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ARTICLE INFO ABSTRACT

Keywords: Bryophytes (mosses, liverworts, and hornworts) have interested researchers because of their high chemical di-
Bryophytes versity and their potential uses in pharmaceutical, food, and cosmetic industries. Specifically, long-chain poly-
Mosses

unsaturated fatty acids (I-PUFA) such as arachidonic acid (AA) and eicosapentaenoic acid (EPA) are commonly
found in bryophytes, but not in vascular plants. Bryophytes accumulate PUFAs in cold or even freezing tem-
perature to keep the cell fluidity. Iceland has a long history of bryophyte vegetation. These bryophytes are highly
adapted to the harsh environment in Iceland and therefore are expected to produce high amounts of PUFAs.
However, despite the fact that hundreds of mosses and liverworts have been found in Iceland, their lipid profiles
largely remain unknown. In this study, we performed untargeted lipidomics by using UPLC-ESI-QTOF-MS as a
rapid screening strategy to examine the lipid compositions of 39 local bryophyte species in Iceland and aimed to
find high AA and EPA producers. A total of 280 lipid molecular species from 15 lipid classes were quantified with
isotope-labeled internal standards. AA and EPA were abundantly distributed in the phospholipids (mainly PC and
PE) and glycerolipids (MGDG and DGDG) in six moss species, namely Racomotrium lanuginosum, R. ericoides,
Bryum psedotriquetrium, Plagiomnium ellipticum, Hylocomium splendens, and Rhytidiadelphus triquetrus. Two of the
six species (B. psedotriquetrium and H. splendens) also accumulated high concentrations of PUFA-containing-
triacylglycerols.

Liverworts

Lipidomics
Polyunsaturated fatty acids
Mass spectrometry

History, 2018). However, the lipid composition of Icelandic bryophytes
is still poorly investigated.

Since a lot of studies of bryophytes have been focusing on volatile
secondary metabolites, most of the chemical analysis has been per-
formed with gas chromatography (GC) methods. GC-derived analytical
methods are classical and robust as they can provide full-structural
qualification and absolute quantification of a broad range of mole-
cules including fatty acids (FAs). However, GC-based methods have

1. Introduction

Bryophytes are the second largest group of terrestrial plants and are
divided into three subgroups — mosses, liverworts and hornworts (Horn
et al., 2021). Bryophytes (especially mosses) have a long and successful
colonization history in Iceland with Racomitrium being the most abun-

dant genus (Ingimundardottir et al., 2014)' Notably, Icelandic.bryo— several limitations. Only characterization and quantification of simple
phytes are well adapted to a very harsh environment as they grow in low lipids such as free fatty acids and sterols can be obtained by GC-derived

temperatures almost all year around. The average temperature in Rey- method (Christie and Han, 2012; Holcapek et al., 2018; Okazaki and
kjavik is around 1 °C in winter and 12 °C in summer (Icelandic Meteo-

rological Office, 2021). Under such circumstances, Icelandic bryophytes
are expected to produce a considerable amount of PUFAs throughout the
annual cycle. To date, 460 moss species, 139 liverwort species and one
hornwort have been identified in Iceland (Icelandic Institute of Natural

Saito, 2018). Thus, recent studies have been focusing on lipid profiling
using liquid chromatography-mass spectrometry (LC-MS) to provide an
overview of the lipid species diversity in organisms including
bryophytes.
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Abbreviations

I-PUFA long-chain poly-unsaturated fatty acid
FA fatty acid

AA arachidonic acid

EPA eicosapentaenoic acid

UPLC ultra-performance liquid chromatography

UPLC-ESI-QTOF-MS ultra-performance liquid chromatography-
electrospray ionization-quadrupole time-of- flight mass

spectrometry
GC gas chromatography
TLC thin layer chromatography
SPE solid phase extraction
DDA data dependent acquisition
DIA data independent acquisition
PC phosphatidylcholine
PE phosphatidylethanolamine
PG phosphatidylglycerol

PI phosphatidylinositol

PA phasphatidic acid

MGDG monogalactosyldiacylglycerol

DGDG  digalactosyldiacylglycerol

SQDG  sulfoquinovosyldiacylglyceride

DGTS diacylglycerol-o-(n,n,n-trimethyl)-homoserine
DG diacylglycerol

TG triacylglycerol

LPC lyso-phosphatidylcholine

LPE lyso-phosphatidylethanolamine

Cer ceramide

SM sphingomyelin

HexCer hexosylceramide

QC quality control

PCA principal component analysis

PLS-DA partial least-squares discriminant analysis
LC-MS  liquid chromatography-mass spectrometry

The common fatty acids (FA) present in plants are 16:0, 18:1, 18:2,
and 18:3. In addition to these common FAs, bryophytes produce
considerable amounts of long-chain polyunsaturated fatty acids (I-
PUFAs, <18 carbon chains) such as arachidonic acid (AA, 20:4, ©-6) and
eicosapentaenoic acid (EPA, 20:5, ®-3) (Al-Hasan et al., 1989; Beike
et al., 2014; Gellerman et al., 1975; Hartmann et al., 1986; Lu et al.,
2019; Pejin et al., 2011). In general, bryophytes can survive in low
temperature and harsh environment by accumulating FAs with longer
and more unsaturated carbon chains in order to lower the solidification
points. Hansen and Rossi (1990)examined the fatty acid composition of
25 moss species in the family Brachytheciaceae and Hypnaceae, the
gametophytes of which contain up to 37% and 23% of total fatty acids of
AA and EPA, respectively. Pejin et al. (2011)found that AA is the major
fatty acid (30.7% of total FA) in Rhytidiadelphus squarrosus (Hedw.)
Warnst. The AA and EPA content were observed to increase when the
temperature dropped from 30 to 10° in cultured R. squarrosus and
Eurhynchium striatum (Hansen and Rossi, 1991).

L-PUFAs (especially w-3 PUFA) play an important role in human diet
as they possess anti-inflammatory and antioxidant properties, and they
are also highly associated with brain and retinal development in humans
(Gupta et al., 2012). Since crops and other higher plants rarely contain
1-PUFAs, the current source of 1-PUFAs used as food supplements comes
from marine fish oils or algae. However, fish and fish oils is not a sus-
tainable source due to the decline of fish population and the accumu-
lation of heavy metals in marine organisms (Jiao and Zhang, 2013).
Algal oil is an alternative to both PUFA and 1-PUFA, though the pro-
duction cost is relatively high (Wijffels and Barbosa, 2010). Searching
for an alternative source of 1-PUFAs could help to lower the cost of EPA
and AA (Lu et al., 2019). Bryophytes may not only provide a new edible
source of PUFAs and 1-PUFAs for human, they can also be targeted for
promising transgenic approaches, e.g., for the optimization of oil seed
crops to increase the amount of essential PUFAs and increase omega 3/6
ratio for human diet (Jiao and Zhang, 2013).

In this study, we examined the global lipidomes of 39 bryophyte
species including 32 mosses and 7 liverworts from 10 orders, growing
wild in Iceland using liquid chromatography-mass spectrometry (LC-
MS)-based untargeted lipidomics approach. 2139 features were detected
in positive electrospray ionization mode (ESI+) and 880 in negative
electrospray ionization mode (ESI-). By using the in silico library Lipid-
Blast, 603 and 322, in ESI+ and ESI- mode respectively, were identified
as lipids. Multivariate statistical analysis and Hierarchical clustering
analysis (HCA) were performed to discriminate the examined bryophyte
species. Relative quantification of 15 lipid classes was achieved using
isotope-labeled internal standards. Six moss species were found to

contain high amounts of AA and EPA in the phosphor- and glycerolipids.
Two of these six species also accumulated high concentration of tri-
acylglycerol (TG) which contain AA and EPA.

1.1. Results and discussion

1.1.1. Investigating the data quality

The MS/MS results were aligned and all possible peaks were detec-
ted. These data were then assigned to unique alignment IDs with their
retention times and mass-to-charge ratios in both ESI+ and ESI- modes,
respectively. In total, 2139 features were detected in ESI + mode and
880 in ESI- mode. All features with their raw peak areas were imported
to SIMCA software. Here a PCA were performed to examine the species
separation and to evaluate the quality of the dataset. The PCA plots were
colored according to the sample type (sample or QC). A total of 25 QC
samples are well clustered together in both modes (Fig. 1), even though
the first two components of the PCA explain a comparatively low per-
centage of the variance for both modes (ESI+: PC1 = 8.27%, PC2 =
8.14%; ESI-: PC1 = 18.9%, PC2 = 8.56%). Overlapped chromatograms
of all QC samples are displayed in Supplementary Fig. S1. Histograms of
the distributions of coefficient of variances (CVs) of detected features are
shown in Supplementary Fig. S2. 42% and 60% of the features in ESI+
and ESI- mode, respectively, from the QC samples have a less than 30%
CV (Kaiser et al., 2011). Altogether, the datasets can be considered as of
good quality and are reliable for further processing.

1.1.2. PLS-DA

We further used PLS-DA models to determine the differences be-
tween all bryophyte species (Fig. 2). All detected features (i.e. all an-
notated lipids and other unidentified lipophilic and semi-lipophilic
compounds) were included for discriminating the bryophyte species in
ESI+ and ESI- mode, respectively. Both models were cross-validated
with 100 permutation tests (Supplementary Fig. S3). In general, spe-
cies belonging to the same order show similar lipid profiles.

In the first two components, all liverwort species (Marchantia poly-
morpha, Chiloscyphus polyanthos, Tritomaria sp., and Scapania sp.) are
discriminated from all moss species. Moss species belonging to Grim-
miales order (including Racomitrium ericoides, R. lanuginosum, R. elon-
gatum, and R. punctatum) are separated from the rest of the moss species
in ESI + mode, while Pogonatum urnigerum (order Polytrichales) is
separated from the other mosses in ESI- mode. The loading plots dis-
playing features contributing to the group separation in the score plots
can be found in Supplementary Figs. S4 and S5. The features are colored
by their retention times (RT) and mass-to charge-ratios (m/z),
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Fig. 1. Principle component analysis (PCA) of A). ESI+ (R2X = 0.802, Q2X = 0.344) and B). ESI- mode (R2X = 0.885, Q2X = 0.365) of overall dataset.
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Fig. 2. PLS-DA score plots of 39 bryophyte species (n = 3) based on all detected features in A). ESI+ (R2X = 0.694, R2Y = 0.931, Q2 = 0.699) and B). ESI-mode
(R2X = 0.625, R2Y = 0.907, Q2 = 0.647), respectively. The bryophytes species are displayed as dots and colored according to the phylogenetic order they belong to

as indicated in the legend. The order that begins with a number (1-7) indicates the
liverworts. The codes of the species can be seen in Table 1.

respectively, in the loading plots. The outlier groups were compared to
the average observations, and the top 10 features with highest contri-
bution scores are listed in Supplementary Figure S4C, D and S5C, D. The
features that caused separations of different groups are mostly uniden-
tified, which indicate that other lipophilic compounds than lipids could
potentially be the biomarkers for the correspondent species. For
example, liverworts are known to produce some unique compounds that
mosses do not, like diverse terpenoids, bibenzyls, and bisbibenzyls
(Asakawa et al., 2013; Asakawa and Ludwiczuk, 2018; Tosun et al.,
2015). High contents of TG 18:3_18:3_18:3 might be a chemical marker
for the Racomitrium species (Supplementary Fig. S4C), which was also
observed previously (Lu et al., 2021). However, the variations of 14.57%
in ESI+, and 12.71% in ESI- mode, are explained in the first two com-
ponents in the PLS-DA models. This suggests the lipid profiles are rela-
tive similar within bryophytes, and the differences are relatively small.

1.1.3. Chemotaxonomic relationships between examined species
In order to perform chemotaxonomic analysis of the examined

phylogenetic order of mosses whereas the order that begins with “L” indicates

species based on their chemical profiles, features detected in ESI + mode
and ESI- mode were combined into a single data matrix and imported to
SIMCA. HCA was constructed based on a new PLS-DA model using the
combined data matrix (Fig. 3).

Sphagnales and Hypnales show a close relationship based on their
MS/MS profiles, with the exception of Fontinalis antipyretica, which has a
closer relationship with Grimmiales. This could be explained by the
significant higher concentration of TG in F. antipyretica compared to the
rest of the species in Hypnales order (Fig. 4). For instance, the most
abundant TG lipid 54:7 is up to 15,000 pmol/mg dry weight in
F. antipyretica, while the concentration of the same lipid in the rest of the
species in Hypnales (e.g., Hylocomiastrum pyrenaicum) is almost 10 times
less (Supplementary Fig. S6). All species in Bryale and Bartramiales
order are clustered together, indicating their similar lipid profiles.

In order to compare the chemotaxonomic similarity of examined
bryophyte species to their phylogenetic relationships, the species
included in this study were extracted from Open Tree of Life (node ID:
mrcaott5410tt1066, Redelings and Holder, 2017). The phylogenetic tree
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Fig. 3. (A). Phylogenetic tree reconstructed from Open Tree of Life compared to (B). Chemotaxonomic relationships of combined ESI+ and ESI- modes features of
included bryophyte species. The branches are colored according to the species phylogeny orders. Hierarchical distance of (B) is calculated with Ward method and

sorted by index (n = 3).

from Open Tree of Life contains distance relationships from multiple
existing genomic and metabolic sources (Laurin-Lemay et al., 2012;
Parfrey et al., 2011; Ruhfel et al., 2014). Species in Bartramiales, Bryales
and Hypnales order show close relationships in both phylogenetic and
chemotaxonomic relationships, whereas the liverworts are not distin-
guished as a separate lineage in the chemotaxonomic discrimination,
except for Scapania sp. And Tritomatia sp. Overall the chemical clus-
tering follow the genetic clustering, with small differences, but further
studies would be needed to clarify these.

Previous studies have used chemotaxonomic analysis to discriminate
plant phenotypes using LC-MS-based and/or GC-MS-based metabolite
profiling (Arbona et al., 2009; Liu et al., 2020), and fatty acid profiles
(Choudhary et al., 2017). Recently, this method have also been applied
to bryophytes to explore the chemotaxonomic differentiations by their
fatty acid profiles (Poddar Sarkar et al., 2021) and by chemical profiles
(Peters et al., 2021). Compared to the traditional DNA sequencing
method, chemotaxonomic analyses based on MS/MS spectra is relatively
inexpensive (Peters et al., 2021). However, in order to get a full picture
of the chemodiversity of the bryophytes, hydrophobic compounds
should also be included, and the species should be collected different
locations and time, in order to compensate for the environmental factors
(or grown in vitro).

1.1.4. Lipid profiles of 39 bryophyte species with a focus on AA and EPA

To annotate lipid features the in silico library LipidBlast was used. A
total of 602 out of 2139 features was annotated in ESI+ mode, and 322
out of 880 features in ESI- mode, respectively (Supplementary Data 2). A
total of 15 lipid classes were characterized in the whole dataset, and
show the fatty acid distribution of six species (R. lanuginosum 39,

R. ericoides 46, B. pseudotriquetrum 55-2, P. ellipticum 12, H. splendens 47,
R. triquetrus 60) that show high levels of AA (20:4) and EPA (20:5)
(Fig. 5). Since lipids from different lipid classes have different ion effi-
ciency, and IS for glycerolipids quantification is lacking, the appear-
ances of fatty acids in each lipid class was counted instead of using the
ion intensities (Tsugawa et al., 2019b). Barplots of fatty acid distribu-
tions of all lipid classes (except for TG) in each bryophyte species can be
found in Supplementary Fig. S7. Since TG lipids have more combina-
tions of the fatty acyl moieties than other lipids, and the MS/MS spec-
trums in DIA mode are usually “mixed” with multiple compounds,
false-positive identifications may occur when identifying the TG lipids
in fatty acyl level. Thus, an annotation was performed on the molecular
species with total carbon numbers and total unsaturation degrees within
TG lipid class (Tsugawa et al., 2019b). The TG concentrations of selected
six species is shown in Fig. 6. Barplots of TG concentrations in all
bryophyte species can be found in Supplementary Fig. S6. In order to
find species that produce relative high levels of 1-PUFA, the lipid mo-
lecular species was quantified from each 15 lipid classes by using the
mixture of the IS added prior to the lipid extraction. Relative quantifi-
cation of all identified lipid molecular species is displayed in Fig. 4. The
major fatty acids present in all species and samples are 16:0, 18:1, 18:2,
18:3, 20:4, and 20:5, and also minor 16:1, 16:2, and 16:3. This is in
agreement with most of the previous studies (Beike et al., 2014; Dem-
bitsky and Rezanka, 1995; Hansen Patricia Rossi, 1990). 16:0 is the most
common fatty acid in all examined bryophyte species except for samples
of R. ericoides 46, Hylocomium splendens 47, and Rhytidiadelphus trique-
trus 60, in which the counts of 18:3 surpass 16:0 (Fig. 5). High abun-
dance of 18:3 in R. ericoides 46 is also accumulated in TG as storage
lipids. Like indicated in the PLS-DA models previously, the Racomitrium
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Fig. 5. Fatty acid distributions of R. lanuginosum 39, R. ericoides 46, B. pseudotriquetrum 55-2, P. ellipticum 12, H. splendens 47, R. triquetrus 60, all with high levels of
20:4 and 20:5 in 10 lipid classes including phospholipid (PC, PE, PG, PI, and PA), glycerolipids (MGDG, DGDG, SQDG, and DGTS)), and DG. A full fatty acid dis-

tribution of all examined species can be found in Supplementary Fig. S7.
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Fig. 6. Investigation of the TG concentrations of R. lanuginosum 39, R. ericoides 46, B. pseudotriquetrum 55-2, P. ellipticum 12, H. splendens 47, R. triquetrus 60, all with
high levels of 20:4 and 20:5 fatty acids. The concentration is calculated by using the internal standard TG and normalized by the dry weight (mg) in individual
samples (n = 3). A full TG concentration of all examined species can be found in Supplementary Fig. S6. Carbon numbers less than 52 and larger than 58 are excluded

as they are present in low abundance in all species.

species are enriched in TG 54:9 (TG 18:3_18:3_18:3). Together with
other 1-PUFAs (20:4 and 20:5) present in the phospho- and glycerolipids,
these constituents enable Racomitrium species to survive in cold envi-
ronment, and could explain the high coverage of Racomitrium species in
Iceland vegetation (Icelandic Institute of Natural History, 2018). Inter-
estingly, although in minor amount, 18:0 is found in most of the species
in the form of DGDG 18:0_18:3. Previous studies show that saturated
fatty acyls such as 18:0 are usually not observed in glycerolipids in
plants or algae (Kilaru et al., 2012; Tsugawa et al., 2019b). Here, both
the common 16:0 and more uncommon 18:0 are found in MGDG and
DGDG as one of the fatty acyls, together with another unsaturated fatty
acyls (e.g., MGDG 16:0_18:3, DGDG 16:0_18:3, and DGDG 18:0_18:3)

(Fig. 4).

In R. ericoides 46, Bryum psedotriquetrium 55-2, H. splendens 47, and
R. triquetrus 60, the -PUFAs (20:4 and 20:5) are mainly distributed in PE
and PC lipid classes (Fig. 5), but only R. ericoides 46 and R. triquetrus 60
contain high relative concentrations of PE and PC lipids with 20:4 and
20:5 (Fig. 4). Meanwhile, although Plagiomnium ellipticum 12 shows high
abundance of 20:4 and 20:5 in the phosphor- and glycerolipids, it pro-
duces much lower TG as storage lipids compared to the other five moss
species (Fig. 6).

High abundances of 20:4 and 20:5 fatty acids can be observed in
B. psedotriquetrum 55-2 in most of the lipid classes (Fig. 5). The TG
profile of this species also shows high amounts of TG with more than 56
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carbon numbers and more than 8 unsaturation degrees, which indicates
that at least one 1-PUFA is present in these TG molecular species (e.g., TG
56:8 can represent TG 18:1_18:3_20:4) (Fig. 6). These results suggest
that B. psedotriquetrum could be an optimal species for producing I-
PUFAs. It is also worth to notice that another sample, B. psedotriquetrum
50-2, contains almost no 1-PUFAs in the phosphor- and glycerolipids
(Supplementary Fig. S7). Moreover, B. psedotriquetrum 50-2 produces
lower concentrations of TG that are likely to contain 1-PUFAs (Supple-
mentary Fig. S6), showing that the environmental factors need to be
examined further if the species is to be used for production.

Similar examples of infraspecific variation can also be seen in the
liverworts. For example, C. polyanthos 49-2 produces more lipid species
and higher concentrations of TG lipids with 54 carbons than
C. polyanthos 61, whereas C. polyanthos 61 is richer in TG lipids with 52
carbons. The same species collected at different site were likely exposed
to contrasting stress or microclimatic conditions, and therefore, display
different lipid profiles.

The betaine lipid DGTS is widely distributed in all examined bryo-
phytes with most of the common fatty acyl chains (16:0, 18:1, 18:2, and
18:3) (Fig. 4, Supplementary Fig. S7). Unlike vascular plants, in which
PC is the most common membrane component, DGTS has earlier been
found in algae species (e.g., Chlorococcum amblystomatis, Sargassum
horneri, and diatom Conticribra weissflogi) (Conde et al., 2021; Li et al.,
2016; Zhang et al., 2018), as well as in other early divergent plants
including bryophytes and ferns (Kiinzler and Eichenberger, 1997;
Mikami and Hartmann, 2004). DGTS is also reported in other organisms
such as lichen and fungi (Celis Ramirez et al., 2020; Kiinzler and
Eichenberger, 1997; Yang et al., 2021). Studies show a reciprocal rela-
tionship between PC and DGTS, which imply that DGTS serves as a
replacement for PC in the lipid membranes when nutrients are limited
(Yang et al., 2015). This is supported by results shown here where
species enriched in PC, generally have low abundance of DGTS, and vice
versa (e.g., R. ericoides 46, H. splendens 47, and R. triquetrus 60) (Fig. 4).
As a primary lipid, DGTS is gradually replaced by PC during the evo-
lution, and DGTS is absent in vascular plants (Cannell et al., 2020).
Among representatives of the deeply rooted moss lineages Sphagnales
(Sphagnum spp.) and Polytrichales (Pogonatum), as well as the genus
Dichodontium, DGTS represents the major lipid class, whereas PC is
almost absent, which implies that acquisition of PC in the membrane
lipid synthesis pathway may represent a derived trait. The widely
distributed DGTS in all species may also reflect the low phosphorus
levels in Iceland (OECD, 2013), The fatty acid 18:5 is only present in the
form of DG (18:5_18:5) and TG (18:5_18:5_18:5 and 18:5_18:5_20:4) in
Dichodotium palustre 57 and D. pellucidum 40, but not present in any
forms of the phosphor- and glycerolipids (Fig. 4). Remarkable high
amounts of TG 54:15 (TG 18:5_18:5_18:5) are accumulated in D. palustre
57 (25,000 pmol/mg dry weight) and D. pellucidum 40 (12,000 pmol/mg
dry weight). Such high concentration of 18:5 is uncommon in any other
examined species. In this study, lipid identification is only conducted in
fatty acyl levels, therefore, the stereochemistry of the fatty acyl chain is
unknown. However, the detected 18:5 could be the acetylenic fatty acid
dicranin (octadeca-6-yn-9,12,15-trienoic acid), instead of poly-
unsaturated fatty acid octadecapentaenoic acid, as dicranin is confirmed
to be a biochemical marker of Dicranaceae, produced in response to
environmental stress (Dembitsky and Rezanka, 1994; Lu et al., 2019;
Poddar Sarkar et al., 2021; Roy Chowdhuri et al., 2018).

Compared to the traditional Data Dependent Acquisition (DDA)
method, untargeted lipidomics analysis using DIA will provide as many
features as possible based on the MS/MS spectra. Low abundance
compound can also be quantified with high precision, even though the
compound annotation might be challenging (Tsugawa et al., 2019b). In
this study, only 28% and 36% of the detected features were successfully
identified in ESI+ and ESI- mode, respectively. The rest of the lipophilic
and semi-lipophilic features remain unannotated here. Future studies
could potentially identify the remaining unknown features by searching
the obtained spectra in other databases such as MassBank, Metlin, and
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GNPS (Horai et al., 2010; Smith et al., 2005; Wang et al., 2016), and/or
by using advanced in silico data analysis methodologies such as Met-
Family, SIRIUS, and MS-FINDER (Diihrkop et al., 2019; Peters et al.,
2019; Tsugawa et al., 2019a).

2. Conclusion

In this study, we conducted untargeted lipidomic analysis by using
UPLC-ESI-QTOF-MS with data independent acquisition of 39 bryophyte
species including 32 mosses and 7 liverworts. Six moss species Raco-
motrium lanuginosum, R. ericoides, B. psedotriquetrium, P. ellipticum,
H. splendens, and R. triquetrus showed high abundance of arachidonic
acid (20:4) and eicosapentaenoic acid (20:5) in the form of phospho-
lipids and glycerolipids. In the TG profiles of these species, P. ellipticum
had the lowest concentrations of TG lipids with 52-58 total carbon
numbers, while B. psedotriquetrium and H. splendens accumulate up to
6000 pmol/mg dry weight of TG with high unsaturation degrees. Thus,
B. psedotriquetrium and H. splendens could be potential future PUFA
sources, though the impact of the environmental factors (e.g., temper-
ature, habitat, and pH, etc.) was not included in this study. It is known
that the environmental factors can promote or inhibit the PUFA pro-
duction. Future investigations of the changes of lipid profiles under
various environmental conditions, and in vitro performance of those
species are needed. This study provides a better understanding of the
lipid fingerprints of a wide range of bryophyte species for future
bryologists.

3. Experimental
3.1. Chemicals

Potassium chloride (KCl, purity >99.0%), HPLC grade chloroform
and methanol (for lipid extraction); LC-MS grade acetonitrile, iso-
propanol and ammonium acetate, were purchased from Sigma; Milli-Q
water was used for lipid extraction and for UPLC-ESI-QTOF-MS anal-
ysis. Glass tube with PTFE coated screw caps was used for lipid
extraction.

3.2. Sample collection and species identification

We collected 39 bryophyte species (32 mosses and 7 liverworts) in
Iceland in summer between June to August 2018 and 2019. A detailed
list with collection sites and their exact coordinates is shown in Table 1.
The average temperature during collection was around 8-10 °C in 2018
and around 19 °C in 2019. Samples were stored in Ziploc plastic bags
and kept on ice to maintain the freshness. After collection, the samples
were transported to the laboratory as soon as possible and washed
thoroughly with de-ionized water. The cleaned material was stored at
—80 °C until further processing.

Species were identified by Nils Cronberg, Lund University. Voucher
specimens were prepared by drying a small amount of the collected
species at ambient room temperature without direct sun exposure. The
voucher specimens were deposited at Lund University.

3.3. Lipid extraction

Lipids were extracted by using the Folch method with a few modi-
fications as described in our previous publication (Folch et al., 1957; Lu
et al., 2021). Briefly, fresh plant material was first crushed in liquid
nitrogen, ~100 mg pulverized powder (in case of mosses, only the
aboveground green parts were used for extraction) was weighed into a
glass tube. 3 mL chloroform/methanol (2:1, v/v) containing a mixture of
internal standard (IS) was added into the tube, the mixture was vortexed
thoroughly and kept on ultrasound for 20 min at room temperature.
Subsequently, 0.75 mL 1 M KCl was added to the glass tube, agitated,
and centrifuged at 1000 g for 5 min at 4 °C. The chloroform phase was
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Table 1
Collected and examined bryophyte samples, with names, voucher number (including sample number used in other figures), date and the locations of collection.
Species Family Voucher ID. Collection site Date N- E- Code
coordinate coordinate
Bryum pseudotriquetrum (Hedw.) P.Gaertn., B. Bryaceae MTYiLu50- Kaldbaksvegur, Hruni 12/06- 64.1585 —20.1920 BrPs2
Mey. & Scherb. 2 2019
Bryum pseudotriquetrum (Hedw.) P.Gaertn., B. Bryaceae MTYiLu55- Road F338, Hruni 13/06- 64.3729 —20.1376 BrPsl
Mey. & Scherb. 2 2019
Calliergonella cuspidate (Hedw.) Loeske Amblystegiaceae =~ MTYiLu63 Vatnaleid, Eyja- og 14/06- 64.2609 —21.3707 CaCu
Miklaholtshreppur 2019
Chiloscyphus polyanthos (L.) Corda Lophocolea-ceae ~ MTYiLu49- Kaldbaksvegur, Hruni 12/06- 64.1586 —20.1918 ChPol
2 2019
Chiloscyphus polyanthos (L.) Corda Lophocolea-ceae MTYiLu61 pérufoss 13/06- 64.3274 —20.2859 ChPo2
2019
Climacium dendroides (Hedw.) F.Weber & D.Mohr Climaciaceae MTYiLu49- Kaldbaksvegur, Hruni 12/06- 64.1586 —20.1918 ClDe
1 2019
Dichodontium palustre (Dicks.) M.Stech Dicranaceae MTYiLu57 Road F338, Hruni 13/06- 64.3729 —20.1376 DiPa
2019
Dichodontium pellucidum (Hedw.) Schimp. Dicranaceae MTYiLu40 Tumastadir 02/09- 64.7173 —14.4008 DiPe
2018
Fontinalis antipyretica Hedw. Fontinala-ceae MTYiLu36 bjédvegur, Djtpivogur 02/09- 64.7173 —14.4008 FoAn
2018
Hylocomium pyrenaicum (Spruce) Lindb. Hylocomia-ceae MTYiLu28 Vatnaleid, Eyja- og 29/08- 64.5916 —21.9942 HyPy
Miklaholtshreppur 2018
Hylocomium splendens (Hedw.) Schimp. Hylocomia-ceae MTYiLu47 Kaldbaksvegur, Hruni 12/06- 64.1420 —20.2344 HySp
2019
Marchantia alpestris(Nees) Burgeff Marchantia-ceae MTYiLu45 Kaldbaksvegur, Hruni 01/09- 65.6389 —16.8071 MaPo
2018
Pellia epiphylla (L.) Corda Pelliacaea MTYiLu58 Haukadalsskogur 13/06- 64.3729 —20.1376 PeEp
2019
Pellia L. sp. Pelliacaea MTYiLu54- Road F338, Hruni 13/06- 64.3729 —20.1376 PeSp
1 2019
Philonotis tomentella Molendo Bartramia-ceae MTYiLu62- pérufoss 14/06- 64.2609 —21.3707 PhTo3
1 2019
Philonotis tomentella Molendo Bartramia-ceae MTYiLu54- Road F338, Hruni 13/06- 64.3729 —20.1376 PhTol
2 2019
Philonotis tomentella Molendo Bartramia-ceae MTYiLu55- Road F338, Hruni 13/06- 64.3729 —20.1376 PhTo2
1 2019
Plagiomnium ellipticum (Brid.) T.J.Kop. Mniaceae MTYiLul2 Vatnaleid, Eyja- og 21/07- 64.9055 —22.8568 PIEl
Miklaholtshreppur 2018
Plagiomnium undulatum (Hedw.) T.J.Kop. Mniaceae MTYiLu42 Tumastadir 03/09- 63.7401 —20.0633 PlUn
2018
Pogonatum urnigerum (Hedw.) P.Beauv. Polytricha-ceae MYYiLu51 Kaldbaksvegur, Hruni 12/06- 64.1582 —20.1923 PoUr
2019
Pohlia Hedw. Sp. Mniaceae MTYiLu33 bj6dvegur, Djlpivogur 01/09- 65.6389 —16.8071 PoSp
2018
Pseudobryum cinclidioides (Huebener) T.J.Kop. Mniaceae MTYiLu50- Kaldbaksvegur, Hruni 12/06- 64.1585 —20.1920 PsCi
1 2019
Racomitrium elongatumEhrh. Ex Frisvoll Grimmiaceae MTYiLu30 Hverir, Myvatn 31/08- 65.5003 —20.6801 RaEl
2018
Racomitrium ericoides Brid. Grimmiaceae MTYiLu26 Borgarbyggd 29/08- 64.5916 —21.9942 RaErl
2018
Racomitrium ericoides Brid. Grimmiaceae MTYiLu46 Kaldbaksvegur, Hruni 12/06- 64.1420 —20.2344 RaEr2
2019
Racomitrium lanuginosum (Hedw.) Brid. Grimmiaceae MTYiLu31 Hverir, Myvatn 01/09- 65.6389 -16.8071 Ralal
2018
Rhizomnium pseudopunctatum (Bruch & Schimp.) Mniaceae MTYiLu9 Vatnaleid, Eyja- og 21/07- 64.5912 —21.9932 RhPs1
T.J.Kop. Miklaholtshreppur 2018
Rhizomnium pseudopunctatum (Bruch & Schimp.) Mniaceae MTYiLulO Vatnaleid, Eyja- og 21/07- 64.9058 —22.8573 RhPs2
T.J.Kop. Miklaholtshreppur 2018
Rhizomnium punctatum (Hedw.) T.J.Kop. Mniaceae MTYiLu44 Hverir, Myvatn 31/08- 65.5003 —20.6801 PhPu
2018
Rhytidiadelphus squarrosus (Hedw.) Warnst. Hylocomia-ceae MTYiLu41 Tumastadir 03/09- 63.7401 —20.0633 PhSq
2018
Rhytidiadelphus triquetrus (Hedw.) Warnst. Hylocomia-ceae MTYiLu60 Haukadalsskogur 13/06- 64.3274 —20.2859 PhTr
2019
Sanionia uncinate (Hedw.) Loeske Amblystegiaceae =~ MTYiLu56 Road F338, Hruni 13/06- 64.3729 —20.1376 SaUn
2019
Scapania (Dumort.) Dumort. Sp. Scapaniaceae MYYiLu22 Borgarbyggd 22/07- 64.5911 —21.9930 ScSp
2018
Sphagnum L. sp Sphagnaceae MTYiLu2 Vatnaleid, Eyja- og 21/07- 64.9055 —22.8568 SpSp2
Miklaholtshreppur 2018
Sphagnum L. sp Sphagnaceae MTYiLu3 Borgarbyggd 21/07- 64.9055 —22.8568 SpSp3
2018
Sphagnum L. sp Sphagnaceae MTYiLul Vatnaleid, Eyja- og 21/07- 64.9055 —22.8568 SpSp1
Miklaholtshreppur 2018
Sphagnum warnstorfii Russow Sphagnaceae MTYiLu39 bjédvegur, Djtpivogur 64.7173 —14.4008 SpWa

(continued on next page)
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Table 1 (continued)
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Species Family Voucher ID.  Collection site Date N- E- Code
coordinate coordinate
02/09-
2018
Tritomaria Schiffn. Ex Loeske sp. Lophozia-ceae MTYiLul5 Kjosarskardsvegur 22/07- 64.2370 —21.3513 TrSp

2018

transferred carefully to a new glass tube by a Pasteur pipette. The
remaining bryophyte material was washed twice with 1 mL chloroform,
and the chloroform phase was collected to the new glass tube after
centrifugation. The chloroform was evaporated under nitrogen gas and
stored at —80 °C until analysis.

Since the bryophyte samples were collected in a wide range of
different geographical locations, the water content of the samples may
vary. In this case, we estimated the water content of each sample and
normalized the variation by using dry weight (mg) (Antonio, 2018).
Water content was calculated by dividing the water loss from the fresh
material to the total weight of the sample. In brief, fresh material was
weighed in a pre-weighed Eppendorf tube and dried in an oven at 60 °C
until constant weight. The Eppendorf tube with dried bryophyte sample
was weighed again to obtain the weight of the water loss.

3.4. UPLC-ESI-QTOF-MS analysis

The dried lipid residue was re-dissolved in 150 pL solvent mixture
containing 1 part of chloroform/methanol (1:1, v/v) and 9 parts of
isopropanol/acetonitrile/water (2:1:1, v/v/v), and filtered through a
0.22 pm pore size PTFE filter (Minispike Syringe Filter, Waters Corp.,
Milford, USA). The solution was injected to an ACQUITY UPLC (Waters
Corp., Milford, USA) coupled with a quadruple time-of-flight hybrid
mass spectrometry Synapt G1 (Waters Corp., Milford, USA) equipped
with electrospray ionization (ESI) interface (Waters Corp., Milford,
USA). Compound separation was performed on an ACQUITY UPLC HSS
T3 reverse-phase column (2.1 mm x 100 mm x 1.8 pm, Waters). Mobile
phase A consists of acetonitrile/water (60:40, v/v) and mobile phase B
isopropanol/acetonitrile (90:10, v/v), both supplied with 10 mM
ammonium acetate. The following linear gradient elution was applied:
0-10 min, 40-100% B; 10-12 min, 100% B; 12-14.5 min, recondition-
ing to 40% B. Flow rate was 0.4 mL/min and column temperature was
55 °C. Sample manager temperature was maintained at 10.0 °C.

Mass spectrometry (MS) was operated in V mode. MS Data was
collected in both positive and negative ionization mode (ESI+ and ESI-).
Injection volume was 2 pL in ESI + mode and 5 pL in ESI- mode. Mass
was scanned in a range of 100-1500 Da. Data independent MS/MS
acquisition (DIA) mode was applied. Collision energy was 10 eV for the
MS1 acquisition and the MS2 acquisition had a collision energy ramp of
20-45 eV. Leucine encephalin (1 ng/pL) was used as reference lock mass
calibrant ([M + H]+ ion of 556.2771 and [M-H]— ion of 554.2615).
Other MS conditions are described in our previous study (Lu et al.,
2021).

To detect the deviations of retention time shifts between batches and
to ensure the performance of the instrument, the injection order was
randomized. In addition, quality control (QC) was prepared by pooling
10 pL aliquots of all samples and the QC was injected to the system
between every 12 samples, as well as at the start and the end of the
analytical batch.

3.5. Data analysis

3.5.1. Lipidomics data processing

Raw data from UPLC-ESI_QTOF-MS were converted to. abf format by
using ABF Converter (Tsugawa et al., 2013) (https://www.reifycs.com/
AbfConverter/), then imported to MS-DIAL, version 4.24 (http://prime.
psc.riken.jp/compms/msdial/main.html) ~ for  performing  peak

detection, deconvolution, compound identification and alignment. The
import parameters are listed in Supplementary data S1.

3.5.2. Lipid identification

Insilico library LipidBlast was used for identification as a part of the
data processing procedure in MS-DIAL (Kind et al., 2013). The
following lipid classes were investigated in this study: phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), phosphatidylinositol (PI), phosphatidylserine (PS), phasphatidic
acid (PA), monogalactosyldiacylglycerol (MGDG), digalactosyl
diacylglycerol (DGDG), sulfoquinovosyldiacylglyceride (SQDG), diac-
ylglyceryltrimethylhomoserine ~ (DGTS),  lysophosphatidylcholine
(LPC), lysophosphatidylethanolamine (LPE), lysodiacylglyceryl-
trimethylhomoserine (LDGTS), diacylglycerol (DG), triacylglycerol
(TG), N-acyl glycine (NAGly), ceramide (Cer), fatty acid (FA). Since DIA
method provides all fragment ions from all precursors in MS/MS spectra,
it might be difficult to obtain “clean” spectra purified from other
co-eluting compounds. In order to reduce the false identification, all
annotations were double-checked on the 2D map in MS-DIAL interface
to visualize a systematic retention time shift when the carbon numbers
and unsaturation levels change within the same lipid class (Antonio,
2018).

3.5.3. Data normalization and relative quantification

The normalization was achieved by using a mixture of 12 isotope-
labeled IS standards containing 20 pg/mL PC 15:0-18:1 (d7), 16 pg/
mL PE 15:0-18:1 (d7), 10 pg/mL PG 15:0-18:1 (d7), 10 pg/mL PA
15:0-18:1 (d7), 10 pg/mL PI 15:0-18:1 (d7), 10 pg/mL PS 15:0-18:1
(d7),4 pg/mL LPC 18:1 (d7), 10 pg/mL LPE 18:1 (d7), 10 pg/mL DG
15:0-18:1 (d7), 4 pg/mL TG 15:0-18:1 (d7)-15:0, 5 pg/mL SM 18:1; 20/
18:1 (d9), and 5 pg/mL Cer 18:1; 20/16:0 (d7). In general, the lipid
quantification follows the “one standard per class” rule. However, since
there are no available internal standards available commercially for the
glycerolipids MGDG, DGDG, SQDG, and DGTS, SM 18:1; 20/18:1 (d9)
was used to calculate the quantifies of these lipid classes. Data sheet of
raw areas of all detected features, together with normalized concen-
trations of all identified lipids are deposited in Supplementary Data S2.

3.5.4. Further analysis and visualization

Principal component analysis (PCA) and partial least squares
discriminant analysis (PLS-DA) were conducted in SIMCA 17 (Sartorius
Stedim Data Analytics, Umed, Sweden) using aligned results of raw area
with unit variance (UV) scale (Bruce et al., 2008; Eriksson et al., 2008,
2006). For PLS-DA models, cross-validations were performed by testing
100 permutations to test if the models are overfitted. Quality control was
performed as previously described (Broadhurst et al., 2018). Data was
pareto-scaled and log2-transformed as described in the software. T-tests
were performed for calculating statistical significance of lipid concen-
tration changes among the samples taken during the different
experiments.

The phylogeny tree was made by extracting the species that are
included in this study from Open Tree of Life (Redelings and Holder,
2017) and reconstructed using the Phyton package “scipy” (htt
p://www.scipy.org/) with Ward’s cluster analysis. The chemotaxo-
nomic relationships were revealed with aid of the Hierarchical clus-
tering analysis (HCA) function in SIMCA 17. The distance was calculated
with Ward method and sorted by index (Ward, 1963).
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Barplots were generated using R package “ggplot2” (Wickham,
2009). Heatmap was created by using package “complexheatmap” in R
software (version 4.1.0) (Gu et al., 2016), log-transformed relative
concentrations of lipid molecular species were used for generating the
heatmap, the order of the bryophyte species was manually set to follow
the phylogenetic order.
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