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SUMMARY

The establishment of moss spores is considered a milestone in plant evolution. They harbor protein net-
works underpinning desiccation tolerance and accumulation of storage compounds that can be found
already in algae and that are also utilized in seeds and pollen. Furthermore, germinating spores must pro-
duce proteins that drive the transition through heterotrophic growth to the autotrophic plant. To get insight
into the plasticity of this proteome, we investigated it at five timepoints of moss (Physcomitrium patens)
spore germination and in protonemata and gametophores. The comparison to previously published Arabi-
dopsis proteome data of seedling establishment showed that not only the proteomes of spores and seeds
are functionally related, but also the proteomes of germinating spores and young seedlings. We observed
similarities with regard to desiccation tolerance, lipid droplet proteome composition, control of dormancy,
and p-oxidation and the glyoxylate cycle. However, there were also striking differences. For example, spores
lacked any obvious storage proteins. Furthermore, we did not detect homologs to the main triacylglycerol
lipase in Arabidopsis seeds, SUGAR DEPENDENT?1. Instead, we discovered a triacylglycerol lipase of the oil
body lipase family and a lipoxygenase as being the overall most abundant proteins in spores. This finding
indicates an alternative pathway for triacylglycerol degradation via oxylipin intermediates in the moss. The
comparison of spores to Nicotiana tabacum pollen indicated similarities for example in regards to resistance
to desiccation and hypoxia, but the overall developmental pattern did not align as in the case of seedling
establishment and spore germination.

Keywords: Physcomitrium patens, spore, spore germination, seeds, lipid droplets, proteome, LEA proteins,
Arabidopsis thaliana.
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INTRODUCTION

Bryophytes are non-vascular land plants comprising
mosses, liverworts, and hornworts. Seminal phylogenomic
work over the last years suggests them to be a monophy-
letic group (Leebens-Mack et al., 2019; Li et al., 2020; Put-
tick et al., 2018). Representing one of the two major
lineages of land plants, bryophytes are key for inferring
traits present in the last common ancestor of land plants
and understanding the plant terrestrialization event that
occurred about 500 million years ago (Kenrick, 2017;
Ligrone et al., 2012; Rensing, 2018). Already before terres-
trialization, streptophyte algae, the paraphylum that nowa-
days includes the closest relatives to the land plants, were
likely able to form desiccation-tolerant cells, including aki-
netes, pre-akinetes, and zygospores (Herburger et al., 2015;
McLean & Pessoney, 1971; Pichrtova et al., 2014). Further-
more, zygospores of flamentous Zygnematophyceae have
resilient coating rich in aromatics (resembling sporopol-
lenin) and accumulate lipids and starch (Permann
et al., 2021, 2022). It is, therefore, likely that such structures
occurred in the algal progenitors of land plants. Under this
scenario, mosses then evolved haploid single-cell struc-
tures called spores as part of their sexual reproductive life
cycle—possibly through co-option of the resilient struc-
tures that occurred in their algal progenitors.

These spores represented a decisive advantage on
land, as they are able to fully desiccate and persist for
extended periods before germinating under favorable con-
ditions. The first tissue that develops from the spore is a
filamentous network, the protonemata (Cove, 2005) that
are already photosynthetically active and later give rise to
leafy gametophores. After the formation of sexual organs,
fertilization, and meiosis, spores are produced within a
capsule to complete the life cycle (Engel, 1968; Nakosteen
& Hughes, 1978; Rensing et al., 2020).

These spores display functional and structural resem-
blances with the reproductive tissues of seed plants, seeds,
and pollen, which have been present in the plant kingdom
since the evolution of spermatophytes (Huang et al., 2009;
Loconte & Stevenson, 1990). Similar to pollen, spores are
less-intricate structures, small-sized, haploid, and protected
by a sporopollenin wall (Daku et al., 2016; Wallace
et al., 2011). However, spores are the primary means of dis-
persal in the moss life cycle, and in this sense,
they are functionally similar to spermatophyte seeds
(Vesty et al., 2016). Similar to spores, pollen and seeds of
most species exhibit desiccation-tolerant characteristics,
and share with spores certain molecular and gene expres-
sion patterns (Gaff & Oliver, 2013; Matilla, 2022; Oliver
et al., 2000).

One important element of desiccation-tolerant tissues
is the accumulation of late embryogenesis abundant (LEA)
proteins as a protective measure against dehydration and
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other abiotic stressors such as temperature and salt
stress (Artur et al., 2019; Cuming et al., 2007; Delahaie
et al., 2013; Saavedra et al., 2006). These highly hydrophilic
LEA proteins contain intrinsically disordered regions and
are classified into eight multigene families in plants (Artur
et al., 2019). The protective functions facilitated by LEA
proteins include the vitrification of the cytosol in coopera-
tion with non-reducing sugars. When the organism is sub-
jected to desiccation, a glassy state is established
by replacing water with a hydrophilic protein shell
(Manfre et al., 2008; Wolkers et al., 2001). Furthermore,
LEA proteins demonstrate anti-aggregation (Chakrabortee
et al, 2012) and chaperone-like properties (Kovacs
et al., 2008) and can also regulate membrane permeability
(Liu et al., 2009). The role of distinct LEA proteins is func-
tionally multifaceted; however, and only a subpopulation
of LEAs is thought to contribute to desiccation tolerance
(Artur et al., 2019; Matilla, 2022).

Another shared feature of most spores, seeds, and pol-
len is the accumulation of neutral lipids such as triacylgly-
cerol (TAG), which are stored in cytosolic lipid droplets (LDs)
(Guzha et al., 2023). LDs may enhance desiccation resilience
by maintaining membrane integrity through filling the intra-
cellular space, which counteracts cell shrinkage and prevents
membrane collapse (Lyall & Gechev, 2020). The induction of
LD formation might derive from a generic, ancient, abiotic
stress-related machinery that originated even before embryo-
phytes emerged on terra firma (de Vries & Ischebeck, 2020).
In spores and seeds, lipid droplets serve as an energy and
carbon source for post-germinative growth (Huang
et al., 2009; Ischebeck et al., 2020), while in pollen, their main
function might be to serve as an acyl-chain source during pol-
len tube formation and growth (Ischebeck, 2016; Muller &
Ischebeck, 2018) as well as a carbon sink during pollen tube
growth (Krawczyk et al., 2022). A hallmark of lipid droplets
embedded in desiccation-tolerant tissues is their outer cover-
age with oleosin (Murphy et al., 1995). This integral surface
protein is likely to shield the droplets and inhibits their coales-
cence during desiccation (Siloto et al., 2006), potentially
through electrostatic repulsion arising from their negative
charge (Huang, 1992).

The accumulation of such proteins with protective
functions requires an underlying regulatory network. In
this context, the plant hormone abscisic acid (ABA) has a
crucial role in the acquisition of desiccation tolerance
(Cuming, 2019). ABSCISIC ACID INSENSITIVE 3 (ABI3) is a
key transcription factor activated by ABA (Khandelwal
et al., 2010). ABA serves as a trigger and component of a
signaling pathway highly conserved in land plants (Oliver
et al., 2005). This includes inducing the expression of oleo-
sins (Crowe et al., 2000; Yang et al., 2022) and several LEA
proteins (Tian et al., 2020), among other gene products
related to dehydration. Moreover, ABI3 is essential for
acquiring desiccation tolerance in Arabidopsis seeds
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(Giraudat et al., 1992) and ABA inducible vegetative desic-
cation tolerance in the moss Physcomitrium patens (Arif
et al., 2019; Khandelwal et al., 2010).

P. patens has gained particular importance as a model
for non-seed plants over the past decades (Cove, 2005;
Rensing et al., 2020; Shaw et al., 2011). In 2008, the
P. patens genome was the first of any bryophyte to be fully
sequenced (Rensing et al., 2008).

Making use of this genetic resource, several proteomic
datasets were acquired in the last two decades giving insights
into abiotic stress and desiccation tolerance-associated pro-
teins in protonema and gametophores (Cho et al., 2006; Cui
et al., 2012; Luo et al., 2020; Mamaeva et al., 2022; Sarnighau-
sen et al., 2004; Skripnikov et al., 2009; Toshima et al., 2014;
Wang et al., 2010; Wang, Yang, Zhang, et al., 2009; Wang,
Yang, Liu, et al., 2009; Wang et al., 2008; Yotsui et al., 2016).

To understand key strategies of developmental rather
than adaptive desiccation tolerance followed by rehydration,
we devised a comprehensive proteomic analysis of spores,
germinating spores, protonemata, and gametophores of the
P. patens ecotype Reute (Hiss et al., 2017). A comparison to
Arabidopsis seedling establishment provides remarkable
insight into the operation of several shared protein networks
required for desiccation tolerance. Furthermore, we could
extend the similarities of spores and seeds to the transition
phase leading to photoautotrophy in both organisms.

RESULTS

The P. Patens spore proteome changes during
germination and is distinct from vegetative tissues

Several studies indicated that the molecular programs and
the protein networks first described as characteristics of
seeds have evolved much earlier and also occur in non-seed
plants (de Vries & Ischebeck, 2020; Farrant et al., 2009; Huang
et al., 2009; Lopez-Pozo et al., 2018; Oliver et al., 2000, 2005).
In order to get insight into conserved mechanisms and
players we chose a lineage that (i) has separated from the
seed plant lineage before (orthodox) seeds evolved and (ii)
shares key physiological characteristics, such as sudden met-
abolic activation after quiescence and desiccation, the storage
of a large number of LDs and their degradation during the
transition to the autotrophic phase. We chose P. patens spore
germination as a tangible model and devised a proteomic
approach of five stages of spore germination (0, 8, 24, 48, and
72 h after rehydration) and two vegetative stages (protonema
and gametophore) of the moss (Figure 1a) and compared it to
the previously published proteomes of Arabidopsis seeds
and seedlings (Kretzschmar et al., 2020), and Nicotiana taba-
cum microspores, pollen and pollen tubes (Ischebeck
et al., 2014) that were reanalyzed for this study from the origi-
nal raw data files.

LC-MS/MS analysis of five independent biological repli-
cates of each P. patens stage was performed after a tryptic

digest of the protein samples and all protein groups were
quantified using the label-free MS1-based algorithm of Max-
Quant (intensity-based absolute quantification, iBAQ). These
values were then divided by the total iBAQ of the respective
sample and multiplied by 1000, resulting in relative iBAQ
(riBAQ) values. All P. patens library entries were then func-
tionally annotated by performing a BLASTp search against
the Arabidopsis TAIR10 primary transcript protein release
database (Data S1; Lamesch et al., 2012). In total, 3447 protein
groups could be identified and quantified (Data S2a). 2609 of
these protein groups were identified based on two peptides
and were found in at least three samples of one of the stages
(Data S2b). These rigidly filtered protein groups were further
analyzed. While it was not possible to completely remove the
residues of the spore capsules, the dynamics of the proteome
dataset over time (Figure 1, Data S2) indicates that the con-
tamination is not very strong.

For studying the proteome in all stages investigated
of P. patens, a principal component analysis (PCA,
Figure 1b) was generated. The PCA indicates that the pro-
teomes between spores and vegetative stages differ the
most, while the first three spore stages are closely related.
The similarities between the individual biological replicates
demonstrate the high reproducibility of the measurements.

Next, for each protein, averages were calculated for each
developmental stage. These were normalized setting the
value of the developmental stage with the highest value to 1.
These values were then hierarchically clustered (Figure 1c;
Data S3). Several clusters comprise proteins that are high in
early spore stages (clusters 3-5 and 8), while others contain
proteins found predominantly during late spore germination
(clusters 1, 2, 6, and to some extent 7, 17, 18) or in the proto-
nema and gametophore tissues (cluster 28 and 30). Among
the proteins enriched in spores that are quickly degraded dur-
ing spore germination (cluster 4, Figure 1d) are a homolog to
the phytochrome B type photoreceptor HY3 that plays a role
in the regulation of de-etiolation of Arabidopsis seedlings
(Wester et al., 1994), and the RNA helicase LOS4 (LOW
EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 4)
that is involved in mRNA exports and acts upstream of abiotic
stress responses (Gong et al., 2005). Another example is a
putative B-d-xylosidase. Homologs of this protein in Arabi-
dopsis are involved in cell wall loosening by removing xylose
and arabinose side chains from cell wall components such as
rhamnogalacturonan | (Arsovski et al., 2009; Guzha
et al., 2022).

Two small heat shock proteins contained in cluster 5
first rise in abundance and then sharply drop (Figure 1d).
Homologs of these proteins are important for seed vigor
and longevity in Arabidopsis and are ABA-regulated
(Waters & Vierling, 2020). Other proteins in the clusters
that increased during spore germination but were much
lower in protonema and gametophores are involved in
B-oxidation (for example, multifunctional protein in cluster
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Figure 1. Proteomic analysis of seven developmental stages of P. patens. (a) Micrographs of developmental stages analyzed in this study: germinating spores
of P. patens ecotype Reute 0-72 fter rehydration, juvenile protonema and adult gametophores. First chloronema cells emerge after 8 h, continuously growing
over the time course. Size bars, 0, 8, 24 2 10 um; 48, 72 2 50 um; protonema £ 1 mm, gametophores £ 2 mm. (b) Principal component analysis plot (n = 5 per
stage). (c) Hierarchical clustering of the means (n = 5 per stage), with the highest mean of each protein group being set to 1. Proteins sorted by clusters can be
found in Data S3. Clusters with more than 50 candidates are labeled with numbers. (d) Exemplary proteins enriched in spores that are homolgous to the Arabi-
dopsis proteins BETA-D-XYLOSIDASE4 (XYL4), HY3/PHYTOCHROME B (PHYB), LOW EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 4 (LOS4), HEAT
SHOCK PROTEIN 17.6 and 21 (HSP 17.6 and 21), MALATE SYNTHASE (MLS), and MULTIFUNCTIONAL PROTEIN 2 (MFP2).

18) and the glyoxylate cycle (such as malate synthase in
cluster 7) indicating that protein synthesis and conversion
of TAG into carbohydrates are especially high in spores 48
and 72 h old.

GO term analysis highlights similarities between P. Patens
spore germination and Arabidopsis seedling
establishment

In order examine the involvement of the detected proteins
in larger cellular processes, these proteins were assigned

© 2023 The Authors.

to their respective homologs in Arabidopsis (Data S1)
before being categorized and combined to Gene Ontology
(GO) Terms published for Arabidopsis (Berardini
et al., 2004). While the P. patens proteins might have a dif-
ferent function than their homologs in Arabidopsis, the
overall assessment can indicate how certain pathways or
protein networks change throughout development. For
this, the riBAQ values of all proteins of each GO Term were
added and compared to previously published data of Ara-
bidopsis seeds and seedlings (Data S4; Kretzschmar
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et al., 2020) and N. tabacum microspores, pollen and pol-
len tubes (Data S5-S7, Ischebeck et al., 2014). For the sec-
ond comparison, we performed a BLASTp search of all
N. tabacum proteins against the proteomes of Arabidopsis
and P. patens to assign homologs (Data S5) and reana-
lyzed the original raw data using the same work flow as for
P. patens (Data S6).

Several distribution patterns of protein abundances
(riBAQ) consolidated in GO terms are consistent between
germinating P. patens spores and Arabidopsis seedling
establishment (Figure 2). Examples are the GO terms
“Response to abscisic acid,” “Lipid droplet,” “Oxylipin bio-
synthetic process,” and “Maintenance of seed dormancy,”
which display their highest abundance spores and seeds,
and then decline. An increase in protein abundance during
spore germination and seedling establishment, respec-
tively, was observed for the GO terms “Response to
hydrogen-peroxide,” Protein folding,” “Glyoxylate cycle,”
and “Fatty acid beta-oxidation.” The values for these terms
then dropped in protonemata and gametophores and 60 h
old seedlings, respectively. High in these later stages were
proteins assigned to the GO terms “Reductive pentose
phosphate activity” and “Photosynthesis.”

Conversely, certain ontogenetic patterns related to GO
terms of seeds and spores show apparent dissimilarities.
For example, the terms “Pollen development” and “Seed
development” manifest a gradual decline in germinating
spores. In contrast, values for these terms in Arabidopsis
nearly double from rehydrated seeds to the 36 h seedling
stage, and subsequently decrease again after 60 h to rehy-
drated seed baseline levels. Moreover, the GO term “Cellu-
lar response to hypoxia” shows a relatively stable
abundance in germinating spores, while being almost
entirely abolished in seedlings.

Nevertheless, despite the notable differences in the
ontogenetic patterns between spores and seeds, certain
critical developmental steps are shared by both types of
structures. These similarities may be linked to desiccation
tolerance, oil degradation, and the transition into the vege-
tative photosynthetically active tissue important in both
seeds and spores. The proteins of the different stages of
N. tabacum pollen development (with a focus on two pre-
desiccated stages, dry pollen, and pollen tubes) were also
assigned to GO terms according to their homology to Ara-
bidopsis proteins (Data S5) and their abundancies were
added (Figure 2; Data S7). In this dataset, similarities to
spores can also be seen. For example, proteins associated
with the GO terms seed development, and responses water
deprivation, abscisic acid and hypoxia were also highest in
dry pollen similar to dry spores. Strong differences were
observed in the terms “Lipid droplet” and “Glyoxylate
cycle” that were magnitudes lower in all pollen stages.

A quantitative comparison supports the similarities
between the seed and spore proteomes

In order to quantitatively compare spore germination and
seedling establishment, the two proteomic datasets of
P. patens (excluding protonema and gametophores) and
Arabidopsis (Kretzschmar et al., 2020), the P. patens pro-
tein groups were assigned to the closest homolog present
in the Arabidopsis dataset (E-value <107°, Data S1b and
S8a) based on a BLASTp search. If several Arabidopsis pro-
tein groups were assigned to the same P. patens acces-
sion, the values were added (Data S8b). Then, the
averages for each stage were calculated and the highest
average of each of the two datasets was set to 1. Proteins
only found in one dataset were removed (Data S8c). All
samples of P. patens were analyzed in direct comparison

GOID GO Term
G0:0009737 Response to abscisic acid
G0:0005811 Lipid droplet
G0:0009555 Pollen development
GO:0048316 Seed development
G0:0031408  Oxylipin biosynthetic process
GO0:0006096 Glycolytic process

G0:0009414 Response to water deprivation
G0:0010231 Maintenance of seed dormancy
GO0:0071456  Cellular response to hypoxia
G0:0042542 Response to hydrogen peroxide

Oh 8h 24h 48h 72h P G

G0:0006457 Protein folding

G0:0006097 Glyoxylate cycle ] 2 0.10 0.13
G0:0006635 Fatty acid beta-oxidation 3.7

G0:0019253 Reductive pentose-phosphate cycle] 3.1 2.6 34 57 12.6

G0:0015979 Photosynthesis 42 35 3.0 5.0 232

A. thaliana
RS 36h 60h| PM
336.9 189.3| 26.4
49 1.9 ]0.29
4.0 | 12.6
1.7
2.6

N. tabacum
BP DP

P. patens

19.0 | 32.8

0.8 01
0.001 0.006 0.009
7.2

61.4 46.0

Figure 2. Abundance of proteins in selected GO terms. Depicted are averaged (n = 5) and summed relative iBAQ values (in 9, of total protein abundance) of all
proteins assigned to the corresponding GO term for each individual tissue type. For P. patens, the 5 stages of spore germination (0, 8, 24, 48, 72 h), as well as

protonema (P) and gametophores (G) are displayed, compared to three st

ages of Arabidopsis seedling establishment and four stages of N. tabacum pollen

development originally published in Kretzschmar et al. (2020) and Ischebeck et al. (2014), respectively. Given are rehydrated seeds (RS), seedlings grown for 36

and 60 h, polarized microspores (PM), bicellular pollen (BP), dry pollen (DP)

and pollen tubes (PT).
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to samples of Arabidopsis of rehydrated (RS), stratified
(StS), and 24, 36, 48, or 60 h germinated seeds (Kretzsch-
mar et al., 2020) normalized in the same manner.

A PCA plot of this analysis (Figure 3a) displayed a sep-
aration of the developmental stages by component 1 that
was similar in both species. However, component 2
strongly separated 0 h spores and 0 h seeds. Hierarchical
clustering (Figure 3b, Data S9) displayed that spores of 0—
24 h are most closely related to seeds, 48 h spores to 24
and 36 h old seedlings, and 72 h spores to seedlings at 48
and 60 h. Furthermore, the clustering of the proteins
showed that spores and seeds contain a subset of very
similar protein sets. Clusters 4-7, for example, harboring
proteins of high abundance in both seeds and spores that
decrease over time, contain a total of 105 proteins that
might be evolutionarily conserved in protecting desiccated
stages or facilitating the early phase of the transition from
a heterotrophic offspring dispersal stage to an autotrophic
plant. Proteins in these clusters might be involved in cell
wall-related metabolism, such as a putative xylosidase/ara-
binosidase (cluster 4, Data S9) and several putative galac-
tose oxidases (cluster 7). Further examples are heat shock
proteins of the 17.6 kd family and so-called universal stress
proteins (USPs, all cluster 6) that are associated with
diverse biotic and abiotic stress responses (Chi
et al., 2019). Our analysis of this cluster further highlighted
proteins that are so far of unknown function but might
have a conserved function in seeds and spores.

We also took a closer look at proteins in cluster 27 that
were high in 36-48 h old Arabidopsis seedlings and 36 h
old germinated spores, as these proteins might be
involved in the late transition phase to autotrophy. This
cluster contains numerous proteins involved in protein
synthesis, such as tRNA synthases, translation initiation
factors, and ribosomal proteins, indicating an increased
rate during this time window in both seedlings and germi-
nating spores.

We also compared the developmental pattern of pro-
tein abundance between spore germination and N. taba-
cum late pollen development and pollen tube growth in
the same manner as described for spores and seeds above
(Data S10). The PCA of this comparison, however, showed
no similarities between the spore and pollen stages with
component 1 separating only the N. tabacum stages, and
component 2 the ones of P. patens (Figure 3c). Hierarchical
clustering gave a similar result, as the samples of the two
species formed each a cluster of their own with the excep-
tion of the polarized microspores and the 72 h spores that
were most distant to all other samples (Figure 3d).

Spores are enriched in LD and LEA proteins and proteins
involved in oxylipin metabolism

A one-on-one comparison of all developmental stages
from P. patens (Figure S1) using imputed values

© 2023 The Authors.
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(Data S11a) revealed significantly changed protein abun-
dances between all stages except for the comparison of
the 0 and 8 h time points. To get further insight into pro-
teins with specific importance in spores, we compared the
proteome of 0 h spores to 72 h old germinated spores and
gametophores (Figure 4; Data S11b,c).

Two proteins much higher in 0 h versus 72 h spores
might play a role in detoxifying oxidized lipids and their
downstream products (Data S11b). They are homologs
to the proteins CeQORH (CHLOROPLAST ENVELOPE QUI-
NONE OXIDOREDUCTASE HOMOLOG, At4g13010)
and CHLADR (CHLOROPLAST ALDEHYDE REDUCTASE,
At1g54870) that have been implicated in such functions
in Arabidopsis plastids (Curien et al., 2016; Yamauchi
et al., 2011). Both these proteins are found in dry
seeds and are degraded during seedling establishment
(Kretzschmar et al., 2020).

A similar pattern in the seedling establishment is
observed for an AWPM-19-like membrane family protein
(AT1G04560). A P. patens homolog was strongly enriched
in spores in comparison to gametophores (Data S11c),
and the Arabidopsis gene is highly expressed in seeds
(Klepikova et al., 2016) while a homolog in rice has been
shown to be involved in ABA transport (Yao et al., 2018).

The comparisons furthermore displayed that the
spores at 0 h were chiefly enriched in proteins homolo-
gous to (i) LEA (late embryogenesis abundant) proteins, (ii)
known LD proteins (Guzha et al., 2023), and (iii) proteins
involved in oxylipin metabolism. These proteins will be
described below.

Late embryogenesis proteins show distinct expression
patterns suggestive of evolutionary conservation

Two of the 14 detected LEA proteins stayed high during
spore germination and were almost absent in vegetative
tissues, while two further isoforms were highest in game-
tophores (Figure 5; Data S12). However, most of the LEAs
detected in this study were highest in spores, degraded
within 72 h, and largely absent in protonema and gameto-
phores. A similar decrease was observed for Arabidopsis
LEAs during seedling establishment (Kretzschmar
et al., 2020) and in pollen tubes in comparison to dry pol-
len (Data S6).

As LEA proteins appear to be important in both seeds
and spores, we investigated the evolutionary history of
LEAs across 24 species in the green line to get a deeper
understanding of this class of proteins. To this end, we put
a focus on four species — A. thaliana, Oriza sativa, Cyperus
esculentus, P. patens — for which we also analyzed experi-
mental protein and transcript data from several different
datasets (see Experimental Procedures section for details).

In a phylogenetic tree of all LEA families of the 24 spe-
cies, the individual eight multigene LEA families cluster in
separate clades. We could not pinpoint the common
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Figure 3. Comparison of P. patens spore germination to Arabidopsis seedling establishment and N. tabacum pollen development. For P. patens, the 5 stages of
spore germination (0, 8, 24, 48, 72 h) for Arabidopsis (a, b) rehydrated seeds (RS), stratified seeds (StS), 24, 36, 48, and 60 h of seedling establishment, and for
N. tabacum (c, d) polarized microspores (PM), bicellular pollen (BP), dry pollen (DP) and pollen tubes (PT) are displayed. The highest mean of each protein (aver-
aged values with n = 5) was set to 1 individually for P. patens and Arabidopsis. (a, ¢) Principal component analysis plots. (b, d) Hierarchical cluster of which all
proteins are sorted by clusters can be found in Data S9 and S10c; clusters with more than 50 candidates are labeled with numbers. Arabidopsis and N. tabacum
data were originally published in Kretzschmar et al. (2020) and Ischebeck et al. (2014), respectively.

ancestral proteins prior to diversification into all of the suggesting that these two groups may be the evolutionary
diverse LEA families (Figure S2). That said, both LEA_5 and oldest (Figure S2). LEA_4 presents the most diverse group
LEA_4 groups are conserved across all analyzed species, with the most different subcellular localizations (Figure 6).
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oxylipin-related proteins. The black line indicates a false discovery rate of 0.05. AOS, allene oxide synthase; CAS, cycloartenol synthase; CLO, caleosin; LEA, late
embryogenesis abundant protein; LOX, lipoxygenase; HSD, steroleosin; LDAP, lipid droplet-associated protein; LDIP, LDAP-interacting protein; OBL, oil body

lipase; OLE, oleosin; PUX, plant UBX domain-containing protein; SMP, seed maturation protein; SMT, sterol methyltransferase.
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Figure 5. Most LEA proteins are enriched in early stages of spore germination (a) Late embryogenesis abundant (LEA) proteins identified in Physcomitrium
patens clustered as visualized in Figure 1(c). Given are averaged relative iBAQ values (in 9%, of total protein abundance) for all developmental stages (spores 0, 8,
24, 48, 72, protonema (P), gametophore (G); n = 5 for each stage), the cluster number, the identifier of P. patens, the identifier of the most similar Arabidopsis
homolog as well as the protein family. (b-d) Relative protein distribution of three selected LEA proteins. Error bars, SD.
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More specifically, we identified two sub-clades of
mitochondrial- and/or plastidial-targeted LEAs, and a dis-
tinct clade that was more associated with secretory path-
way targeting (Figure 6). As two of these sub-clades
contain proteins from both Arabidopsis and P. patens, it
can be speculated that the subcellular targeting has been
evolutionarily conserved at least since bryophytes and vas-
cular plants diverged.

The other LEA families appeared at different times
during the evolution of the green lineage, with LEA_2 and
seed maturation protein (SMP) having emerged in the last
common ancestor (LCA) of streptophytes and LEA_1 and
dehydrins in the LCA of embryophytes (Figure S2).

LEA 6 and LEA_3 families are exclusive to spermato-
phytes (Figure S2); both families are mostly associated with
seed- and/or pollen stages (Figure 6). Yet, seed- and pollen-
associated LEA proteins are also found across other LEA fami-
lies, often sharing homologs with the bryophyte P. patens
(Figure 6). Moreover, the angiosperm-specific LEA_3 family
stands out for having members from rice and Arabidopsis,
which were all predicted and partially confirmed to be tar-
geted to mitochondria (Figure S2). Lastly, the LEA_2 clade can
be split into two sub-clades, with one of them being the only
clear sub-clade of LEA proteins, which is predominantly asso-
ciated with the vegetative stages (Figure 6).

Lipid droplet proteins and their role during ripening and
germination of spores and seeds

One hallmark of seeds and other desiccated structures is
the occurrence of a large number of lipid droplets that
store neutral lipids, such as triacylglycerol (Guzha
et al., 2023). However, these structures also occur in non-
desiccated tissues and their function might be reflected by
their proteomes (Ischebeck et al., 2020). While we did not
isolate LDs in this study, 15 homologs to known LD pro-
teins were found in the dataset, allowing us to study their
developmental pattern (Figure 7; Data S13). In total, LDs
made up 11.9% of all proteins in the spores, which was
much higher than in protonema (0.05%) and gametophore
(0.4%) tissues and even higher than in Arabidopsis seeds
(5.7%; Kretzschmar et al., 2020).

The most abundant putative LD protein in P. patens
spores is a homolog of OIL BODY LIPASE 1 (Figure 7, OBL1,
Pp3c3_4690V3.2). The homologous protein is primarily
found in developing and mature seeds of Arabidopsis (Kle-
pikova et al., 2016), as well as in emerging pollen tubes of
Arabidopsis and Nicotiana tabacum, potentially supplying
TAG-derived membrane lipids there (Muller & Ische-
beck, 2018). During spore germination, its abundance
decreases by approximately 88.7% within 72 h and is nearly
depleted in the protonema and gametophore stages. In
addition to this dominant isoform, three additional homo-
logs were identified. The second most abundant family of
proteins in the spores were oleosins that are the main LD

proteins in most seeds (Guzha et al., 2023). Furthermore,
homologs to the other two most abundant proteins
in seeds, caleosins, and steroleosins, were found almost
exclusively in spores. Steroleosins are thought to be impor-
tant for the metabolism of brassinosteroids (Lin
et al., 2002), while caleosins might have a peroxygenase
activity (Hanano et al.,, 2023) and are considered to
play a role in stress-related processes (Aubert et al.,
2010; Shimada et al., 2014). The LIPID DROPLET-
ASSOCIATED PROTEIN 3 (LDAP3, Pp3c19_21240V3.2) and
its interaction partner LDAP-INTERACTING PROTEIN (LDIP,
Pp3c25_6290V3.3) are also predominantly found in spores.
However, LDAP remains at a constant level, whereas LDIP
decreases during germination. While these proteins are
needed for the proper formation of LDs (Pyc et al., 2021),
LDAP might have an additional coating function and is
found also in vegetative tissues (Brocard et al., 2017; Gidda
et al., 2016). Other proteins were not predominantly found
in spores. One example is PLANT UBX DOMAIN-
CONTAINING PROTEIN 10 (PUX10) that is involved in the
degradation of ubiquitinated LD-associated proteins in Ara-
bidopsis (Deruyffelaere et al., 2018; Kretzschmar
et al., 2018) and that we found in similar amounts in all ana-
lyzed stages. The two proteins involved in sterol metabo-
lism a putative cycloartenol synthase and sterol methyl
transferase 1 showed the highest levels in the late stages of
spore germination and vegetative tissues, respectively.

A bimodal expression pattern of lipoxygenases in
P. patens

The share of lipoxygenases and allene oxide synthases
was comparably high in 0 h spores, making up 9.6%
of all proteins, dropping to 2.4% in 72 h spores. The
levels in protonemata (0.37%) and gametophores
(0.33%) were much lower (Data S14), implying a pivotal
role during spore germination. Consistently, PpLOX4b
(Pp3c14_10640V3.1) is the second most abundant protein
in 0 h spores (Data S2). LOX proteins oxygenate polyunsat-
urated fatty acids, which can be metabolized to oxylipins,
volatiles, or designate the oxygenated fatty acid for degra-
dation (Andreou & Feussner, 2009). Furthermore, specific
isoforms were observed as LD-associated proteins in some
species (FeuBner & Kindl, 1992). The different types of
plant LOXs can be classified based on their targeting sig-
nals for either plastidial or non-plastidial LOX, as well as
their specificity for the oxygenation of o-linoleic acid
(Andreou & Feussner, 2009). Our proteomic dataset identi-
fied seven LOX proteins and two AOS proteins (Data S14).
LOX proteins and their enzymatic activity were annotated
according to (Anterola et al., 2009). Pp3c1_29700V3.2.p,
with the highest similarity to PpLOX6, was named by us
PpLOX10. Then, the consensus of putative subcellular tar-
geting was determined by assessing three distinct localiza-
tion prediction tools (Figure 8).
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Figure 6. Phylogenetic tree of LEA proteins of P. patens and three Angiosperms. Phylogeny of LEA proteins including information on their expression and sub-
cellular location. The tree was constructed with LEA proteins from 23 different Viridiplantae species and pruned for the LEAs of Arabidopsis (At) and their homo-
logs found in C. esculentus (Ce), O. sativa (Os), and P. patens (Pp). Localizations were predicted with TargetP or are based on experimental data Ginsawaeng
et al., 2021). Assignment as desiccation or vegetative enriched (>2-fold) is based on previously published data. See Experimental Procedures for details.
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The protein abundance of LOX pathway-related genes
shows a bimodal pattern. The first pattern is a high abun-
dance in the vegetative stages with much lower levels in
germinating spores. This trend is particularly evident in

those LOX and AOS enzymes, which are predicted to be
localized within the plastids and exhibit 12-S substrate
specificity to arachidonic acid. The second pattern is
observed in LOX and AOS enzymes, which are predicted to
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be non-plastidial in their localization and exhibit 13-S sub-
strate specificity to a-linolenic acid. These enzymes are pri-
marily expressed in spores, and a general trend of
decreasing relative abundance is observed during
germination.

DISCUSSION

Both spore and seed germination, and seedling
establishment progress through similar key phases

Desiccation-tolerant spores and seeds are the prime repro-
ductive dispersal units of mosses and seed plants, respec-
tively, and hallmarks of plant evolution. While they can be
considered analogous structures, due to their expression
in different generations, they share many similarities not
only in their function but also on the molecular level
(Pacini, 2012). Furthermore, the similarities are not
restricted to the desiccated stage but extend to the estab-
lishment of a photoautotrophic plant from the heterotro-
phic energy-rich spore or seed. Both seeds and spores
undergo four key phases that partially overlap. The first
phase is defined by desiccation tolerance and already com-
prises the late phase of spore and embryo development. In
the second phase, the cells are rehydrated and metabolism
is activated. Furthermore, it is determined if the spore or
seed germinates or remains dormant. The third phase is
characterized by the degradation of TAG and the activation
of B-oxidation and the glyoxylate cycle to generate energy
and carbohydrates for cellular growth. During the fourth
phase, the photosynthetic apparatus is established, leading
to full photoautotrophy. We will discuss the individual
phases in the context of similarities and differences
between Arabidopsis and P. patens.

Phase 1 several protein families mediate desiccation
tolerance

LEAs proteins play a key role in protecting proteins
and membranes in desiccated structures of all eukaryotes
including spores, pollen and seeds of plants (Chakrabortee
et al., 2012; Grelet et al., 2005; Hibshman & Goldstein, 2021;
Hundertmark et al., 2011; Li et al., 2012; Tolleter et al.,
2010). They are also strongly upregulated in resurrection
plants during desiccation (Gechev et al., 2021). Evolution-
ary oldest according to our analysis are the LEA_4 and
LEA_5 families. In line with this, they have been found in
many animal species as well. For example, rotifers, nema-
todes and tardigrades possess LEA_4 homologs and a
LEA_5 protein was identified in the brine shrimp Artemia
franciscana (Hand et al., 2011), where they likely have a
desiccation related function as well. According to this func-
tion, most of these proteins are largely degraded within
72 h in P. patens spores and also after 36 h in seedlings
(Kretzschmar et al., 2020) and 5 h in pollen tubes (Data S6).
An exception are two LEA_2 and several LEA_4 proteins
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that were found predominantly in vegetative tissues of
P. patens based on proteomic and transcript data (Figures 5
and 6). Interestingly the LEA_2 proteins are closely related
to LEA proteins of seed plants that are also predominantly
found in non-desiccated organs (Figure 6). Also, the organ-
elle targeting of certain LEA proteins seems to be con-
served between mosses and seed plants as members of a
sub-clade of the LEA_4 family have been shown (Ginsa-
waeng et al., 2021) or are predicted to target plastids and
mitochondria (Figure 6).

Throughout plant evolution, the number of LEA pro-
tein families has increased in plants (Figure S2), with
LEA_1, LEA_3, and LEA_6 not being present in P. patens.
The members of the LEA_1 and LEA_6 families are all
found in desiccated structures (Artur et al., 2019), while the
LEA_3 family have all been shown or predicted to target
mitochondria indicating a specialized function for these
LEA clades. Interestingly dehydrin-type LEA proteins are
found in P. patens but have not been recorded in strepto-
phyte algae. They could have evolved in the early land
plants and helped to cope with the specific stresses
encountered on land.

Both spores of P. patens and Arabidopsis seeds con-
tain a large number of LDs and also these structures have
to be protected to prevent them from fusing. Oleosin-
coding genes increase upon environmental stress in
extant representatives of the closest algal lineage to land
plants, the Zygnematophyceae (Dadras et al., 2023; de
Vries et al., 2020), and oleosin proteins are enriched in the
LD proteomes of the zygnematophyte alga Mesotaenium
endlicherianum (Dadras et al., 2023); it is thus likely that
they were part of the toolbox for environmental responses
in the earliest land plants. Indeed, the high number of
lipid droplets in the durable and resilient zygospores (Per-
mann et al., 2023) as well as the pre-akinetes (Pichrtova
et al., 2016) of zygnematophytes like Zygnema suggests
that such a toolkit for endurance was present in the
last common ancestor of zygnematophytes and land
plants. Oleosins are commonly found in desiccated
tissues, including spores, pollen, and seeds (Guzha
et al., 2023). Their importance during desiccation is corrob-
orated by the diminished or deficient presence of oleosins
in desiccation-sensitive (recalcitrant) seeds (Leprince
et al., 1997) and by the heightened susceptibility to freez-
ing of oleosin-reduced Arabidopsis seeds (Shimada
et al., 2008). Conversely, augmented levels of oleosins
were observed in desiccated vegetative tissues of resurrec-
tion plants on the transcript level (Costa et al., 2017; Van-
Buren et al., 2017; Xu et al., 2018) and in the proteome of
the desiccation-tolerant tubers of C. esculentus (Niemeyer
et al., 2022; Yang et al., 2016). In P. patens, oleosins might
also be present in vegetative tissues. While transcript
levels are very low under control conditions two oleosins
increase more than 100-fold after 24 h of ABA treatment of
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protonemata reaching 4-7% of the levels in spores
(Data S13b; Perroud et al., 2018). These oleosins could coat
LDs in brood cells that are formed after ABA treatment and
contain many LDs as shown for several moss species
(Goode et al., 1994; Rowntree et al., 2007; Schnepf &
Reinhard, 1997).

Another prominent LD-associated protein family in
both spores and seeds are the caleosins (Figure 7; Guzha
et al., 2023). In Arabidopsis, CLO1 and 2 are highest
in seeds (Kretzschmar et al., 2020), CLO3 in leaves (Ferna-
ndez-Santos et al., 2020), and CLO4 in pollen (Ische-
beck, 2016). Such an organ-specific expression also seems
to be the case in P. patens, with one gene (Pp3c6_2090V3)
being highest expressed in spores, while the other two iso-
forms are strongly upregulated under ABA treatment
and dehydration in vegetative tissues (Data S13b;
Fernandez-Pozo et al., 2020; Perroud et al., 2018).

Phase 2 spore and seed germination are regulated by
similar factors

In Arabidopsis seeds, it was shown that metabolism is ini-
tiated very quickly during rehydration, with ATP being pro-
duced within minutes (Nietzel et al., 2020). While a similar
study has not been performed for P. patens spore germina-
tion, all the proteins required for energy generation are
readily available, with the GO term “glycolytic process”
being highest in dry spores and then slowly decreasing
(Figure 2), and subunits of the mitochondrial ATP synthase
complex also being present (Data S2b).

By activating their metabolism, spores, and seeds take
the first steps required for germination. However, germina-
tion can also be suppressed by a complex regulatory net-
work leading to spores and seeds staying dormant
(Nonogaki, 2014; Vesty et al., 2016). Part of this regulatory
network are hormones, including ABA and, at least in
seeds, brassinosteroids.

While P. patens spores do not seem to have a primary
dormancy, their germination can be suppressed, for exam-
ple, by ABA similar to seeds (Moody et al., 2016; Sano &
Marion-Poll, 2021; Vesty et al., 2016). ABA might also be
involved in the accumulation of certain proteins during
spore maturation, as many of the proteins found in dry
spores have homologs to ABA-responsive proteins in Arabi-
dopsis. Furthermore, we detected an AWPM-19-like mem-
brane family protein in both spores (Data S11c) and
Arabidopsis seeds (Kretzschmar et al., 2020) that might be
involved in ABA transport and thereby ABA signaling based
on the function of a homolog in rice (Yao et al., 2018).

Brassinosteroids are plant hormones involved in growth
and developmental processes (Clouse & Sasse, 1998; Peres
et al., 2019) that also occur in moss with a proposed function
in development (Morikawa et al., 2009; Yokota et al., 2017).
Brassinosteroids impact spore germination in ferns (Goé-
mez-Garay et al., 2018) and in seeds of Arabidopsis (Leubner-

Metzger, 2003) and rice (Xiong et al., 2022). It remains uncer-
tain whether this effect applies to bryophyte spores. Steroleo-
sins are major LD proteins in Arabidopsis seeds (Kretzschmar
et al., 2020) and also abundant in P. patens spores (Figure 7),
but are not found in drought-stressed leaves (Doner
et al., 2021), indicating that they might not have a role in
drought and desiccation responses but rather developmental
processes. In line with this is a potential involvement in bras-
sinosteroid metabolism by acting as dehydrogenases (Baud
et al., 2009; Li et al., 2007), although the exact nature of their
involvement is currently uncertain.

Another factor that influences dormancy is light per-
ceived by specific receptors. In seeds of Arabidopsis, red
light induces seed germination, while far-red light inhibits
it (Jiang et al., 2016). Involved in this process is the phyto-
chrome B photoreceptor HYPOCOTYL3 (HY3) that induces
seed germination when perceiving red light but is inhibited
by far-red light. A homolog of HY3 that we detected in dry
spores (Data S3) was rapidly degraded within 48 h. Based
on this finding, it could play an analogous role, especially
since it was shown that P. patens spore germination is
inhibited by far-red light as well (Vesty et al., 2016).
Recently, it was found that a ortholog of the Arabidopsis
DELAY OF GERMINATION 1 (Bentsink et al., 2006) along-
side DELLA proteins regulates spore germination in
P. patens highlighting another protein network important
for both spore and seed germination (Vollmeister
et al., 2023).

Phase 3 heterotrophic degradation of oil

With its high energy and carbon density, TAG is an optimal
storage reserve. However, both spore germination and
seedling establishment require mostly sugars for cell wall
synthesis needed for cell expansion (Ischebeck
et al., 2020). For this, the fatty acids derived from the TAG
are degraded first by p-oxidation, and the resulting acetyl-
CoA is converted to sugars by the glyoxylate cycle and glu-
coneogenesis. In Arabidopsis, there is a sharp increase in
the abundance of proteins involved in B-oxidation and the
glyoxylate cycle during the first 36 h and a decrease there-
after (Figure 2). In P. patens the levels of these enzymes
are already much higher in dry spores, slightly increase
during spore germination, and are still high after 72 h. In
vegetative tissues, the levels are then much lower. The
result suggest that P. patens spores, like Arabidopsis seed-
lings, utilize a large amount of TAG for sugar production
but that this process takes longer. N. tabacum pollen tubes
contain almost no proteins associated with the glyoxylate
cycle (Figure 2), probably because they can take up sugars
from the carpel tissue. Therefore, the degradation of fatty
acids might be utilized for energy generation instead.

By contrast, the way the fatty acids are released
from TAG might be different in each species. In Arabidop-
sis, the majority of TAG is hydrolyzed by the lipase
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SUGAR-DEPENDENT 1 (SDP1) and its homolog (Kelly
et al., 2011), while the knockout of the major oil body
lipase (OBL)-type TAG lipase does not affect TAG break-
down during seed germination (Miiller & Ischebeck, 2018).
The physiological function of this protein family is, there-
fore, mostly unclear in Arabidopsis, but a homolog in
tomato (Solanum lycopersicum) is involved in the produc-
tion of oxylipin-derived volatiles (Garbowicz et al., 2018;
Ischebeck et al., 2020).

The genome of P. patens codes for four homologs of
SDP1, but none of these were found in our proteomic
dataset (Data S2) and their expression levels are also
more than 100 times lower than for the lipases of the
OBL family (Fernandez-Pozo et al., 2020). Furthermore,
based on this study, the OBL Pp3c3_4690V3 is the most
abundant protein indicating a pivotal role in TAG degra-
dation (Data S2b). Based on the findings of Garbowicz
et al., a plausible function of OBLs in germinating spores
is the liberation of LOX-oxygenated fatty acids, especially
considering that a putative cytosolic 13-S LOX was found
to be the second most abundant protein (Data S2b). Inter-
estingly, there is also evidence pointing towards a cata-
bolic role of at least the LOX genes in cucumber
seedlings and olive pollen tubes (Feussner et al., 1997,
2001; Matsui et al., 1999; Zienkiewicz et al., 2013). In the
present case, an analogous process could apply, using a
13-S LOX enzyme to first generate a 13S-hydroperoxide-
octadecadienoic acid (13-HPODE) from linoleic acid, which
gets then reduced to 13S-hydroxy-octadecadienoic acid
(13-HODE) and released to the cytosol and glyoxysomes
for B-oxidation. The cucumber 13-LOX was described as
LD-associated in cotyledons (FeulRner & Kindl, 1992;
Hause et al., 2000), and LD-associated LOX were also
observed in cotyledons and pollen tubes of olive (Zienkie-
wicz et al., 2013, 2014), and sunflower seeds (Yadav &
Bhatla, 2011). Similarly, the main P. patens LOX could be
associated with LDs and drive TAG breakdown in combi-
nation with the OBLs. It is so far not clear if TAG could be
degraded by a similar mechanism in desiccation-resistant
vegetative tissues after rehydration. ABA treatment
induces the expression of the main spore LOX by 29-fold
(Data S14b; Perroud et al., 2018) but the levels are still
more than 5000-fold lower than in spores and no OBL
coding genes were upregulated. In the resurrection grass
Oropetium thomaeum, LDs accumulated during desicca-
tion are mostly degraded within 2 days after rewatering
(VanBuren et al., 2017) but it is not clear how the oil is
degraded and how it is utilized.

In the zygnematophyte Mesotaenium endlicherianum
high light and high temperature triggered a three-fold
increase in the expression of the OBL homolog
Me1_v2_0120870 (Dadras et al., 2023). In N. tabacum pollen
tubes, two OBL homologs were found enriched on LDs
(Kretzschmar, 2018) and they also play a role in pollen tube
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growth in N. tabacum and the homolog OBL1 in Arabidop-
sis (Muller & Ischebeck, 2018).

Phase 4 establishment of the photosynthetic apparatus

The constitution of the photosynthetic apparatus requires
three main components: (i) the proteins and enzymes
involved in the light and the dark reactions, (ii) the pig-
ments of the light-harvesting complexes, and (iii) the
membrane lipids of the thylakoids. All these components
are missing or are strongly reduced in Arabidopsis
seeds (Kehelpannala et al, 2021; Kretzschmar
et al., 2020; Li et al., 2017), likely in part because desic-
cation increases the production of reactive oxygen spe-
cies during the light reaction (Oliver et al., 2020).
Proteins required for the light reaction and the Calvin
cycle are almost absent in dry seeds and start to
strongly increase 24 h after imbibition, with the increase
maybe not being completed after 72 h (Figure 2). In P.
patens, the levels in spores are already a little bit
higher, and start to increase after 24 h, but are still
much lower after 72 h than in protonema and gameto-
phore tissues indicating that the build-up is far from
being completed. The increase in Arabidopsis goes in
hand with degradation of storage proteins that could
deliver amino acids for this purpose. P. patens does not
have obvious storage proteins, but the degradation of
for example the most abundant proteins OBL and LOX
(Figures 7 and 8) could provide amino acids for the syn-
thesis of photosynthesis-related proteins.

Proteins involved in chlorophyll synthesis start to
increase after 24 h in both Arabidopsis and P. patens and
continuously increase (Figure 2). In Arabidopsis, a similar
trend is observed for proteins involved in fatty acid synthe-
sis. Interestingly, this is not the case in P. patens, where
fatty acid synthesis is highest in spores and then decreases
with the levels. This difference indicates that Arabidopsis
synthesizes most of the fatty acids required for membrane
lipid synthesis de novo, while P. patens might make use of
fatty acids derived from TAG breakdown.

EXPERIMENTAL PROCEDURES
Plant material

Physcomitrium patens of the ecotype Reute was grown as previ-
ously described (Gomann et al., 2021). Protonemata cultivated on
BCDAT medium were harvested 8 days after propagation, and
full-grown gametophores cultivated on BCD medium 35 days after
propagation. Sporophytes were induced as previously described
(Hiss et al., 2017) and individually picked. Spore capusles were
transferred into ddH,0 and broken up in a reaction cup using a
mini plastic mortar before being distributed to 24 well plates con-
taining 1 ml ddH,0 each. Spores and some of the spore capsule
debris were harvested after 15 min (0 h), 8, 24, 48, and 72 h by
spinning down the spores at 2000 g for 10 sec and removing the
water. After harvesting, the material was flash-frozen in liquid
nitrogen and stored at —80°C.
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Isolation of protein fractions from moss

Frozen spores or germinated spores including some spore capsule
remnants (derived from 2.5 mg spore capsules per sample) were
ground in a liquid nitrogen-cooled shaking mill (Retsch, Haan,
Germany) with three 2.5 mm steel beads at 30 Hz for 2 min. Sub-
sequently, 30-50 ul protein solubilization buffer (6 m Urea, 5%
SDS, 2 mm phenylmethylsulfonyl fluoride) was added, followed
by flash freezing in liquid nitrogen. Protonema and gametophore
material was ground in a liquid nitrogen-cooled mortar. Follow-
ing, 40 mg material was added into 100 pl protein solubilization
buffer and thawed on ice before flash freezing in liquid nitrogen
again. All samples were then treated in an ice-cooled ultrasonic
bath for 15 min and centrifuged at 4°C for 10 min at 19.000 g. The
supernatant was collected and used for further processing.

Preparation of peptide samples and LC-MS/MS

All proteomic metadata can be found in Table S1. For the determi-
nation of protein concentration, the Pierce BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used accord-
ing to the manufacturer’s instructions. In the following, 20 pg (ger-
minating spores) or 30 ug (protonema/gametophores) of protein
per replicate were subjected to electrophoresis on an SDS-
acrylamide gel, with the run being halted once the proteins had
entered the separation gel by approximately 3-5 mm. Individually
excised gel pieces were processed and tryptically digested as pre-
viously described (Shevchenko et al., 2006). Subsequently, the
resulting peptides were desalted via a custom EmporeTM Octade-
cyl C18 47 mm extraction disks 2215 (Supelco, St. Paul, MN, USA)
filled columns as described elsewhere (Rappsilber et al., 2007).
Purified peptides were suspended in 20 pl LC-MS sample buffer
(2% acetonitrile, 0.1% formic acid) prior to applying it to reverse
phase LC-based peptide separation on an RSLCnano Ultimate
3000 system (Thermo Fisher Scientific). Peptides were loaded with
0.07% trifluoroacetic acid onto a C18 Acclaim PepMap 100 pre-
column (100 pm x 2 cm, 5 um particle size, 100 A pore size;
Thermo Fisher Scientific) set to a flow rate of 20 ul min~" for
3 min. The peptides were then separated analytically using a C18
Acclaim PepMap RSLC column (75 um x 50 cm, 2 pym particle
size, 100 A pore size; Thermo Fisher Scientific) at a flow rate of
300 nl min~". The solvent composition underwent a gradient
change, initiating at 96% solvent A containing 0.1% formic acid
and 4% solvent B consisting of 80% acetonitrile and 0.1% formic
acid. Over a period of 94 min, the proportion of solvent B
increased progressively to 10% within 2 min, followed by a further
increase to 30% within the subsequent 58 min. This was followed
by an additional rise to 45% solvent B within the following
22 min, culminating in a peak of 90% solvent B in the last 12 min
of the gradient. Optima-grade (Thermo Fisher Scientific) solvents
and acids were used for all LC-MS experiments. Eluting peptides
were ionized online by nano-electrospray (nESI) using a Nanos-
pray Flex lon Source (Thermo Fisher Scientific) at 1.5 kV (liquid
junction) and transferred to a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific). Full scans were recorded in a mass
range of 300-1650 m/z at a resolution of 30 000, followed by data-
dependent top 10 HCD fragmentation at a resolution of 15 000
(dynamic exclusion enabled). XCalibur 4.0 software (Thermo
Fisher Scientific) was used for the LC-MS method programming
and data acquisition.

Proteomic RAW data processing

Proteomic RAW data were processed in MaxQuant 2.0.3.1 software
(Cox & Mann, 2008; Tyanova, Temu, & Cox, 2016) on default settings

except enabling “Label-free quantification - LFQ,” “iBAQ,” “FTMS
recalibration,” “Match between runs,” and set “Intensity determina-
tion” to “Total sum.” The P. patens primary transcript protein file
(v3.3, DOE-JGI; https:/phytozome-next.jgi.doe.gov/; Goodstein
et al., 2012; Lang et al., 2018) was used as reference library. Filtering
and relative iBAQ (riBAQ) normalization (9, of total protein abun-
dance per sample) from the resulting MaxQuant proteinGroups file
was performed in Perseus 1.6.2.2 (Tyanova, Temu, Sinitcyn,
et al., 2016) as previously described (Horn et al., 2021). The raw data
on the N. tabacum pollen proteome (Ischebeck et al., 2014) was re-
processed with MaxQuant using the same settings and the database
based on the N. tabacum genome (Edwards et al., 2017).

Blast

In order to identify the closest homologs of P. patens proteins in
Arabidopsis, a BLASTp approach was employed (Altschul
et al., 1990; Gish & States, 1993). Here, the P. patens primary tran-
script protein file (v3.3, DOE-JGI; https://phytozome-next.jgi.doe.
gov/; Goodstein et al., 2012; Lang et al., 2018) was used as a query
against the Arabidopsis TAIR10 primary transcript protein release
(Lamesch et al., 2012). BLAST software release 2.11.0+ was used,
and an E-value cutoff of <107® was set.

Data analysis

PCA plots, hierarchical clusters, and volcano plots were created
with Perseus 1.6.2.2 (Tyanova, Temu, Sinitcyn, et al., 2016). The
PCA was created using standard settings. The hierarchical cluster-
ing was performed based on Euclidean distance for row clusters,
and Euclidean (Figure 1) or Pearson distance (Figure 3) for column
clusters. Data was preprocessed with k-means, and the number of
iterations was set to 10 with 100 restarts. For the volcano plots,
data were imputed with a width of 0.3 and a downshift of 1.8. Sig-
nificance was assessed via t-test, setting the number of randomi-
zations to 250, the false discovery rate to 0.05, and the Sy to 0.1.

For GO term analysis, all P. patens accessions were assigned
an Arabidopsis accession based on homology determined by the
BLAST search (lowest E-value). When several P. patens were
assigned to the same Arabidopsis protein, their riBAQ values were
added. Then, these values were assigned to each AGl-accession
GO term pair (retrieved from www.arabidopsis.org September 1,
2022), and the protein abundance in each GO term was deter-
mined by adding the riBAQ of all the proteins therein.

Phylogenetic analysis of LEA proteins

To identify homologs of LEA proteins, the previously identified LEA
proteins from A. thaliana (Hundertmark & Hincha, 2008) were used
as a query in a BLASTp against a protein database with an E-value
cutoff <1075, The database of (predicted) proteins was assembled
from the genomes of Anthoceros agrestis (Li et al., 2020), Amborella
trichopoda (AMBORELLA GENOME PROJECT et al., 2013) A. thaliana
(Lamesch et al., 2012), Azolla filiculoides (Li et al., 2018), Brachypo-
dium distachyon (Vogel et al., 2010), Chlorokybus melkonianii (Iri-
sarri et al., 2021; Wang et al., 2020), Chara braunii (Nishiyama
et al., 2018), Chlaymdomonas reinhardtii (Merchant et al., 2007), Coc-
comyxa subellipsoidea (Blanc et al., 2012), Ceratopteris richardii
(Marchant et al., 2022), C. esculentus (Niemeyer et al., 2022; Yang
etal., 2016), Gnetum montanum (Wan et al., 2018), Isoetes taiwanien-
sis (Wickell et al., 2021), Klebsormidium nitens (Hori et al., 2014),
Marchantia polymorpha (Bowman et al., 2017), Mesotaenium endli-
cherianum (Cheng et al., 2019; Dadras et al., 2023), O. sativa (Ouyang
etal., 2007), Picea abies (Nystedt et al., 2013), Penium margaritaceum
(Jiao et al., 2020), P. patens (Lang et al., 2018), Selaginella
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moellendorffii (Banks et al., 2011), Spirogloea muscicola (Cheng
et al., 2019), and Ulva mutabilis (De Clerck et al., 2018). Sequences
(Data S15) were aligned with MAFFT (Katoh & Standley, 2013) using
the alignment method L-INS-i. The maximum-likelihood tree was
constructed with 1Q-Tree (Minh et al., 2020) in which the WAG+ + G4
model was selected as most suitable by ModelFinder (Kalyaana-
moorthy et al., 2017) utilizing the option -madd LG4M,LG4X. The
branch support was assessed with ultrafast bootstrap (Hoang
et al., 2018). All data on the tree construction can be found in
Data S16-S18. The visualization was done in iTOL version 2.0.3 (Letu-
nic & Bork, 2007), and the given subcellular locations of the proteins
were predicted with TargetP-2.0 (Armenteros et al., 2019).

Analysis of LEA expression data

LEA mRNA transcripts from different RNAseq databases were
retrieved for three species: TraVa for Arabidopsis thaliana ecotype
Col-0 (Transcriptome Variation Analysis database; http://travadb.
org/; Klepikova et al., 2016), RED for O. sativa cv. Nipponbare (Rice
Expression Database; http://expression.ic4r.org/; (Xia et al., 2017),
and PEATmoss for Physcomitrium patens ecotypes Gransden
and Reute (https://peatmoss.plantcode.cup.uni-freiburg.de/;
(Fernandez-Pozo et al., 2020). LEA protein data were acquired from
A. thaliana ecotype Col-0 (Kretzschmar et al., 2020), Cyperus escu-
lentus L. var. sativus (Niemeyer et al., 2022), and P. patens ecotype
Reute (this publication).

Due to varying data availability, we chose different
desiccation- and vegetative-associated stages for each species.
For the Arabidopsis ecotype Col-0 transcripts, we compared seeds
of the first yellowing silique, dry seeds, opened anthers, and
anthers from mature unopened flowers with germinating seeds
3 days after imbibition, seedling cotyledons, seedling roots, and
whole mature leaves; while for protein expression data, seeds
30 min after imbibition and seedlings 60 h after imbibition were
chosen. For P. patens transcripts, both Gransden and Reute eco-
types were included; namely, we compared dry spores (Gransden)
and brown sporophytes (Reute) against protonema (Gransden and
Reute), gametophores (Gransden and Reute), adult gametophores
(Reute) and leaflets (Gransden). For the protein analysis of
P. patens ecotype Reute, dry spores were compared with gameto-
phores and protonema. For O. sativa cv. Nipponbare transcripts,
mature seeds and anthers from mature unopened flowers were
contrasted to 14-day-old shoots, roots, and leaves. No protein
expression data were analyzed for rice. Lastly, for C. esculentum
L. var. sativus — for which only proteome data was used - dry
tubers were compared to leaves and roots.

We determined the ratio between the highest raw value of
the before-mentioned desiccation- and vegetative-associated
stages. An LEA transcript or protein was considered desiccation or
vegetative stage-specific when the ratio of the raw normalized
mRNA levels, or riBAQ values were at least 2-times higher in
desiccation-associated tissues compared to vegetative-associated
tissues and vice versa.

Prediction of LOX subcellular targeting and substrate
affinity

The annotation of P. patens LOX and AOS proteins is based on
their closest homologs in Arabidopsis and was determined by a
BLASTp search. The substrate specificity for the LOX proteins was
assigned based on a previous characterization study (Anterola
et al., 2009). The subcellular localization of the identified LOX and
AQS proteins was predicted using three different computational
tools, namely LOCALIZER (https://localizer.csiro.au/; Sperschneider
et al., 2017), Green Targeting Predictor (https://plantcode.cup.uni-
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freiburg.de/plantco/predloc/; Fuss et al., 2013), and TargetP
2.0 (https://services.healthtech.dtu.dk/services/TargetP-2.0/; Armen-
teros et al., 2019). The consensus prediction from two out of three
tools was considered as an indication of the subcellular localization
of the LOX proteins.
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