analysis, ~200 mg of OLE1/empty and OLE1/PpSFD yeast cells were
extracted and further analysed (by UPLC-ESI-HRMS) as described in ref. 48.
Data were analysed using MassHunter Profinder software (v.B.08.00 SP3, Agilent
Technologies).
Double-bond position analysis in acyl chains. Analysis of double-bond position
in fatty acids required derivatization, high-performance liquid chromatography
(HPLC) purification and product measurement by gas chromatography–mass
spectrometry (GC–MS). Lyophilized plant material (20 × 10 mg) was extracted as
described above with propan-2-ol/hexane/water (60:26:14, v/v/v) and dissolved
in 1 ml of hexane. The extracted sample was then transferred to smooth-top glass
vials, dried under a nitrogen stream and dissolved in 1 N methanolic HCl solution
to hydrolyse fatty acid residues from all lipid classes. Glass vials were closed air
tight with aluminium lids and incubated for 20 h at 100 °C. Fatty acid methyl
esters were extracted from the solution by adding 1 ml of hexane, centrifuging and
transferring the upper phase to new glass vials. The sample was then dried down
under a nitrogen stream and dissolved in 30 μl of acetonitrile.
To obtain the desired C24 fatty acid methyl esters from the solution, samples
were separated on a HPLC system (Agilent 1100 Series, Agilent Technologies)
equipped with a Nucleosil 125-5 C18 column (Macherey-Nagel). Separation was
applied by a linear binary gradient with the two solvent mixtures (A) methanol and
(B) methanol/water (3:1, v/v), both substituted with 0.1% (v/v) acetate. The gradient
used was as follows: start at 100% A (0.18 ml min–1), 0–5 min 100% A (0.18 ml min–1),
5–10 min 100% A to 100% B (0.36 ml min–1), 10–20 min 100% B (0.36 ml min–1),
20–25 min 100% B to 100% A (0.36 ml min–1), 25–30 min 100% A (0.36 ml min–1).
The retention time of desired C24 fatty acid methyl ester on this gradient was
determined with a genuine 24:1;1 fatty acid methyl ester standard and collected as
a fraction over 1 min. Fatty acid methyl esters were extracted from the fraction by
adding hexane, centrifugation and transferring the upper phase to a new GC vial.
The extract was dried under a nitrogen stream and dissolved in 50 μl of acetonitrile.
For derivatization of the double bonds in fatty acid methyl esters, 50 μl of
BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide, from Sigma-Aldrich) was
added to the sample and dried under a nitrogen stream, before dissolving in
100 μl of dimethyl disulfide with 1.3 mg ml–1 of I2. After 30 min incubation at
37 °C, 1 ml of saturated Na2S2O3 solution (in water) was added to remove I2. The
mixture was stirred until the brown colour completely disappeared. Dimethyl
disulfide-derivatives were extracted from the solution by adding 3 ml of hexane,
centrifugation and transferring the upper phase to a new vial. All 20 reactions were
then combined in one vial, dried under a nitrogen stream and dissolved in 2 μl of
acetonitrile.
Combined dimethyl disulfide-derivatives of fatty acid methyl ester extracts
were brought onto the GC–MS system via direct infusion of 2 μl of sample. The
system used was a 7890D gas chromatograph system (Agilent Technologies) with
a HP-5MS column (30 m length, 0.25 mm diameter, 0.25 μm film), connected to
a 5977B mass selective detector (Agilent Technologies). The GC method used
included the following parameters: 37.417 min run time, 70 °C initial temperature,
increasing to 220 °C at 8 °C min–1, increasing to 320 °C at 15 °C min–1, holding at
320 °C for 10 min. Column flow was set to 2 ml min–1. MS spectra were acquired
for a mass range of m/z 70–900. MS source temperature was set to 230 °C, MS
Quad temperature to 150 °C. A 24:1;1 dimethyl disulfide fatty acid methyl ester
from a genuine ceramide standard was used to verify derivatization in GC–
MS. Double-bond position of dimethyl disulfide fatty acid methyl esters was
determined by their MS/MS spectra. Data were analysed using MassHunter GC/
MS Acquisition software (v.B.07.05.2479, Agilent Technologies).
Analysis of free sterols. Aliquots of the lipids extracts obtained from the
monophasic extraction described under the section on ‘Lipid extraction and
derivatization’ were dried under a nitrogen stream, dissolved in 5 µl of pyridine
and 10 µl of pure BSTFA (Sigma) were added. The analysis was carried out using
a 5977B mass selective detector connected to 7890B gas chromatograph equipped
with a capillary HP-5MS UI column (30 m × 0.25 mm; 0.25 µm coating thickness;
Agilent). Helium was used as carrier gas (1 ml min–1) and the injection port
temperature was 280 °C. The temperature gradient was 50 °C for 5 min, 50–170 °C
at 30 K min–1, 170–320 °C at 5 K min–1 and 320 °C for 30 min. Electron energy of
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70 eV, an ion source temperature of 230 °C and a temperature of 280 °C for the
transfer line was used. The mass spectrometer was operated in the scan mode
using a mass range of m/z 50–650. Data were analysed using MassHunter GC/MS
Acquisition software (v.B.07.05.2479, Agilent Technologies).
Chlorophyll content analysis. This method was adapted from ref. 49. Approximately
20 mg of lyophilized moss material of 56-day-old plate cultures was analysed.
Extraction was done with propan-2-ol/hexane/water (60:26:14, v/v/v) as described
above. A total of 1 ml of this extract was dried under a nitrogen stream and
dissolved in 2 ml of DMSO. Chlorophyll a and b contents were determined by
measuring absorption at 648, 665 and 750 nm on a UV/VIS spectrometer (Ultrospec
1100 pro, GE Health Care Life Sciences). Chlorophyll content was calculated using
the formula50 chlorophylls a + b = 20.34 × A648 + 7.49 × A665. Absorption at 750 nm
was subtracted from absorption at other wavelength before calculation.
Infection of P. patens gametophores. Infection of P. patens gametophores
was carried out as described in ref. 25. Briefly, the oomycete P. debaryanum
(DSM 62946) was obtained from the Leibniz Institute-German collection
of microorganisms and cell cultures (DSMZ) and grown on potato dextrose
containing 2% agar at 23 °C in the dark. Cultures were grown until the plate was
almost completely covered with mycelium. Inoculation was performed by placing
~5-mm pieces of mycelium-containing agar on top of a moss gametophore grown
on Knop medium41. Controls were treated likewise with empty agar blocks of the
same size. The infection was evaluated at 3, 14 and 28 dai. Individual cultures were
photographed at each time point to document disease symptoms. At the early time
point (3 dai) the number of moss gametophores with light green gametophores,
stem-base infection, brown stems and leaf spots were counted since at that time
point the other classification system could not be used. For later time points (14
and 28 dai) a rating system was used to quantitatively estimate disease severity
(using a scale of 1 to 4): dark green (as control) >90% within gametophore (1),
major plant part light green (2), majority of plant yellow-green (3), dead plant
tissue on gametophore (4). At 14 dai fresh weights were also determined. In
addition, at 28 dai the number of plants that had developed new gametophores
from rhizoids were counted. The times for the individual experiments are given
in the results. For each treatment and plant line between 10 and 20 plates with
seven to eight cultures each were analysed. Mean values ± s.e. are shown where
appropriate. For the phytopathological analyses, the qualitative disease assessment
data were analysed first by using the Kruskal–Wallis test and subsequently by
comparing the mean rank differences as described in ref. 25. Different letters
indicate significant difference at P ≤ 0.01. For all other experiments significant
differences were determined using unpaired Student’s t-test analysis. Here,
different letters indicate significances at P ≤ 0.05. The experiments were repeated as
biological replicates with independently cultivated plant material.
Phylogenetic analysis. To get an overview of the taxonomic distribution
and evolutionary origin of the unusual PpSFD sequence, we first conducted
a pHMMER51 survey against UniProt52 and a BLASTp against the NCBI
non-redundant database using PpSFD as query. On the basis of the taxonomic
distribution of the results from that pHMMER survey, we performed a BLASTp
using PpSFD as query against the protein data from whole genomes of Anthoceros
agrestis and Anthoceros punctatus53, Arabidopsis thaliana54, Azolla filiculoides55,
Bathycoccus prasinos56, Chara braunii57, Chlamydomonas reinhardtii58, Chlorokybus
atmophyticus59, Chondrus crispus60, Coccomyxa subellipsoidea61, Fragilariopsis
cylindrus62, Galdieria sulphuraria63, Klebsormidium nitens64, Marchantia
polymorpha65, Mesostigma viride59, Mesotaenium endlicherianum66, Oryza
sativa67, Ostreococcus lucimarinus68, Phaeodactylum tricornutum69, Physcomitrium
patens11, Picea abies70, Porphyridium purpureum71, Salvinia cucullata55, Selaginella
moellendorffii72, Sphagnum fallax (v.0.5, DOE-JGI, http://phytozome.jgi.doe.
gov/), Spirogloea muscicola66, Thalassiosira oceanica73, Thalassiosira pseudonana74,
Ulva mutabilis75 and Volvox carteri76. All sequences were aligned using MAFFT
(v.7.305b)28 applying an iterative refinement method (<16) with local pairwise
alignment information (L-INS-I) as alignment strategy. On the basis of this
alignment, we computed a maximum likelihood phylogeny with IQ-TREE
multicore v.1.5.5 for Linux 64-bit built29 with 100 bootstrap replicates. Using
ModelFinder30, 144 models for protein evolution were tested and LG + I + G4 was
chosen according to Bayesian information criterion.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All moss mutants described here were deposited in the International Moss Stock
Center (IMSC, http://www.moss-stock-center.org/). The IMSC numbers for
the confirmed knockouts are 40561 (gKO25 3), 40568 (gKO25 10) and 40569
(gKO25 11). Source data are provided with this paper.

Received: 20 May 2020; Accepted: 18 December 2020;
Published online: 25 January 2021
Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

Nature Plants
References

1. Smallwood, M. & Bowles, D. J. Plants in a cold climate. Philos. Trans. R. Soc.
Lond. B 357, 831–847 (2002).
2. Barrero-Sicilia, C., Silvestre, S., Haslam, R. P. & Michaelson, L. V. Lipid
remodelling: unravelling the response to cold stress in Arabidopsis and its
extremophile relative Eutrema salsugineum. Plant Sci. 263, 194–200 (2017).
3. Sperling, P., Ternes, P., Zank, T. K. & Heinz, E. The evolution of desaturases.
Prostaglandins Leukot. Essent. Fatty Acids 68, 73–95 (2003).
4. Napier, J. A., Sayanova, O., Sperling, P. & Heinz, E. A growing family of
cytochrome b5-domain fusion proteins. Trends Plant Sci. 4, 2–4 (1999).
5. Beike, A. K., Jaeger, C., Zink, F., Decker, E. & Reski, R. High contents of very
long-chain polyunsaturated fatty acids in different moss species. Plant Cell
Rep. 33, 245–254 (2014).
6. Mamode Cassim, A. et al. Plant lipids: key players of plasma membrane
organization and function. Prog. Lipid Res. 73, 1–27 (2019).
7. Simon-Plas, F., Perraki, A., Bayer, E., Gerbeau-Pissot, P. & Mongrand, S. An
update on plant membrane rafts. Curr. Opin. Plant Biol. 14, 642–649 (2011).
8. Nagano, M. et al. Plasma membrane microdomains are essential for
Rac1-RbohB/H-mediated immunity in rice. Plant Cell 28, 1966–1983 (2016).
9. Lenarčič, T. et al. Eudicot plant-specific sphingolipids determine host
selectivity of microbial NLP cytolysins. Science 358, 1431–1434 (2017).
10. Beike, A. K. et al. Insights from the cold transcriptome of Physcomitrella
patens: global specialization pattern of conserved transcriptional regulators
and identification of orphan genes involved in cold acclimation. New Phytol.
205, 869–881 (2015).
11. Lang, D. et al. The Physcomitrella patens chromosome-scale assembly reveals
moss genome structure and evolution. Plant J. 93, 515–533 (2018).
12. Kajikawa, M. et al. Isolation and characterization of Δ6-desaturase, an
ELO-like enzyme and Δ5-desaturase from the liverwort Marchantia
polymorpha and production of arachidonic and eicosapentaenoic acids in the
methylotrophic yeast Pichia pastoris. Plant Mol. Biol. 54, 335–352 (2004).
13. Chen, M., Markham, J. E. & Cahoon, E. B. Sphingolipid Δ8 unsaturation is
important for glucosylceramide biosynthesis and low-temperature
performance in Arabidopsis. Plant J. 69, 769–781 (2012).
14. Kaewsuwan, S. et al. Identification and functional characterization of the
moss Physcomitrella patens Δ5-desaturase gene involved in arachidonic and
eicosapentaenoic acid biosynthesis. J. Biol. Chem. 281, 21988–21997 (2006).
15. Hohe, A. et al. An improved and highly standardised transformation
procedure allows efficient production of single and multiple targeted
gene-knockouts in a moss, Physcomitrella patens. Curr. Genet. 44, 339–347
(2004).
16. Horst, N. A. et al. A single homeobox gene triggers phase transition,
embryogenesis and asexual reproduction. Nat. Plants 2, 15209 (2016).
17. Tarazona, P., Feussner, K. & Feussner, I. An enhanced plant lipidomics
method based on multiplexed liquid chromatography–mass spectrometry
reveals additional insights into cold- and drought-induced membrane
remodeling. Plant J. 84, 621–633 (2015).
18. Stukey, J. E., McDonough, V. M. & Martin, C. E. The OLE1 gene of
Saccharomyces cerevisiae encodes the Δ9 fatty acid desaturase and can be
functionally replaced by the rat stearoyl-CoA desaturase gene. J. Biol. Chem.
265, 20144–20149 (1990).
19. Shanklin, J. & Cahoon, E. B. Desaturation and related modifications of fatty
acids. Ann. Rev. Plant Physiol. Plant Mol. Biol. 49, 611–641 (1998).
20. Francis, G. W. & Veland, K. Alkylthiolation for the determination of
double-bond positions in linear alkenes. J. Chromatogr. A 219, 379–384
(1981).
21. Heilmann, I., Mekhedov, S., King, B., Browse, J. & Shanklin, J. Identification
of the Arabidopsis palmitoyl-monogalactosyldiacylglycerol Δ7-desaturase gene
FAD5, and effects of plastidial retargeting of Arabidopsis desaturases on the
fad5 mutant phenotype. Plant Physiol. 136, 4237–4245 (2004).
22. Chen, M. & Thelen, J. J. ACYL-LIPID DESATURASE2 is required for chilling
and freezing tolerance in Arabidopsis. Plant Cell 25, 1430–1444 (2013).
23. Smith, M. A. et al. Involvement of Arabidopsis ACYL-COENZYME A
DESATURASE-LIKE2 (At2g31360) in the biosynthesis of the very-long-chain
monounsaturated fatty acid components of membrane lipids. Plant Physiol.
161, 81–96 (2013).
24. Martin, F. N. & Loper, J. E. Soilborne plant diseases caused by Pythium spp.:
ecology, epidemiology, and prospects for biological control. Crit. Rev. Plant
Sci. 18, 111–181 (1999).
25. Mittag, J., Gabrielyan, A. & Ludwig-Müller, J. Knockout of GH3 genes in the
moss Physcomitrella patens leads to increased IAA levels at elevated
temperature and in darkness. Plant Physiol. Biochem. 97, 339–349 (2015).
26. Ponce de León, I. & Montesano, M. Adaptation mechanisms in the evolution
of moss defenses to microbes. Front. Plant Sci. 8, 366 (2017).
27. Oliver, J. et al. Pythium infection activates conserved plant defense responses
in mosses. Planta 230, 569–579 (2009).
28. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol. Biol. Evol. 30,
772–780 (2013).

Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

Articles
29. Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32, 268–274 (2014).
30. Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A. & Jermiin,
L. S. ModelFinder: fast model selection for accurate phylogenetic estimates.
Nat. Methods 14, 587–589 (2017).
31. Bhat, R. & Panstruga, R. Lipid rafts in plants. Planta 223, 5–19 (2005).
32. Degenkolbe, T. et al. Differential remodeling of the lipidome during cold
acclimation in natural accessions of Arabidopsis thaliana. Plant J. 72, 972–982
(2012).
33. Goncalves, E. C., Wilkie, A. C., Kirst, M. & Rathinasabapathi, B. Metabolic
regulation of triacylglycerol accumulation in the green algae: identification of
potential targets for engineering to improve oil yield. Plant Biotechnol. J. 14,
1649–1660 (2016).
34. Benveniste, P. Biosynthesis and accumulation of sterols. Annu. Rev. Plant Biol.
55, 429–457 (2004).
35. Meesapyodsuk, D. & Qiu, X. The front-end desaturase: structure, function,
evolution and biotechnological use. Lipids 47, 227–237 (2012).
36. Berkey, R., Bendigeri, D. & Xiao, S. Sphingolipids and plant defense/disease:
the ‘death’ connection and beyond. Front. Plant Sci. 3, 68 (2012).
37. Sperling, P. & Heinz, E. Desaturases fused to their electron donor. Eur. J.
Lipid Sci. Technol. 103, 158–180 (2001).
38. Burki, F., Roger, A. J., Brown, M. W. & Simpson, A. G. B. The new tree of
eukaryotes. Trends Ecol. Evol. 35, 43–55 (2020).
39. Reski, R. Enabling the water-to-land transition. Nat. Plants 4, 67–68 (2018).
40. Roads, E., Longton, R. E. & Convey, P. Millennial timescale regeneration in a
moss from Antarctica. Curr. Biol. 24, R222–R223 (2014).
41. Reski, R. & Abel, W. O. Induction of budding on chloronemata and
caulonemata of the moss, Physcomitrella patens, using isopentenyladenine.
Planta 165, 354–358 (1985).
42. Knight, C. D., Cove, D. J., Cuming, A. C. & Quatrano, R. S. Moss gene
technology. Mol. Plant Biol. 2, 285–301 (2002).
43. Hohe, A., Rensing, S. A., Mildner, M., Lang, D. & Reski, R. Day length and
temperature strongly influence sexual reproduction and expression of a novel
MADS-box gene in the moss Physcomitrella patens. Plant Biol. 4, 595–602
(2002).
44. Markham, N. R. & Zuker, M. in Bioinformatics: Structure, Function and
Applications (ed. Keith, J. M.) 3–31 (Humana Press, 2008).
45. Untergasser, A. et al. Primer3—new capabilities and interfaces. Nucleic Acids
Res. 40, e115 (2012).
46. Markham, J. E., Li, J., Cahoon, E. B. & Jaworski, J. G. Separation and
identification of major plant sphingolipid classes from leaves. J. Biol. Chem.
281, 22684–22694 (2006).
47. Buré, C. et al. Fast screening of highly glycosylated plant sphingolipids by
tandem mass spectrometry. Rapid Commun. Mass Spectrom. 25, 3131–3145
(2011).
48. Ternes, P. et al. Two pathways of sphingolipid biosynthesis are separated in
the yeast Pichia pastoris. J. Biol. Chem. 286, 11401–11414 (2011).
49. Dunn, T. M., Lynch, D. V., Michaelson, L. V. & Napier, J. A. A post-genomic
approach to understanding sphingolipid metabolism in Arabidopsis thaliana.
Ann. Bot. 93, 483–497 (2004).
50. Barnes, J. D., Balaguer, L., Manrique, E., Elvira, S. & Davison, A. W. A
reappraisal of the use of DMSO for the extraction and determination of
chlorophylls a and b in lichens and higher plants. Environ. Exp. Bot. 32,
85–100 (1992).
51. Potter, S. C. et al. HMMER web server: 2018 update. Nucleic Acids Res. 46,
W200–W204 (2018).
52. The UniProt Consortium. UniProt: the universal protein knowledgebase.
Nucleic Acids Res. 45, D158–D169 (2016).
53. Li, F.-W. et al. Anthoceros genomes illuminate the origin of land plants and
the unique biology of hornworts. Nat. Plants 6, 259–272 (2020).
54. Lamesch, P. et al. The Arabidopsis information resource (TAIR): improved
gene annotation and new tools. Nucleic Acids Res. 40, D1202–D1210 (2011).
55. Li, F.-W. et al. Fern genomes elucidate land plant evolution and
cyanobacterial symbioses. Nat. Plants 4, 460–472 (2018).
56. Moreau, H. et al. Gene functionalities and genome structure in Bathycoccus
prasinos reflect cellular specializations at the base of the green lineage.
Genome Biol. 13, R74 (2012).
57. Nishiyama, T. et al. The Chara genome: secondary complexity and
implications for plant terrestrialization. Cell 174, 448–464 (2018).
58. Merchant, S. S. et al. The Chlamydomonas genome reveals the evolution of
key animal and plant functions. Science 318, 245–250 (2007).
59. Wang, S. et al. Genomes of early-diverging streptophyte algae shed light on
plant terrestrialization. Nat. Plants 6, 95–106 (2020).
60. Collén, J. et al. Genome structure and metabolic features in the red seaweed
Chondrus crispus shed light on evolution of the Archaeplastida. Proc. Natl
Acad. Sci. USA 110, 5247–5252 (2013).
61. Blanc, G. et al. The genome of the polar eukaryotic microalga Coccomyxa
subellipsoidea reveals traits of cold adaptation. Genome Biol. 13, R39 (2012).
231

Articles
62. Mock, T. et al. Evolutionary genomics of the cold-adapted diatom
Fragilariopsis cylindrus. Nature 541, 536–540 (2017).
63. Schönknecht, G. et al. Gene transfer from bacteria and archaea facilitated
evolution of an extremophilic eukaryote. Science 339, 1207–1210 (2013).
64. Hori, K. et al. Klebsormidium flaccidum genome reveals primary factors for
plant terrestrial adaptation. Nat. Commun. 5, 3978 (2014).
65. Bowman, J. L. et al. Insights into land plant evolution garnered from the
Marchantia polymorpha genome. Cell 171, 287–304 (2017).
66. Cheng, S. et al. Genomes of subaerial Zygnematophyceae provide insights
into land plant evolution. Cell 179, 1057–1067 (2019).
67. Ouyang, S. et al. The TIGR rice genome annotation resource: improvements
and new features. Nucleic Acids Res. 35, D883–D887 (2006).
68. Palenik, B. et al. The tiny eukaryote Ostreococcus provides genomic insights
into the paradox of plankton speciation. Proc. Natl Acad. Sci. USA 104,
7705–7710 (2007).
69. Bowler, C. et al. The Phaeodactylum genome reveals the evolutionary history
of diatom genomes. Nature 456, 239–244 (2008).
70. Nystedt, B. et al. The Norway spruce genome sequence and conifer genome
evolution. Nature 497, 579–584 (2013).
71. Bhattacharya, D. et al. Genome of the red alga Porphyridium purpureum. Nat.
Commun. 4, 1941 (2013).
72. Banks, J. A. et al. The Selaginella genome identifies genetic changes associated
with the evolution of vascular plants. Science 332, 960–963 (2011).
73. Lommer, M. et al. Genome and low-iron response of an oceanic diatom
adapted to chronic iron limitation. Genome Biol. 13, R66 (2012).
74. Armbrust, E. V. et al. The genome of the diatom Thalassiosira pseudonana:
ecology, evolution, and metabolism. Science 306, 79–86 (2004).
75. De Clerck, O. et al. Insights into the evolution of multicellularity from the sea
lettuce genome. Curr. Biol. 28, 2921–2933 (2018).
76. Prochnik, S. E. et al. Genomic analysis of organismal complexity in the
multicellular green alga Volvox carteri. Science 329, 223–226 (2010).

Acknowledgements

We thank P. Meyer and S. Freitag (Göttingen) for technical assistance, D. Trautmann
(Freiburg) for help with carotinoid profiling, A. Hartenhauer (Dresden) for help with the

232

Nature Plants
infection experiments, L. Mohnike (Göttingen) for help with the art work and T. Haslam
(Göttingen) for critical reading of the manuscript. H.C.R. and J.G. were supported by
the Microbiology and Biochemistry programme of Göttingen Graduate Center for
Neurosciences, Biophysics, and Molecular Biosciences (GGNB). I.F. acknowledges
funding through the German Research Foundation (DFG: INST 186/822-1, INST
186/1167-1 and ZUK 45/2010). R.R. acknowledges funding from the Excellence Initiative
of the German Federal and State Governments (EXC 294 and CIBSS – EXC-2189 –
Project ID 390939984). J.d.V. is supported through funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant no. 852725; ERC Starting Grant ‘TerreStriAL’).

Author contributions

R.R., J. Markham, J.L.M. and I.F. designed the study. H.C.R., C.H., K.F., E.H., A.K.O.
and J. Mittag undertook the experiments. H.C.R., C.H., K.F., J.L.M., J.G., J. Markham,
J. Mittag, N.v.G., J.d.V., R.R. and I.F. analysed the data. H.C.R., K.F., J.d.V., R.R. and I.F.
wrote the paper. All authors read, commented on and approved the final version of the
manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/
s41477-020-00844-3.
Correspondence and requests for materials should be addressed to R.R. or I.F.
Peer review information Nature Plants thanks Sebastien Mongrand, Jay Thelen and
the other, anonymous, reviewer(s) for their contribution to the peer review
of this work.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature Limited 2021

Nature Plants | VOL 7 | February 2021 | 219–232 | www.nature.com/natureplants

Last updated by author(s): Nov 20, 2020

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

nature research | reporting summary

Corresponding author(s): Ralf Reski, Ivo Feussner

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

Analyst (Version 1.6.2) developed by AB Sciex was used for the lipid analysis, MassHunter Profinder (Version B.08.00 SP3) from Agilent
Technologies was used for ceramide analysis from yeast and MassHunter GC/MS Acquisition (Version B.07.05.2479) from Agilent
Technologies was used for sterol analysis and double bond position analysis, BLAST-based searches were carried out using BLAST 2.5.0+.

Data analysis

All software tools mentioned above for the data collection were used for the data analysis as well. For phylogenetic analyses, we used MAFFT
v7.305b to generate alignments, and ModelFinder in tandem with IQ-TREE multicore version 1.5.5 for Linux 64-bit built Jun 2 2017 to
compute maximum likelihood phylogenies.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

April 2020

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

The authors declare that all data supporting the findings of this study are available within the paper and its supplementary information files.

1

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
Life sciences

Behavioural & social sciences

Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
Sample size

For the lipid analysis of the wild type under normal growth conditions, four independent experiments were conducted to ensure
statistical relevance and to exclude random effects appearing in experiments. PpSFD activity was analyzed in Arabidopsis and yeast by at least
three independent experiments to ensure statistical relevance and to exclude random effects appearing in experiments. The cold stress
experiments were performed with at least three plants in two independent experiments to ensure statistical relevance and to exclude random
effects appearing in experiments. The infection assay was done with 10-20 plants per condition. This sample size was chosen based on
procedures often used in plant microbe research to ensure statistical significance.

Data exclusions

No data excluded.

Replication

Experiments were repeated at least two times and showed similar results. The exact numbers are mentoined for each experiment.

Randomization

In this study, Physcomitrella plants were used as organism. Plants were grown under standardized growth chamber conditions and randomly
used for experiments.

Blinding

Blinding was not used in this study. However, the main experiments shown in table 1 and figures 2-5 were independly performed by 2-3
scientists.

nature research | reporting summary

Field-specific reporting

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology and archaeology

MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
Dual use research of concern

April 2020

2

