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The flying spider-monkey tree fern genome
provides insights into fern evolution and
arborescence

Xiong Huang''8, Wenling Wang?'®, Ting Gong ©3'8, David Wickell*>, Li-Yaung Kuo®, Xingtan Zhang?,
Jialong Wen’, Hoon Kim ©8, Fachuang Lu®?, Hansheng Zhao ©°, Song Chen®1°, Hui Li', Wengi Wu",
Changjiang Yu'?, Su Chen'®, Wei Fan', Shuai Chen?, Xiugi Bao?, Li Li®3, Dan Zhang?, Longyu Jiang?,
Dipak Khadka™, Xiaojing Yan', Zhenyang Liao?, Gongke Zhou', Yalong Guo®', John Ralph®8,
Ronald R. Sederoff®, Hairong Wei©®'%*, Ping Zhu® 3>, Fay-Wei Li®45%, Ray Ming®"* and

Quanzi Li®"

To date, little is known about the evolution of fern genomes, with only two small genomes published from the heterosporous
Salviniales. Here we assembled the genome of Alsophila spinulosa, known as the flying spider-monkey tree fern, onto 69 pseu-
dochromosomes. The remarkable preservation of synteny, despite resulting from an ancient whole-genome duplication over
100 million years ago, is unprecedented in plants and probably speaks to the uniqueness of tree ferns. Our detailed investiga-
tions into stem anatomy and lignin biosynthesis shed new light on the evolution of stem formation in tree ferns. We identified
a phenolic compound, alsophilin, that is abundant in xylem, and we provided the molecular basis for its biosynthesis. Finally,
analysis of demographic history revealed two genetic bottlenecks, resulting in rapid demographic declines of A. spinulosa. The A.
spinulosa genome fills a crucial gap in the plant genomic landscape and helps elucidate many unique aspects of tree fern biology.

charophycean algae' and have since transformed the terrestrial

ecosystem. The body plan of land plants has undergone a series of
developmental,biochemicaland physiologicaladaptations,oneof which
istheappearanceofvasculartissues.Inseed plants, xylem, with thickened
cell walls, provides the trunk with high water-conducting efficiency
and strong structural support. Lignin is an essential component of
xylem secondary cell walls—it not only gives mechanical support in
fibre cells but also forms a hydrophobic surface in vessels to aid water
transport”.

Outside of seed plants, the fern order Cyatheales is one of the few
lineages having arborescent trunks. The fossil record of Cyatheaceae
in Cyatheales is the richest in the Jurassic period, and the more recent
diversification has given rise to an estimated 643 species in four gen-
era’. Like most homosporous ferns, members of Cyatheaceae have
large genomes (1C=6.48-9.63 picogram) and a high chromosome

|_and plants evolved 470 million years ago (Ma) from aquatic

base number (X=69)". However, in contrast to many other groups
of ferns, recent polyploidy is rare in Cyatheaceae™®.

Tree ferns also have high ornamental values and are regarded as a
resource for natural products with pharmaceutical applications. Some
metabolites have been identified as having anti-tumour and antibac-
terial activities in the tree fern Alsophila spinulosa (Cyatheaceae)””,
but they probably represent only a small fraction of the total natural
product diversity. Many tree fern species are also being overexploited,
which, in combination with climate change, poses serious threats to
their survival. A better understanding of their recent demographic
history will help guide future conservation efforts.

In this study, we generated a chromosomal-scale genome assembly
for the tree fern A. spinulosa. We characterized its genome in detail,
including DNA methylation, repeat landscape and the history of
whole-genome duplications (WGDs). We then carried out genome-
powered investigations into vascular tissues and metabolic diversity
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in A. spinulosa. Finally, from genome resequencing data, we recon-
structed the demographic history of A. spinulosa.

Results and discussion
Genome assembly and annotation. The genome of A. spinulosa
(Fig. 1a) was estimated to be 6.23 Gb in size and had a heterozygosity
of 0.28% (Extended Data Fig. 1). We conducted de novo genome
assembly of A. spinulosa at a chromosome level based on 902 Gb (145X
coverage) of corrected single-molecular real-time (SMRT) long reads,
386 Gb (62X coverage) of clean Illumina short reads and 399 Gb (63%
coverage) high-throughput chromatin conformation capture (Hi-C)
data (Supplementary Table 1). The assembled genome size was 6.27 Gb,
with 6.23 Gb anchored to 69 pseudochromosomes, and N50 sizes were
1.80 Mb and 92.48 Mb, respectively, for contigs and scaffolds (Extended
Data Fig. 1, Supplementary Table 2 and Supplementary Fig. 1). The
mapping rates of Illumina and RNA-seq reads to the genome were
97.9% and 95.8%, respectively. Evaluation of the assembly based on the
interspersed long terminal repeat (LTR) retrotransposons'’ showed
that the LTR assembly index score was 17.32, comparable to that of
Arabidopsis (TAIR10). BUSCO (Benchmarking Universal Single-
Copy Orthologs) assessment'' using the Eukaryota_odb10 database
(10 September 2020) showed that 249 (97.6% of 255) complete
BUSCO genes were covered in the assembly (Supplementary Table 3).
A total of 4.68 Gb was identified as repetitive sequences, with retro-
transposons (2.52 Gb) as the main transposable elements (TEs). Within
the LTR family, the Gypsy and Copia families were predominant,
accounting for 24.91% and 12.47% of the genome (Supplementary
Table 4). Gene prediction using the Geta pipeline on the repeat-masked
genome resulted in 67,831 high-confidence protein-coding genes, of
which 95.36% can be functionally annotated (Supplementary Tables 5
and 6). The average intron length was 11.46 times that in Arabidopsis
thaliana (Supplementary Table 7). The predicted proteome included
72.1% complete and 21.6% fragmented BUSCO genes against the
Eukaryota_odbl10 database (Supplementary Table 3). We also per-
formed small RNA sequencing in leaves and identified 182 known and
181 potentially new microRNAs (Supplementary Text).

Genome evolution and genomic features. DNA methylation.
Knowledge of DNA methylation in ferns is very limited'?. Although
angiosperm genomes generally exhibit high levels of gene body
methylation (gbM), gbM in Selaginella and bryophytes is apparently
rare'>"’. Here our whole-genome bisulfite sequencing (WGBS) in
A. spinulosa leaves revealed an extremely high level (88.87%) of
mCG and a high level (66.83%) of mCHG (H=A, T, C). However,
the mCHH level was 0.03%, much lower than that in other plant
species studied previously' (Fig. 1b). In addition, we found clear
evidence of gbM in A. spinulosa, most of which is under the CG
context (Fig. 1b). Although gbM in ferns has been documented pre-
viously”, our genome-wide data provide a much better picture of its
prevalence. Centromeric and pericentromeric regions had higher
CHG methylation levels than other regions, and mCG and mCHG
levels in Copia, Gypsy and EnSpm were also high (Fig. 1b), suggest-
ing that repeats and TEs were highly methylated in A. spinulosa. The
A. spinulosa genome had six DNA methyltransferase genes, including
one METHYLTRANSFERASE (MET), two CHROMOMETHYLASE
(CMT) and three DOMAINS REARRANGED METHYLASE (DRM)
genes (Supplementary Fig. 2). Phylogenetic analysis showed that the
two A. spinulosa CMTs were in the hCMTa clade (Supplementary
Fig. 3) and were not orthologous to CMT3, which is linked to gbpM
in angiosperms'®. How gbM takes place in A. spinulosa without
CMT3 requires further functional studies.

Gene family evolution. We constructed a phylogenetic tree of 12
species, including 4 seed plants, 3 ferns, 1 lycophyte, 3 bryophytes
and 1 outgroup (Fig. 1c). A total of 23,833 orthologous groups,
covering 301,746 genes, were circumscribed. Gene-family evolution
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analysis identified 1,737 families expanded and 5,228 families con-
tracted along the branch leading to ferns. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
of the 7,035 expanded gene families in A. spinulosa compared with
the water ferns (Azolla filiculoides and Salvinia cucullata) resulted
in 334 significantly enriched GO terms and 63 KEGG pathways
(Supplementary Data 1). These include those involved in the bio-
synthesis of secondary metabolites, such as flavonoids, phenyl-
propanoids and terpenoids, which might be related to the natural
product diversity in tree ferns. Consistently, A. spinulosa had higher
gene numbers in the 11 monolignol pathway enzyme families than
A. filiculoides and S. cucullata (Supplementary Table 8), in which
eight families, PAL, 4CL, HCT, CSE, CCR, CCoAOMT, CAD and
C3H, had duplicated gene copies (Supplementary Table 9), implying
that lignin biosynthesis is enhanced in A. spinulosa.

We observed a significant expansion in some transcription fac-
tor (TF) families, such as MYB, NAC, bHLH and MADS-box, com-
pared with the two water ferns (Supplementary Table 10). However,
compared with A. thaliana, the MADS-box genes involved in
flowering (including FLC, SOCI, SEP, AP3/PI, AG and AP1/FUL)
were absent in A. spinulosa (Supplementary Fig. 4). YABBY, which
encodes a key TF regulating leaf morphogenesis in angiosperms, is
absent in the water ferns'” and Selaginella moellendorffii'®, but pres-
ent in the lycophyte species Huperzia selago'® and hornworts”. We
could not identify a YABBY orthologue in A. spinulosa, supporting
the idea that YABBY has been lost at least three times in land plant
evolution (in setaphytes, Selaginella and ferns). NOPIO0 is a crucial
gene for female gametophyte formation in flowers*. This gene can
be found in bryophytes and S. cucullata, but not in A. filiculoides,
A. spinulosa or Ginkgo biloba (Supplementary Fig. 5), suggesting a
dynamic evolutionary history. The genome assembly of A. spinulosa
will aid future studies on gene family evolution across land plants.

History of WGD. Two putative WGD events were identified in
A. spinulosa using a combination of methods, including synony-
mous substitutions per site (Ks), synteny analysis and phylogenetic
reconciliation. Mixture modelling of the Ks data provided evidence for
two separate WGD events with peaks centred on Ks=0.3 and Ks=1.5.
Likewise, evidence from synteny provided a high degree of support for
the more recent WGD with 7,766 genes in 264 collinear blocks with a
median Ks between 0.2 and 0.5 (Fig. 1d,e and Extended Data Fig. 2).

Additional Ks plots constructed using transcriptome data from
other tree fern species in Gymnosphaera and Sphaeropteris exhibited
similar distributions to those made using the A. spinulosa genome.
Thus, the most recent WGD event is probably shared between all
members of Cyatheaceae. This ‘Cyatheaceae WGD’ event (N4) was
corroborated by gene-tree species-tree reconciliation, verified by
comparison with null and positive simulations of gene-tree evolu-
tion (Fig. 1d). Further analysis found similar support for a more
ancient ‘Cyatheales WGD’ event in addition to the more recent
WGD shared among Cyatheaceae (Extended Data Fig. 3).

The preservation of synteny following the most recent ‘Cyatheaceae
WGD’ is remarkable given Cyatheaceae’s crown age of 108.63—
170.86 Myr**—roughly the same period at which monocots and dicots
diverged. Such preservation might be associated with the slow rate of
evolution in tree ferns. Previous research has found a sudden decrease
in chloroplast nucleotide substitution rate that is tied to the origin of
arborescence in ferns”. Here we were able to further show that the
deceleration is genome-wide in A. spinulosa and not restricted to the
chloroplast genome (Extended Data Fig. 4). It is possible that arbo-
rescence might also be correlated with the extremely slow process
of diploidization in A. spinulosa. Further investigation is required
to determine whether gene order has been so strictly maintained in
other members of the Cyatheaceae and other non-arborescent ferns.
In any case, it is clear that genome evolution after WGD has followed
quite different trajectories in A. spinulosa and angiosperms.
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Fig. 1| The A. spinulosa genome. a, A. spinulosa’s arborescent habit. b, DNA methylation levels of three contexts (CG, CHG and CHH) in the genome, gene
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among 12 plant species, including 3 bryophytes, 3 ferns, 1lycophyte and 4 seed plants, and 1 outgroup species, Chara braunii. The tree was constructed using
134 single-copy orthologous genes. The red and blue numbers above the branches represent expansion and contraction events, respectively. The number at
each node represents divergence time. d, WGD analysis. The cladogram shows the relative phylogenetic positions of two ancient WGDs in A. spinulosa with
Ks plots for each species in Cyatheales displayed along the right edge and a summary of experimental and simulated MAPS analyses below. The shaded area
in the MAPS summary shows the standard deviation for the gene tree simulations. Pj, Plagiogyria japonica; Da, Dicksonia antarctica; SI, Sphaeropteris lepifera; As,
A. spinulosa; Gp, Gymnosphaera podophylla; Gg, Gymnosphaera gigantea. e, Intragenomic synteny among 69 chromosomes in the A. spinulosa genome.

Divergent expression of homoeologues. To understand how dupli-
cated gene pairs (that is, homoeologues) diverge in expression fol-
lowing WGD, we conducted differential expression analysis using
RNA-seq data from stem, leaf, sorus and gametophyte tissues. We
found that homoeologous gene pairs in A. spinulosa have under-
gone substantial differentiation in gene expression following dupli-
cation. Of the syntenic gene pairs resulting from the most recent
WGD (Ks between 0.2 and 0.5), over half exhibit at least a fourfold
difference in expression with regard to tissue type and/or mean
expression level (Extended Data Fig. 3). This result is consistent
with previous work demonstrating that WGD often precipitates
large-scale shifts in gene expression”~*. Although we did not find
evidence of expression bias between collinear blocks of genes on
different chromosomes, our lack of information regarding the poly-
ploid ancestor may obscure evidence of expression level dominance
or homoeologue expression bias in A. spinulosa.
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Development of vascular tissue in woody trunk of A. spinulosa.
Anatomy of vascular tissue in stem. To investigate the development
of woody trunk in tree ferns, we performed anatomical observa-
tions on the xylem, phloem and sclerenchymatic belt that comprise
the vascular bundle in stems (Fig. 2a). The cells were segregated for
these tissues, and under a microscope we could observe lignin only
in xylem cells (based on the lignin stain safranine; Fig. 2b). We did
not observe the perforation on the end walls, indicating that these
cells are tracheids (Fig. 2b). The average length of the tracheids was
1.48+0.18cm, as measured by microscopy. Under scanning elec-
tron microscopy (SEM), tracheids exhibited scalariform thicken-
ing in their whole walls, and they were arranged next to each other
(Fig. 2¢,d). Using X-ray computed microtomography (microCT), we
made three-dimensional reconstructions and observed that tracheids
had irregular (crooked) shapes (Fig. 2e), consistent with the obser-
vations under SEM. These tracheids were bundled together closely,
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Fig. 2 | Vascular bundle structure and lignin biosynthesis in A. spinulosa. a, A stem cross-section and mature sori (So) underneath the leaf. A wavy
structure is enlarged to show the xylem (Xy), phloem (Ph) and sclerenchymatic belt (Sb) in the vascular bundle. Pi, pith. b, Segregated xylem cells
showing scalariform thickening. c,d, Scanning electron micrographs of xylem for cross-section (¢) and longitudinal section (d). e, microCT shows the
three-dimensional arrangement of tracheids. f, Transmission electron microscopy (TEM) image of Sb. The microscopic observations in b-d,f are more than
x6. g, The histogram (top) shows the content of acid-soluble lignin and acid-insoluble lignin in Ph, Sb, Xy and spores (Sp), calculated as percentage of cell
wall residue (CWR). The heat map (bottom) shows the content of lignin aromatic units (G, S and H) from the three canonical monolignols in Ph, Sb, Xy
and Sp. The values are the mean + s.d. of two independent experiments. h, Heteronuclear single-quantum coherence NMR spectra, showing that guaiacyl
units are major components of lignins in Xy and Sp. Relative quantification was performed using the correlation peak volume integration (uncorrected).
Side chain units are on the basis A+ B+ C=100%; aromatics are on the basis S+ G=100% as H peaks overlap. pCA, p-coumarate; FA, ferulate; Phe and
Tyr are phenylalanine and tyrosine units (in protein).

augmenting mechanical strength for support. The wall thickness of
cells in the sclerenchymatic belt was measured as 1.86 +-0.21 um, about
two times that of pith parenchyma cells (0.95+0.12pm) (Fig. 2f),
indicating that the sclerenchymatic belt may also confer stem support.
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Lignin accumulation in stems. Lignified cell walls provide supe-
rior structural support and are considered a key innovation dur-
ing the evolution of vascular plants. Characterization of lignin
structure in seed-free plants is limited””. We determined the lignin
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content and composition in stems using the classical Klason method,
which detected a high lignin content in xylem, at a level of 39.92%
of cell wall residue, the fraction of the biomass remaining after the
removal of extractives by simple but extensive solvent extraction
(Fig. 2g and Supplementary Table 11). Analytical thioacidolysis
showed that xylem contained mainly guaiacyl (G) lignin units and
only trace levels of p-hydroxyphenyl (H) and syringyl (S) lignins,
as was confirmed by nuclear magnetic resonance (NMR) spectros-
copy (Fig. 2h). Both thioacidolysis and NMR analysis detected very
trace amounts of G and S lignin in phloem and the sclerenchymatic
belt (Supplementary Table 11 and Supplementary Fig. 6), suggest-
ing that the lignin contents in these tissues measured by the Klason
method may be an artefact due to attributing to other similar com-
pounds such as aromatics and protein residues*. Consistent with
the segregation analysis (Fig. 2b), chemical composition analyses
showed that G lignins were mainly accumulated in xylem.

The low level of S lignin in A. spinulosa is in stark contrast to
what was found in the lycophyte Selaginella. Selaginella had inde-
pendently evolved S lignin by recruiting enzymes that are not part
of the canonical biosynthetic pathway**. Although § lignin is rich
in Selaginella, it is in the cortex, and G lignin is predominantly
deposited in the transporting tissues”*>’'. A broader survey of lig-
nin composition in ferns and lycophytes, especially those with arbo-
rescent habits, is needed to better understand the adaptive roles of
lignin outside of seed plants.

Genes associated with xylem development. We performed RNA-seq
analysis and obtained 988 differentially expressed genes (DEGs) in
xylem compared with pith, sclerenchymatic belt, phloem and leaf
(greater than twofold change and g<0.01), among which 64 were
TFs (Supplementary Data 2). We first examined the lignin pathway
genes in xylem. Among the 395 gene models in 11 enzyme families
of monolignol biosynthesis (Fig. 3a and Supplementary Data 3), 79
genes were highly expressed in xylem, and 21 genes were significantly
upregulated in xylem (Fig. 3b and Supplementary Data 4). Among
the 21 genes, AspiPAL4, 4CL3, 4CL5, CADI, CCR2a, COMT2,
CSE1, HCT1b, C3H3, C4H2, C4H3, CCoAOMT1, CCoAOMT2 and
CCoAOMT3a encode the orthologues of the essential enzymes of lig-
nin biosynthesis in poplar (Supplementary Data 3), suggesting the
roles of these 14 genes in lignin biosynthesis in xylem. Whether other
xylem-differentially-expressed putative phenylpropanoid genes
(Supplementary Data 4) are involved in lignin biosynthesis needs
further investigations, such as enzyme assays. Quantitative PCR
with reverse transcription on selected genes confirmed the RNA-seq
results (Extended Data Fig. 5). All members in the CAld5H family,
encoding key enzymes for S monolignol biosynthesis, were expressed
at an extremely low level in xylem (Extended Data Fig. 5). RNA-seq
analysis indicated that A. spinulosa shares with gymnosperms and
angiosperms a conserved set of enzymes responsible for the forma-
tion of G lignin, and the trace of S lignins in xylem is due to the low
expression of CAId5H genes. In G. biloba, S lignin is also absent in
wood but can be detected in cell cultures®. Traces of S lignin in sev-
eral tissues and lower expression levels of CAId5Hs in A. spinulosa
indicate that CAId5H genes may be repressed in this species.
NAC-domain TFs have been identified as key regulators in the
formation of vascular tissues®**. In the moss Physcomitrella patens,
which lacks vasculature, the differentiation of both hydroid cells
and stereid cells is regulated by NAC proteins, demonstrating that
NAC proteins contribute to the evolution of both water-conducting
and supporting cells in moss gametophytes®. In A. thaliana,
VASCULAR-RELATED MAC-DOMAIN (VND) proteins regu-
late vessel differentiation®***, and NAC SECONDARY WALL
THICKENING PROMOTING FACTOR (NST)/SECONDARY
WALL-ASSOCIATED NAC DOMAIN PROTEIN (SND) proteins
regulate fibre differentiation®. In Pinus taeda, four VNSs (VND,NST/
SND and SMB-related) were identified to regulate the formation
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of tracheids®, the only type of cells with secondary cell wall thick-
ening in xylem for both support and transport in gymnosperms.
Here we found seven SMB orthologues and two VND orthologues
in the A. spinulosa genome (Supplementary Fig. 7). Among the nine
NAGCs, the two VNDs (Aspi01Gene53944 and Aspi01Gene03119),
which had the highest similarity with AtVND6, were the only
NAC:s that were significantly upregulated in xylem compared with
phloem, pith and sclerenchymatic belt (Supplementary Fig. 7 and
Supplementary Data 5). These two VNDs are therefore probably
key regulators for the formation of tracheids that serve both sup-
port and transport functions in A. spinulosa’s arborescent trunks.

Lignin biosynthetic and pathway genes in spores. We also detected
ahigher content oflignin, exclusively composed of the guaiacyl units,
in mature spores (Fig. 2g). As in xylem, all CAld5H members had
an extremely low transcript abundance in spores (Extended Data
Fig. 5), which was in agreement with the scarcity of S lignin. RNA-seq
showed more monolignol pathway gene members expressed in
spores than in xylem (Fig. 3b and Supplementary Data 6), indicat-
ing that additional genes participate in lignin biosynthesis. Some
catalytic steps in the monolignol pathway apparently recruited the
same enzyme between xylem and spores, such as AspiCOMT?2 in
the 5-O-methylation of phenolic hydroxyl groups on the aromatic
ring. However, some steps involved different enzyme family mem-
bers between xylem and spores, such as AspiC4H2 in xylem and
AspiC4H1 in spores.

(z)-Alsophilin, a pair of hispidin-piceatannol heterodimers. We
used the widely targeted metabolome method*' to better capture the
diversity of secondary metabolites in A. spinulosa (Supplementary
Text). A total of 187 secondary metabolites were identified, includ-
ing flavonoids, phenylpropanoids and alkaloids from stems and
leaves (Supplementary Text and Supplementary Fig. 8). We then
carried out extraction and isolation of metabolites from stems and
obtained 11 purified compounds. Ten compounds were identified as
known phenolics by comparing their spectroscopic data with those
in previous reports (Supplementary Text). One new compound was
named alsophilin, and its structure was characterized by mass spec-
trometry (MS) and NMR (Supplementary Text and Supplementary
Fig. 9). On the basis of their electronic circular dichroism spectra,
the compound was identified as a racemic pair of heterodimer
enantiomers, (—)-alsophilin and (+)-alsophilin (Extended Data
Fig. 6). Quantification of alsophilin in leaves and different parts of
stems suggested that it was primarily synthesized in xylem (Fig. 3¢).

The structure of alsophilin represents an unprecedented phe-
nolic compound derived from hispidin and piceatannol, which
belong to the styrylpyrone and stilbene families, respectively.
Two kinds of plant type III polyketide synthases (PKS III), styryl-
pyrone synthase (SPS) and stilbene synthase (STS), were reported
to catalyse hydroxycinnamoyl-CoA reactions to synthesize styryl-
pyrone and stilbene, respectively’>*’. We performed blastp searches
using Piper methysticum SPS* and Vitis vinifera STS" as the que-
ries, and both identified the same 103 genes, encoding PKS III in
the A. spinulosa genome (Supplementary Fig. 10). From these 103
genes, we selected 8 that were highly expressed in xylem to pro-
duce recombinant proteins for in vitro enzyme assays using both
p-coumaroyl-CoA and caffeoyl-CoA as substrates. Seven enzymes
had detectable activities. The recombinant proteins AspiPKS4, 5,
6 and 7 could catalyse p-coumaroyl-CoA to bis-noryangonin and
catalyse the conversion of caffeoyl-CoA to hispidin (Extended
Data Fig. 7), demonstrating that these four proteins perform SPS
functions of adding two molecules of malonyl-CoA to the two
substrates. Three proteins, AspiPKSI, 2 and 3, not only displayed
SPS activities (converting p-coumaroyl-CoA to coumaroyltriacetic
acid lactone and bis-noryangonin) but also had chalcone synthase
(CHS) activities owing to their synthesis of naringenin chalcone
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Fig. 3 | Biosynthesis of phenylpropanoid-based metabolites in A. spinulosa. a, Biosynthetic pathways of lignin, flavonoids, stilbene, styrylpyrone

and alsophilin. The metabolites shaded in green are identified in our metabolomic characterizations. The metabolites shaded in blue are

products in the enzyme assays. PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate:coenzyme A ligase; HCT,
p-hydroxycinnamoyl-CoA:quinate shikimate p-hydroxycinnamoyltransferase; CCR, cinnamoyl CoA reductase; C3H, 4-coumarate 3-hydroxylase, CAD,
cinnamyl alcohol dehydrogenase; CSE, caffeoyl shikimate esterase; COMT, caffeic acid/5-hydroxyconiferaldehyde O-methyltransferase; CCOAOMT,
caffeoyl-CoA O-methyltransferase. b, Heat map showing gene expression profiles of monolignol biosynthetic pathway genes in xylem, phloem,
sclerenchymatic belt, pith, sorus stage 1and leaf stage 1. Genes highlighted in red and pink are significantly upregulated in xylem and sorus, respectively,
and genes highlighted in blue are significantly upregulated in both xylem and sorus. ¢, Relative content of alsophilin, piceatannol, hispidin and resveratrol in
leaf, xylem, phloem, pith and sclerenchymatic belt of A. spinulosa, determined by ultra performance liquid chromatography-mass spectrometry
(UPLC-MS). The asterisks indicate the significance (***P < 0.001, two-sided Student's t-test) of alsophilin content in Xy compared with the other four
tissues. The values are the means + s.d. of three independent experiments. d, Heat map showing the gene profiles of 17 oxidase genes upregulated in
xylem. The FPKM values were normalized using the Z-score method. So1, sorus stage 1; Lel, leaf stage 1.

NATURE PLANTS | VOL 8 | MAY 2022 | 500-512 | www.nature.com/natureplants 505


http://www.nature.com/natureplants

ARTICLES NATURE PLANTS

a 75°E 85°E 95°E  105°E 115°E 125°E 135°E

35° N 4

30°N

-
o
3
| =
25°N
20°N
15°N
Bootstrap
<0
c o 25
Nﬁ)al ® 50
oW ©75
oA ® 100
@ GX/SC/GZ
d HN GX sC Gz Xz YN
@ [TL R LI
(&)
o
©
I
X
L | |
e Time (1,000 generations ago)
2 4 6 8 10 20 40

N

@

© |

=) * 3

\/

= £

©

£

S e \}

8 100 I 1

= g —" ]

- T . -

S W
10 1 -
6 H
4 L
2 |

v D © 2.0 q/Q D(Q ﬁﬁ Q,Q\QQ 'LQQ @0 "OQQ

Time (1,000 years ago)

Fig. 4 | Phylogenetic relationships and structure of A. spinulosa populations. a, Geographic distribution of 107 A. spinulosa individuals in nine locations,
including Yunnan (YN), Nepal, Xizang (XZ), Fujian (FJ), Taiwan (TW), Hainan (HN), Guangxi (GX), Sichuan (SC) and Guizhou (GZ), with A. costularis

in YN as an outgroup (Out). b, A phylogenetic tree of 107 accessions constructed using the whole-genome SNPs. All accessions were clustered into six
groups: YN, XZ, Nepal, FJ/TW, HN and GX/SC/GZ. The sizes of the dots on the nodes are proportional to bootstrap support values. ¢, PCA, with the
proportion of the variance explained being 85.8% for PC1, 13.2% for PC2 and 12.4% for PC3. The dots are coloured corresponding to the colours in b.

d, Cross-validation error shows that K=6 is the optimal population clustering group. The structures are coloured corresponding to the colours used in b.
e, Demographic history of A. spinulosa. The stairway plot shows the historical effective population size N, (y axis) with a generation time of 100 years.
The blue and red shadows represent two bottlenecks. The red line represents median of effective population size based on a subset of 200 inferences.
Dark gray and light gray lines represent 75% and 95% confidence intervals, respectively.

(Fig. 3a and Extended Data Fig. 7). We could not detect any STS  reported to be required for PKS activities*. A. spinulosa has more
activities for piceatannol synthesis. It is possible that Escherichia  PKS III members than A. thaliana, implicating the abundance of
coli recombinant proteins lack post-translational modification as  related metabolites in A. spinulosa. We detected three AspiPKSs that
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had both SPS and CHS activities, supporting the notion that many
enzymes are promiscuous®. It is accepted that gene duplication fol-
lowed by sequence divergence is a key evolutionary mechanism to
generate a new or specific enzyme functions”. Among the PKS III
enzymes, STSs seem to have evolved from CHSs several times inde-
pendently®. The evolution of PKS proteins in ferns needs further
investigation.

The cross-coupling of hispidin and piceatannol probably requires
an oxidase, many of which are available for oxidizing phenolics
in lignification. Among the 988 DEGs in xylem (Supplementary
Data 2), 17 genes encoded oxidases, including peroxidases and
polyphenol oxidases, and are the prime candidates for future char-
acterizations (Fig. 3d).

Resequencing of A. spinulosa populations. Genetic variation and
population structure. To explore the genetic diversity and population
structure, we resequenced 107 diverse A. spinulosa accessions from
nine locations (Fig. 4a and Supplementary Data 7) and identified
93.86 million high-confidence variable sites, including 86,926,221
single nucleotide polymorphisms (SNPs), 3,657,912 insertions and
3,259,116 deletions, averaging 10.91 variants per kb (Supplementary
Table 12). Our phylogenetic analysis clustered 107 accessions into
six distinct groups (Fig. 4b). The population structures generated
by phylogenetic analysis were supported by principal component
analysis (PCA) and admixture analysis (Fig. 4c,d). A couple of
intraspecific introgression events were detected; for instance, some
individuals from Guangxi showed mixed components from Hainan
and Xizang (Fig. 4d).

The ratios of non-synonymous to synonymous SNPs in these
populations ranged from 1.43 to 1.75, and the nucleotide diversities
(7) ranged from 6.46 X 107° to 6.29 X 10~* (Supplementary Tables 13
and 14). The Yunnan population has the highest genetic diversity
(7=6.29x107* in Yunnan versus 1.42 X 10~* on average in the other
populations), suggesting that Yunnan province in China is probably
a centre of diversity for this species and where future conservation
efforts could focus.

Evolutionary history and selective sweeps. We investigated the demo-
graphic history of A. spinulosa by calculating historical effective
population size (N,) and identified two bottlenecks, occurring at
about 35.6-34.5 and 2.5-0.7 Ma (Fig. 4e).

We identified 225.23 Mb of selectively swept genomic regions
using Or, Tajima’s D and composite likelihood ratio (CLR) analyses.
These regions were randomly distributed across 69 chromosomes in
A. spinulosa and contained 2,553 protein-coding genes. Functional
annotation using GO showed that these genes were significantly
enriched in a series of basic biological processes (g < 0.05), including
phosphatidate phosphatase activity, glucose-6-phosphate dehydro-
genase activity, mitochondrial genome maintenance and regulation
of DNA recombination (Extended Data Fig. 8 and Supplementary
Table 15). Three significantly enriched KEGG pathways were regu-
lation of lipolysis in adipocytes, glutathione metabolism and glyc-
erolipid metabolism (Extended Data Fig. 8 and Supplementary
Table 15). To what extent these selectively swept genes contribute to
adaptative evolution in A. spinulosa awaits future studies.

To summarize, in this study we assembled the genome of A. spinu-
losa at the chromosome level. Genome analyses demonstrate that its
large genome may be due to two rounds of WGD and an abundance
of TEs. Synteny has been remarkably conserved despite the antig-
uity of WGD. Characterization of secondary metabolites identified
abundant phenylpropanoid-based compounds in xylem, including
lignin, alsophilin and flavonoids. Lignin is an essential component
to increase the stiffness and strength of plant cell walls and pro-
vides waterproofing to the cell wall. G lignins are mainly deposited
in gymnosperm tracheids for both support and transport and in
angiosperm vessels for transport’*°. Accumulations of G lignins in
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tracheids of A. spinulosa, plus the detailed cytological observation
of tracheid patterning in xylem, suggest that G lignins contribute to
the function of tracheids in both support and transport. We identi-
fied two VND genes as possible key regulators for secondary wall
formation and G lignin biosynthesis in tracheids, providing the
molecular basis for tracheid formation in A. spinulosa. Alsophilin
is a phenolic heterodimer of hispidin and piceatannol, and in vitro
assays showed that it had antioxidant activities (Supplementary Text
and Extended Data Fig. 9). We found that alsophilin, hispidin and
piceatannol were primarily synthesized in xylem, of which piceatan-
nol has been reported incorporated into the lignins in palm*. On the
basis of our RNA-seq and recombinant protein assays, we were able
to characterize some of the pathway genes leading to these metabo-
lites. Abundant enzyme members, including PKS III, cytochrome
P450 monooxygenases and oxidases (laccase and peroxidase), were
identified in the A. spinulosa genome, which might suggest that
A. spinulosa could be a valuable resource for natural product discov-
ery. Lastly, demographic history inferred from genome resequencing
identified two genetic bottlenecks, resulting in a rapid demographic
decline of tree ferns. Together, the A. spinulosa genome provides a
unique reference for inferring the history of genetic diversity, sec-
ondary metabolite biosynthesis and evolution of tree ferns, for better
protection and application of tree ferns in the future.

Methods

Genome sequencing. Young leaves were collected from an A. spinulosa tree

in the National Germplasm Resources Center (29.90°N, 103.14°E) in Hongya
County, Sichuan, China. DNA was extracted using a CTAB procedure*. For SMRT
long-read sequencing, five 20-kb DNA insert libraries were constructed using a
SMRTbell Template Prep Kit (PacBio) and sequenced on a PacBio sequel I/IL. For
Illumina sequencing, two short-read libraries (inserts of 270 bp and 500 bp) were
constructed using TruSeq DNA Sample Prep Kits (Illumina) and 150 bp pair-end
sequenced on the Illumina HiSeq X-10. Five Hi-C libraries'’ were sequenced on an
Illumina Novaseq 6000 with 150-bp paired-end reads.

Genome assembly. PacBio read self-correction was performed using Canu (v.1.9)*
with the following parameters: -correct; saveOverlaps, true; minMemory, 50G;
batMemory, 200G; genomeSize, 7g. Corrected PacBio data were assembled into
contigs using SmartDenovo (https://github.com/ruanjue/smartdenovo). Hi-C
reads were aligned to the contig assembly through Juicer”. Contigs were mapped
to pseudochromosomes using the 3D-DNA pipeline™. Chromosome-length
scaffolds were adjusted manually with Juicebox®'. To improve the assembly, we
used BWA-MEM® to map Illumina DNA reads to the genome and used Samtools™
to sort BAM files. The UnifiedGenotyper module of Genome Analysis Toolkit
(GATK)™ was used to correct SNPs and indels of the long-read assembly.

Ilumina genomic and RNA-seq reads were aligned to the genome using
BWA-MEM?™ and HISAT? (ref. *°), respectively, to calculate mapping rate.
The LTR assembly index'” was used to assess continuity. We also performed
BUSCO'! evaluation to examine completeness of the assembly with the Eukaryota_
0db10 database.

RNA-seq, ISO-seq and small RNA-seq. Tissues, including leaf, stem and sorus at
three developmental stages, and gametophyte cultured from spores’” were collected
from three individual trees as biological replicates. Tissues of pith, phloem, xylem
and sclerenchymatic belt in the stems were further separated. Total RNAs were
extracted using CTAB*. RNA-seq libraries were constructed using the NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB) and sequenced on an Illumina
HiSeq 4000 with a read length of 150 bp at both sides. DEGs were identified using
DESeq2 (ref. *°). Quantitative PCR with reverse transcription was performed®
with specific primers (Supplementary Table 16). Three ISO-seq libraries of 1-2kb,
2-3kb and 3-6kb were constructed using the RNAs of leaves and stems®' and
sequenced on a PacBio Sequel. Three small RNA libraries were constructed using
total RNAs from young leaves to identify microRNAs (Supplementary Text).

Genome annotation. Tandem Repeats Finder v.4.09 (ref. ©*) was used to scan the
genome for tandem repeats with a period size >50bp. We applied a combination
of de novo and homology-based approaches at DNA and protein levels for TEs.
A de novo repeat library was constructed using RepeatModeler v.2.0.1 (ref. ©°)
with a parameter of LTRStruct. RepeatMasker v.4.1.0 (ref. *) was used to map our
assembly against the TE sequences in the repeat library and the Repbase v.21.12
(ref. °) database to classify TEs. WU-BLASTX was run against the TE protein
database in RepeatProteinMask v.4.0.7 (ref. **) to identify TEs at the protein level.
Annotation was conducted through homology-based, transcriptome-based
and ab initio prediction methods. Homologies from six species (A. filiculoides",
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S. cucullata, S. moellendorffii**, S. tamariscina®, Ceratopteris richardii® and
Adiantum capillus-veneris L.) were used as protein evidence for predicted gene
sets using GeneWise v.2.4.1 (ref. ©). Transcriptome data including RNA-seq and
ISO-seq reads were mapped using HISAT?2 (ref. °°) and minimap2 (ref. ©*).

Ab initio gene prediction was performed with AUGUSTUS, trained by the
transcriptome data. The Geta pipeline (https://github.com/chenlianfu/geta) was
used to integrate annotation from all homology-based, transcriptome-based and
ab initio predictions to generate a comprehensive protein-coding gene set. Genes
without support from hidden Markov models (HMMs), transcriptome prediction
and homologous prediction were removed. Finally, a non-redundant, consensus
protein-coding gene set was constructed. Additional gene functional annotation
was performed by searching the NCBI nr, Swiss-Port, KOG, eggNOG"’, InterPro,
Pfam, GO and KEGG databases.

DNA methylation. Young leaves (~500 mg) were collected from three trees for
WGBS. Genomic DNA was fragmented into 300 bp, end-repaired, A-tailed and
ligated to methylated adapters. DNA fragments were size-selected (350-500bp),
treated with bisulfite and amplified by PCR. After purification, three WGBS
libraries were sequenced on an Illumina HiSeq X-10 with 150-bp pair-end reads,
generating 833.13 Gb of clean data. Clean reads were mapped using Bismark v.16.3
(ref. ") (bismark -N -1 -2 -un --bowtie2 --path_to_bowtie --bam --samtools_path
-0). Telomeres and centromeres were identified’>”*. The number of methylated
cytosines (CG-type, CHG-type and CHH-type) in the genome, repeat regions and
gene bodies was normalized as methylation level values.

Phylogenetic analysis. Eleven species were selected to construct a phylogenetic
tree with A. spinulosa: two angiosperms (Amborella trichopoda’™ and A. thaliana),
two gymnosperms (G. biloba™ and Gnetum montanum’®), two ferns (A. filiculoides
and S. cucullata), one lycophyte (S. tamariscina®), three bryophytes (P. patens’,
Anthoceros angustus™ and Marchantia polymorpha™) and one charophyte (Chara
braunii™). Protein sequences were filtered by removing short sequences (less

than 50 amino acids) and choosing the longest isoform to represent each protein.
OrthoFinder software® (parameters -M msa -S diamond’) was employed to cluster
gene families. Single-copy orthologues were identified and used in the phylogenetic
analysis. The single-copy genes were aligned by MAFFT® and trimmed by
trimAl*, and a maximum likelihood phylogenetic tree was constructed using
modeltest-ng™ and RAXML-ng®, with C. braunii as the outgroup. The phylogenetic
tree was visualized by iTOL*.

To model gene family expansion and contraction across the phylogeny, we
used maximum likelihood in CAFE* with a cut-off P value of 0.05. We used r8s™
to obtain the ultrametric tree with the following constraints: (1) 330.9-365Ma
for seed plants®, (2) 197.5-246.5 Ma for angiosperms®, (3) 91.3-98.8 Ma for
Salviniales®, (4) 281.4-287.5 Ma for Salviniales 4 Cyatheales” and (5) a fixed age
for land plants at 500 Ma®.

Gene family analysis. We combined Hmmer and Blastp to identify gene family
members. The HMM files of gene families from the Pfam protein family database
were used to search genes in A. spinulosa using HMMER”'. High-quality protein
hits with an e value cut-off of 1 X 1072 were aligned through MUSCLE™ to
construct a specific HMM file for A. spinulosa using HMMER. This HMM file was
employed to search the genome again to obtain proteins with an e value lower than
0.01. BLASTP was applied for the query proteins (Supplementary Table 17) to scan
for homologues (e=1x10""?), and RAXML” was applied to construct phylogenetic
trees. The candidate proteins were examined to confirm corresponding domains
using Pfam, SMART and NCBI Conserved Domains databases.

WGD. To assess the history of WGD in A. spinulosa, an initial Ks distribution
was obtained using a whole-paranome approach where genes were first
clustered, followed by pairwise comparison and Ks estimation within clusters.
Whole-paranome Ks estimation and subsequent mixture modelling were
performed with the WGD package using the commands ksd and mix”".

Synteny was assessed using MCSCANX to identify collinear blocks of gene
pairs. The resulting syntenic blocks were filtered by median Ks using a Python
script to select collinear gene pairs that result from a specific duplication.

To place the inferred WGD events onto a phylogeny, fern transcriptomes were
selected on the basis of their phylogenetic relatedness to A. spinulosa. Paired-end
Tllumina reads were from the Sequence Read Archive for Vandenboschia striata,
Schizaea dichotoma, Azolla pinnata, Plagiogyria japonica, Dicksonia antarctica,
Sphaeropteris lepifera, Gymnosphaera podopylla and Gymnosphaera gigantea®”.
The reads were assembled using SOAPdenovo-Trans™, and open reading
frames were identified in TransDecoder (https://github.com/TransDecoder/
TransDecoder). Multiple isoforms were collapsed using CD-HIT® (with a
similarity threshold of 99%), followed by clustering and gene tree construction
using OrthoFinder®' (‘-M msa’ option).

Phylogenetic assessment was conducted by gene-tree species-tree reconciliation
using MAPS'. An initial analysis of gene trees was produced by OrthoFinder.
Multiple simulations were run using the simulateGeneTrees.3.0.pl script included
with MAPS. For gene tree simulation, an ultra-metric species tree containing
taxa from OrthoFinder was generated using the R package ape''. Node ages
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were calibrated using maximum and minimum ages*>'**. Next, prior estimates of
background rates of gene duplication and loss were obtained using R WGDgc'®.
Finally, 1,000 trees were simulated for the following scenarios: (1) no shared WGDs
(null simulation) and (2) a single WGD in both Cyatheales and Cyatheaceae
(positive simulation). Following the simulation, 100 randomly resampled sets of
200 gene trees were created for each scenario and subjected to MAPS. This method
artificially inflates the number of subtrees containing a WGD near the root (Z. Li,
personal communication), so a separate analysis was run with a reduced subset of
taxa to resolve the WGD at the base of the Cyatheales. Transcriptomic sequences
from V. striata, S. dichotoma, P. japonica, D. antarctica and A. spinulosa were used
to build gene trees in OrthoFinder and subjected to MAPS as well as the null and
positive simulations. A third analysis was run using V. striata, S. dichotoma,
A. pinnata, P. japonica, D. antarctica and G. gigantea in place of A. spinulosa to
ensure that the older Cyatheales event could still be detected with altered sampling
of Cyatheaceae (Supplementary Fig. 11). Final comparisons of the experimental
and simulated results were assessed for significance (Fischer’s exact test in R).
Differential expression of homoeologous genes was analysed using the RNA-seq
data from four tissues: stem, leaf, sorus and gametophyte (Supplementary Text).

Substitution rate. Substitution rates in Cyatheales were evaluated using
protein-coding genes from A. spinulosa and transcriptomes of other Cyatheales
genera, six representatives from the remaining leptosporangiate orders, and one
from the eusporangiate order Marattiales'**'””. The transcriptomes were assembled
by Trinity'*, and redundant sequences were removed by CD-HIT*. OrthoFinder®'
was used to identify orthogroups. In each inferred orthogroup, we removed taxa
with more than one sequence, probably due to gene duplication. We only analysed
orthogroups that contained sequences longer than 300 bp and covered more than
75% of the taxon sampling. Each orthogroup was aligned on the basis of amino
acid sequences using MAFFT* (‘--maxiterate 16 --globalpair’). PAML'"” was then
used to detect substitution rate changes in Cyatheales. The input topology for
baseml analyses was derived from PPG 1 (ref. °). The significance of a rate change
was inferred by a likelihood ratio test between two baseml models. One was set
under a global clock with one rate, and another was under a local clock with two
rates in which Cyatheales was set to have a different rate.

Light microscopic imaging. Four tissues (pith, sclerenchymatic belt, phloem

and xylem) were separated from fresh stems and cut into pieces 1.5-2 cm long.
The materials were boiled in water (20 min) and then soaked in 10% nitric acid
and 10% chromic acid (v/v=1:1) for 16 h to dissociate the cells. The mix was
filtered through 200-mesh nylon and washed twice with dH,O. The materials were
pounded by a glass rod and stored in 50% ethanol. The material was stained with
1% safranine for 2 min, washed with dH,O and observed under a light microscope
(Olympus BX51).

SEM, TEM and microCT imaging. Fresh A. spinulosa stems were cut to

proper size and fixed in 0.1 M phosphate buffer (pH 7.4) containing 4% (v/v)
glutaraldehyde for 4h at room temperature. The samples were washed three times
with 0.1 M phosphate buffer and post-fixed with 2% osmium tetroxide (w/v) plus
1.5% potassium ferricyanide (w/v) in phosphate buffer for 2h at 4°C. Following
three rounds of water washing, in-bloc staining with 2% uranyl acetate (w/v) was
performed overnight at 4°C. The samples were dehydrated through a graded
ethanol series.

For SEM observation, the samples were dried in a critical point dryer (CPD300,
Leica) and imaged in a ThermoFisher Quanta 450. For TEM observation, the
samples were embedded in fresh resin and polymerized at 65 °C for 24 h. Sections
(70nm) were made using a Leica UC7 ultramicrotome and post-stained with
uranyl acetate and lead citrate. Grids were imaged at 80kV in a JEOL Jem-1400
TEM using a CMOS camera (XAROSA, EMSIS). The polymerized resin block was
also used for microCT (SkyScan 1272, Bruker) imaging, and the microCT data
were processed using Amira (v.2020.3) software.

Lignin content and composition determination. Samples were ground,
lyophilized and extracted successively with chloroform/methanol (2:1, v/v),
methanol and water at room temperature to remove extractives. The remaining
cell wall residues were again lyophilized. Lignin content was determined by
Klason'*, and monolignol composition was determined by thioacidolysis'”. Lignin
structures were analysed by NMR''>!"",

Metabolite characterizations and biological activity assays. Leaves and stems
at three developmental stages were collected from three individual trees for a
metabolomic screen’. Stem powders were extracted with a series of solvents,
followed by column chromatography. Eleven purified metabolites were tested for
antioxidant activities, in vitro cytotoxicity and anti-inflammation. The details of
the metabolite characterization and biological activity assays are described in the
Supplementary Text.

Quantification of alsophilin, hispidin, resveratrol and piceatannol. Air-dried

powders (60 mg, <60 mesh) of leaves, xylem, phloem, sclerenchymatic belt and
pith were extracted with 400 ul of methanol by ultrasonication for 15 min.
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After filtering (0.22 um), 10 pl of filtrate was analysed by UPLC (Waters) and MS
(Thermo-Fisher) on an ACQUITY UPLC column (2.1 mm X 50 mm, C18) with

a flow rate of 0.4 mlmin~" and a gradient of solvent A (acetonitrile) and solvent

B (H,0). Alsophilin was detected under a t-SIM model (gradient: 0min, 10% A;
6min, 90% A; 7min, 10% A; 9min, 10% A; selected positive ion at m/z 163.0386).
Hispidin, resveratrol and piceatannol were detected under a PRM model (gradient:
0min, 10% A; 7min, 90% A; 9min, 10% A; selected negative ion at m/z 159.0440,
185.0598 and 159.0440, respectively).

Enzyme assays. The full-length coding regions of PKS genes were cloned into
PGEXKG-1 for protein expression in E. coli BL21 (DE3). The primers are shown
in Supplementary Table 16. The enzyme assays were performed in a 100 pl volume
containing 1 pl of 10mM p-coumaroyl-CoA or caffeoyl-CoA, 3 pl of 10 mM
malonyl-CoA, 90 pl of 50 mM Tris-HCl buffer (pH 7.5) and purified PKS enzymes
at a final concentration of 1 mgml~'. The reactions were incubated overnight at
30°C or 37°C and stopped by the addition of methanol to 50%. The products were
analysed by LC-MS on a LCMS-2020 (Shimadzu) with a Shim-pack GIST column
(5pm, 2.1 mm X 100 mm) monitor at 310 nm and 30°C, in negative ionization
mode with a full scan range of 100-500 m/z. The mobile phases were solvent A
(water) and solvent B (methanol), with a flow rate of 0.3 mlmin~" and a gradient of
Omin, 10% B; 10 min, 30% B; 20 min, 60% B; 30 min, 100% B.

Resequencing and population analysis. Read mapping and variant calling. We
collected leaves from 107 A. spinulosa trees from nine populations in Southeast
Asia, with A. costularis as the outgroup. DNA libraries with 200-400-bp inserts
were constructed and pair-end sequenced on MGISEQ2000. After quality control
by FastQC, the raw reads were filtered to remove adaptors, contaminants and
low-quality reads using Trimmomatic''>. We generated 8,755.59 Gb of sequence,
with an average depth of 13.2X genome coverage per accession. The clean reads
were mapped using Bowtie2 (ref. '*) with the default parameters. SAMtools*™ was
used to remove duplicate reads. We evaluated the rate of uniquely aligned reads
that were obtained from BWA'"*. We used Realigner Target Creator and Indel
Realigner from the GATK package™ for global realignment of reads around indels
from the sorted BAM files. HaplotypeCaller was used to estimate the SNPs and
indels for putative diploids using the default parameters. The distribution of calling
depths (DP) of each raw variant was estimated as a criterion for variant filtering
to reduce false positives. Low depths and repetitive variants were removed from
the raw VCEF file if they had DP <2 or DP > 45, minQ < 30. Variants with more
than 15% missing data were removed. These filtering strategies reduced the raw
unfiltered set of 160,416,579 variants (SNPs and indels) to a working set of 93.86
million. SnpEff (v.3.6¢)'"* was used to assign variants on the basis of gene models
from A. spinulosa annotation. The variant sites were annotated as SNPs and indels,
as well as intergenic and genic regions (including synonymous, non-synonymous,
intronic, upstream and downstream variants).

Genome-wide genetic diversity estimation. To identify selective sweeps, we
calculated the genome-wide distribution of Tajima’s D and nucleotide diversity

Or values using VCFtools''® with a 20-kb sliding window. SweeD''” analysis was
conducted on the basis of the CLR to identify selected loci, and the CLR of each
sliding window with a size of 20kb was calculated. Both CLR and 6 analysis
used the top 5% scoring regions. Tajima’s D used the top and bottom 2.5% scoring
regions as cut-off values to infer candidate selective sweeps. Regions that were
supported by both approaches were considered high-confidence.

Phylogeny. Bi-allelic and polymorphic SNPs (58,177,625) were used to reconstruct
phylogenetic relationships among the 107 accessions. Before tree construction,

we filtered and pruned the SNPs with minor allele frequency < 0.2, missing

rate > 0.15 and linkage disequilibrium threshold =0.2. Finally, 263,712 SNPs
located in single-copy genes were selected for constructing the tree. The multiple
consensus sequences were aligned using MAFFT*. Maximum likelihood trees were
constructed using RAXML”. iTOL* was used to visualize the tree.

PCA. The GCTA software''* was employed to conduct PCA on 263,712 filtered
variants. The input PLINK binary files were transformed from the filtered VCFs
file using VCFtools''® and PLINK'”. The top three principal components were used
for assigning the 107 accessions and downstream population structure.

Population genetic structure. We used Admixture'” to infer ancestral population
stratification among the 107 accessions. The optimal ancestral population
structure was estimated from the same variant set with STRUCTURE'* using
ancestral population sizes K=2-9 and choosing the population with the lowest
cross-validation error. The standard errors were estimated using bootstrapping
(100 replicates) during the admixture analyses.

Demographic analysis. The demographic history was queried on the basis of
the site-frequency spectrum (SFS) inferred from alignment of population
resequencing. Low-quality mapping was first removed with the parameters
(‘“-only_proper_pairs 1 -uniqueOnly 1 -remove_bads 1 -minQ 20 -minMap 30’)
implemented in ANGSD'*. The site allele-frequency likelihood was calculated
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using -doSaf for each resequenced accession on the basis of individual genotype
likelihoods. We used the realSFS with the expectation-maximization algorithm
to calculate the folded SFS on the basis of the estimation of maximum likelihood.
After that, stairway-plot-2 (ref. '**) was used to present the historical effective
population size (N,) with an estimated mutation rate of 1.77 X 10~ per generation
and a 100-year generation time, derived from previous studies'**-'*".

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The genome assemblies of A. spinulosa have been deposited to the Genome
Sequence Archive at the National Genomics Center under BioProject no.
PRJCA006485. Whole-genome sequencing, RNA-seq, resequencing, WGBS and
small RNA sequencing data were deposited to the GSA database (http://gsa.big.
ac.cn/) under accessions CRA005445, CRA005406, CRA005447, CRA005463,
CRA005407 and CRA005430. The genome assembly and annotation files are
available at Figshare (https://doi.org/10.6084/m9.figshare.19075346), and all
phylogenetic trees in newick formats and with bootstrap values are deposited in
Figshare (https://doi.org/10.6084/m9.figshare.19125641). Source data are provided
with this paper.

Code availability
All custom codes are available for research purposes from the corresponding
authors upon request.

Received: 31 October 2021; Accepted: 30 March 2022;
Published online: 9 May 2022

References

1. Delwiche, C. & Cooper, E. The evolutionary origin of a terrestrial flora.
Curr. Biol. 25, R899-R910 (2015).

2. Sarkanen, K. V. & Ludwig, C. H. Lignins: Occurrence, Formation, Structure
and Reactions (Wiley-Interscience, 1971).

3. Schuettpelz, E., Schneider, H., Smith, A. R. & Kessler, M. A
community-derived classification for extant lycophytes and ferns. J. Syst.
Evol. 54, 563-603 (2016).

4.  Clark, J. et al. Genome evolution of ferns: evidence for relative stasis of
genome size across the fern phylogeny. N. Phytol. 210, 1072-1082 (2016).

5. Dong, S. Y. & Zuo, Z. Y. On the recognition of Gymnosphaera as a distinct
genus in Cyatheaceae. Ann. Mo. Bot. Gard. 103, 1-23 (2018).

6.  Nakato, N. Cytological studies on the genus Cyathea in Japan. J. Jpn. Bot.
64, 142-146 (1989).

7. Longtine, C. & Tejedor, A. Antimicrobial activity of ethanolic and aqueous
extracts of medicinally used tree ferns Alsophila cuspidata and Cyathea
microdonta. Acta Bot. Malacit. 42, 119 (2017).

8. Gong, ], Chen, E & Li, S. Primary discussion on the bacteriostatic
activity of Alsophila spinulosa leaves and stems. J. Anhui Agric. Sci. 35,
10566-10568 (2007).

9.  Cheng, Y. & Chen, E Z. Isolation of three chemical constituents from
Alsophila spinulosa stalks for the first time. Med. Plant 2, 5-7 (2011).

10. Ou, S, Chen, J. & Ning, J. Assessing genome assembly quality using the
LTR assembly index (LAI). Nucleic Acids Res. 46, €126 (2018).

11. Simdo, E A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V. &
Zdobnov, E. M. BUSCO: assessing genome assembly and annotation
completeness with single-copy orthologs. Bioinformatics 31,

3210-3212 (2015).

12.  Szovényi, P,, Gunadi, A. & Li, E W. Charting the genomic landscape of
seed-free plants. Nat. Plants 7, 554-565 (2021).

13.  Zemach, A., Mcdaniel, I. E,, Silva, P. & Zilberman, D. Genome-wide
evolutionary analysis of eukaryotic DNA methylation. Science 328,
916-919 (2010).

14. Bartels, A. et al. Dynamic DNA methylation in plant growth and
development. Int. J. Mol. Sci. 19, 2144 (2018).

15. Takuno, S., Ran, J. H. & Gaut, B. S. Evolutionary patterns of genic DNA
methylation vary across land plants. Nat. Plants 2, 15222 (2016).

16. Bewick, A. J. et al. On the origin and evolutionary consequences of gene
body DNA methylation. Proc. Natl Acad. Sci. USA 113, 9111-9116 (2016).

17.  Li, E-W. et al. Fern genomes elucidate land plant evolution and
cyanobacterial symbioses. Nat. Plants 4, 460-472 (2018).

18. Banks, J. A. et al. The Selaginella genome identifies genetic changes
associated with the evolution of vascular plants. Science 332,

960-963 (2011).

19. Evkaikina, A. L et al. The Huperzia selago shoot tip transcriptome
sheds new light on the evolution of leaves. Genome Biol. Evol. 9,
2444-2460 (2017).

20. Li, E-W. et al. Anthoceros genomes illuminate the origin of land plants and
the unique biology of hornworts. Nat. Plants 6, 259-272 (2020).

509


http://gsa.big.ac.cn/
http://gsa.big.ac.cn/
http://bigd.big.ac.cn/gsa/browse/CRA005445
http://bigd.big.ac.cn/gsa/browse/CRA005406
http://bigd.big.ac.cn/gsa/browse/CRA005447
http://bigd.big.ac.cn/gsa/browse/CRA005463
http://bigd.big.ac.cn/gsa/browse/CRA005407
http://bigd.big.ac.cn/gsa/browse/CRA005430
https://doi.org/10.6084/m9.figshare.19075346
https://doi.org/10.6084/m9.figshare.19125641
http://www.nature.com/natureplants

ARTICLES

NATURE PLANTS

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

510

Li, L. et al. Arabidopsis thaliana NOP10 is required for gametophyte
formation. J. Integ. Plant Biol. 60, 723-736 (2018).

Loiseau, O. et al. Slowly but surely: gradual diversification and phenotypic
evolution in the hyper-diverse tree fern family Cyatheaceae. Ann. Bot. 125,
93-103 (2020).

Korall, P,, Schuettpelz, E. & Pryer, K. M. Abrupt deceleration of molecular
evolution linked to the origin of arborescence in ferns. Evolution 64,
2786-2792 (2010).

Sigel, E. M., Der, J. P,, Windham, M. & Pryer, K. M. Expression level
dominance and homeolog expression bias in recurrent origins of the
allopolyploid fern Polypodium hesperium. Am. Fern J. 109, 224-247 (2019).
Wu, J. et al. Homoeolog expression bias and expression level dominance in
resynthesized allopolyploid Brassica napus. BMC Genomics 19, 586 (2018).
Buggs, R. J. et al. Tissue-specific silencing of homoeologs in natural
populations of the recent allopolyploid Tragopogon mirus. N. Phytol. 186,
175-183 (2010).

Logan, K. J. & Thomas, B. A. Distribution of lignin derivatives in plants. N.
Phytol. 99, 571-585 (1985).

Bunzel, M., Schiissler, A. & Saha, G. T. Chemical characterization of Klason
lignin preparations from plant-based foods. J. Agric. Food Chem. 59,
12506-12513 (2011).

Weng, J. K., Akiyama, T., Bonawitz, N. D., Li, X. & Chapple, C. Convergent
evolution of syringyl lignin biosynthesis via distinct pathways in the
lycophyte Selaginella and flowering plants. Plant Cell 22, 1033-1045 (2010).
Weng, J. K., Akiyama, T., Ralph, J. & Chapple, C. Independent recruitment
of an O-methyltransferase for syringyl lignin biosynthesis in Selaginella
moellendorffii. Plant Cell 23, 2708-2724 (2011).

Zhou, C,, Li, Q., Chiang, V. L., Lucia, L. A. & Griffis, D. P. Chemical

and spatial differentiation of syringyl and guaiacyl lignins in poplar wood
via time-of-flight secondary ion mass spectrometry. Anal. Chem. 83,
7020-7026 (2011).

Uzal, E. N,, Ros, L., Pomar, E, Bernal, M. A. & Barcel6, A. The presence of
sinapyl lignin in Ginkgo biloba cell cultures changes our views of the
evolution of lignin biosynthesis. Physiol. Plant. 135, 196-213 (2010).
Ohtani, M., Akiyoshi, N., Takenaka, Y., Sano, R. & Demura, T. Evolution of
plant conducting cells: perspectives from key regulators of vascular cell
differentiation. J. Exp. Bot. 68, 17-26 (2017).

Fukuda, H. & Ohashi-Ito, K. Vascular tissue development in plants. Curr.
Top. Dev. Biol. 131, 141-160 (2019).

Xu, B. et al. Contribution of NAC transcription factors to plant adaptation
to land. Science 343, 1505-1508 (2014).

Kubo, M. et al. Transcription switches for protoxylem and metaxylem vessel
formation. Genes Dev. 19, 1855-1860 (2005).

Yamaguchi, M. et al. VASCULAR-RELATED NAC-DOMAING6 and
VASCULAR-RELATED NAC-DOMAIN? effectively induce
transdifferentiation into xylem vessel elements under control of an
induction system. Plant Physiol. 153, 906-914 (2010).

Tan, T. T. et al. Transcription factors VND1-VND3 contribute to cotyledon
xylem vessel formation. Plant Physiol. 176, 773-789 (2018).

Zhong, R., Demura, T. & Ye, Z. H. SND1, a NAC domain transcription
factor, is a key regulator of secondary wall synthesis in fibers of Arabidopsis.
Plant Cell 18, 3158-3170 (2006).

Akiyoshi, N. et al. Involvement of VNS NAC-domain transcription factors
in tracheid formation in Pinus taeda. Tree Physiol. 40, 704-716 (2020).
Chen, W. et al. Genome-wide association analyses provide genetic and
biochemical insights into natural variation in rice metabolism. Nat. Genet.
46, 714-721 (2014).

Pluskal, T. et al. The biosynthetic origin of psychoactive kavalactones in
kava. Nat. Plants 5, 867-878 (2019).

Parage, C., Tavares, R., Réty, S., Baltenweck-Guyot, R. & Hugueney, P.
Structural, functional, and evolutionary analysis of the unusually

large stilbene synthase gene family in grapevine. Plant Physiol. 160,
1407-1419 (2012).

Gao, L., Cai, M., Shen, W,, Xiao, S. & Zhang, Y. Engineered fungal
polyketide biosynthesis in Pichia pastoris: a potential excellent host for
polyketide production. Microb. Cell Fact. 12, 77 (2013).

Luca, V. D. & Mandrich, L. Enzyme promiscuous activity: how to define it
and its evolutionary aspects. Protein Pept. Lett. 27, 400-410 (2020).
Myburg, A. A., Lev-Yadun, S. & Sederoff, R. R. Xylem Structure and
Function (eLS, 2013).

Rio, J. D., Rencoret, J., Gutiérrez, A., Kim, H. & Ralph, J. Hydroxystilbenes
are monomers in palm fruit endocarp lignins. Plant Physiol. 174,
2072-2082 (2017).

Porebski, S., Bailey, L. G. & Baum, B. R. Modification of a CTAB DNA
extraction protocol for plants containing high polysaccharide and
polyphenol components. Plant Mol. Biol. Rep. 15, 8-15 (1997).

Xie, T. et al. De novo plant genome assembly based on chromatin
interactions: a case study of Arabidopsis thaliana. Mol. Plant 8,

489-492 (2015).

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Sergey et al. Canu: scalable and accurate long-read assembly via adaptive
k-mer weighting and repeat separation. Genome Res. 27, 722-736 (2017).
Durand, N. et al. Juicer provides a one-click system for analyzing
loop-resolution Hi-C experiments. Cell Syst. 3, 95-98 (2016).

Dudchenko, O. et al. De novo assembly of the Aedes aegypti genome using
Hi-C yields chromosome-length scaffolds. Science 356, 92-95 (2017).

Li, H. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. Preprint at arXiv https://arxiv.org/abs/1303.3997 (2013).

Li, H. et al. The sequence alignment/map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

Mckenna, A. et al. The Genome Analysis Toolkit: a MapReduce framework
for analyzing next-generation DNA sequencing data. Genome Res. 20,
1297-1303 (2010).

Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357-360 (2015).

Kuo, L.-Y. et al. Organelle genome inheritance in Deparia ferns
(Athyriaceae, Aspleniineae, Polypodiales). Front. Plant Sci. 9, 486 (2018).
Lorenz, W. W, Yu, Y. S. & Dean, J. An improved method of RNA isolation
from loblolly pine (P. taeda L.) and other conifer species. J. Vis. Exp. 36,
1751 (2010).

Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).
Li, Q. et al. Down-regulation of glycosyltransferase 8D genes in Populus
trichocarpa caused reduced mechanical strength and xylan content in wood.
Tree Physiol. 31, 226-236 (2011).

Li, H., Chen, G., Pang, H., Wang, Q. & Dai, X. Investigation into different
wood formation mechanisms between angiosperm and gymnosperm tree
species at the transcriptional and post-transcriptional level. Front. Plant Sci.
12, 698602 (2021).

Gary, B. Tandem repeats finder: a program to analyze DNA sequences.
Nucleic Acids Res. 27, 573-580 (1999).

Flynn, J. M., Hubley, R., Rosen, J., Clark, A. G. & Smit, A. E
RepeatModeler2 for automated genomic discovery of transposable element
families. Proc. Natl Acad. Sci. USA 117, 201921046 (2020).
Tarailo-Graovac, M. & Chen, N. Using RepeatMasker to identify

repetitive elements in genomic sequences. Curt. Protoc. Bioinform. 25,
4.10.1-4.10.14 (2009).

Jurka, J. et al. Repbase Update, a database of eukaryotic repetitive elements.
Cytogenet. Genome Res. 110, 462-467 (2005).

Xu, Z. et al. Genome analysis of the ancient tracheophyte Selaginella
tamariscina reveals evolutionary features relevant to the acquisition of
desiccation tolerance. Mol. Plant 11, 983-994 (2018).

Marchant, D. B,, Sessa, E. B., Wolf, P. G., Heo, K. & Soltis, D. E. The
C-Fern (Ceratopteris richardii) genome: insights into plant genome
evolution with the first partial homosporous fern genome assembly. Sci.
Rep. 9, 18181 (2019).

Birney, E., Clamp, M., & Durbin, R. GeneWise and Genomewise. Genorme
Res. 14, 988-995 (2004).

Li, H. Minimap2: fast pairwise alignment for long DNA sequences.
Bioinformatics 34, 3094-3100 (2017).

Jaime, H. C. et al. eggNOG 5.0: a hierarchical, functionally and
phylogenetically annotated orthology resource based on 5090 organisms
and 2502 viruses. Nucleic Acids Res. 47, D309-D314 (2018).

Andrews, S. R. Bismark: a flexible aligner and methylation caller for
bisulfite-seq applications. Bioinformatics 27, 1571-1572 (2011).

Zhang, J., Zhang, X., Tang, H., Zhang, Q. & Ming, R. Allele-defined genome
of the autopolyploid sugarcane Saccharum spontaneum L. Nat. Genet. 50,
1565-1573 (2020).

Vanburen, R. et al. Single-molecule sequencing of the desiccation-tolerant
grass Oropetium thomaeum. Nature 527, 508-511 (2015).

Amborella Genome Project. The Amborella genome and the evolution of
flowering plants. Science 342, 1241089 (2013).

Liu, H. et al. The nearly complete genome of Ginkgo biloba illuminates
gymnosperm evolution. Nat. Plants 7, 748-756 (2021).

Wan, T. et al. A genome for gnetophytes and early evolution of seed plants.
Nat. Plants 4, 82-89 (2018).

Lang, D., Ullrich, K. K., Murat, E, Fuchs, J. & Rensing, S. A. The
Physcomitrella patens chromosome-scale assembly reveals moss genome
structure and evolution. Plant J. 93, 515-533 (2017).

Zhang, J., Fu, X. X, Li, R. Q, Zhao, X. & Chen, Z. D. The hornwort
genome and early land plant evolution. Nat. Plants 6, 107-118 (2020).
Bowman, J. L., Kohchi, T., Yamato, K. T,, Jenkins, J. & Schmutz, J. Insights
into land plant evolution garnered from the Marchantia polymorpha
genome. Cell 171, 287-304 (2017).

Nishiyama, T. et al. The chara genome: secondary complexity and
implications for plant terrestrialization. Cell 174, 448-464.e424 (2018).
Emms, D. M. & Kelly, S. OrthoFinder: solving fundamental biases in whole
genome comparisons dramatically improves orthogroup inference accuracy.
Genome Biol. 16, 157 (2015).

NATURE PLANTS | VOL 8 | MAY 2022 | 500-512 | www.nature.com/natureplants


https://arxiv.org/abs/1303.3997
http://www.nature.com/natureplants

NATURE PLANTS

ARTICLES

82. Kazutaka, Katoh & Daron, Standley MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol.
Evol. 30, 772-780 (2013).

83. Capella-Gutierrez, S., Silla-Martinez, J. M. & Gabaldon, T. trimAl: a tool for
automated alignment trimming in large-scale phylogenetic analyses.
Bioinformatics 25, 1972-1973 (2009).

84. Darriba, D. et al. ModelTest-NG: a new and scalable tool for the
selection of DNA and protein evolutionary models. Mol. Biol. Evol. 37,
291-294 (2020).

85. Kozlov, A. M., Darriba, D., Flouri, T., Morel, B. & Stamatakis, A.
RAXML-NG: a fast, scalable, and user-friendly tool for maximum likelihood
phylogenetic inference. Bioinformatics 35, 4453-4455 (2019).

86. Letunic, I. & Bork, P. Interactive Tree Of Life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49,
W293-W296 (2021).

87. Bie, T. D,, Cristianini, N., Demuth, J. P. & Hahn, M. W. CAFE: a
computational tool for the study of gene family evolution. Bioinformatics
22, 1269-1271 (2006).

88. Sanderson, M. J. r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of a molecular clock. Bioinformatics 19,
301-302 (2003).

89. Morris, J. L. et al. The timescale of early land plant evolution. Proc. Natl
Acad. Sci. USA 115, E2274-E2283 (2018).

90. Testo, W. & Sundue, M. A 4000-species dataset provides new insight into
the evolution of ferns. Mol. Phylogenet. Evol. 105, 200-211 (2016).

91. Eddy, S. R. & Pearson, W. R. Accelerated profile HMM searches. PLoS
Comput. Biol. 7, €1002195 (2011).

92. Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32, 1792-1797 (2004).

93. Stamatakis, A. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313 (2014).

94. Zwaenepoel, A., Van de Peer, Y. & Hancock, J. wgd—simple command line
tools for the analysis of ancient whole-genome duplications. Bioinformatics
35, 2153-2155 (2019).

95.  Wang, Y. et al. MCScanX: a toolkit for detection and evolutionary analysis
of gene synteny and collinearity. Nucleic Acids Res. 40, e49-e49 (2012).

96. Dong, S., Xiao, Y., Kong, H., Feng, C. & Kang, M. Nuclear loci developed
from multiple transcriptomes yield high resolution in phylogeny of scaly
tree ferns (Cyatheaceae) from China and Vietnam. Mol. Phylogenet. Evol.
139, 106567 (2019).

97. Hui, S. et al. Large scale phylogenomic analysis resolves a backbone
phylogeny in ferns. Gigascience 7, 1-11 (2018).

98. Xie, Y. et al. SOAPdenovo-Trans: de novo transcriptome assembly with
short RNA-Seq reads. Bioinformatics 30, 1660-1666 (2014).

99. Fu, L, Niu, B,, Zhu, Z., Wu, S. & Li, W. CD-HIT: accelerated for clustering
the next-generation sequencing data. Bioinformatics 28, 3150-3152 (2012).

100. Zheng, L., Tiley, G. P, Galuska, S. R., Reardon, C. R. & Barker, M. S.
Multiple large-scale gene and genome duplications during the evolution of
hexapods. Proc. Natl Acad. Sci. USA 115, 201710791 (2018).

101. Paradis, E. & Schliep, K. ape 5.0: an environment for modern phylogenetics
and evolutionary analyses in R. Bioinformatics 35, 526-528 (2019).

102. Rothfels, C. et al. The evolutionary history of ferns inferred from 25
low-copy nuclear genes. Am. J. Bot. 102, 1089-1107 (2015).

103. Rabier, C. E., Ta, T. & Ane, C. Detecting and locating whole genome
duplications on a phylogeny: a probabilistic approach. Mol. Biol. Evol. 31,
750-762 (2014).

104. Wang, J. et al. Allopolyploid speciation accompanied by gene flow in a tree
fern. Mol. Biol. Evol. 37, 2487-2502 (2020).

105. Qi, X,, Kuo, L. Y., Guo, C,, Li, H. & Ma, H. A well-resolved fern nuclear
phylogeny reveals the evolution history of numerous transcription factor
families. Mol. Phylogenet. Evol. 127, 961-977 (2018).

106. Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z. & Amit, I. Trinity:
reconstructing a full-length transcriptome without10.1038/s41477-022-
01146-6a genome from RNA-seq data. Nat. Biotechnol. 29, 644-652 (2013).

107. Yang, Z. PAML 4: a program package for phylogenetic analysis by
maximum likelihood. Mol. Biol. Evol. 24, 1586-1591 (2007).

108. Sluiter, A. et al. Determination of Structural Carbohydrates and Lignin in
Biomass NREL Laboratory Analytical Procedures (National Renewable
Energy Laboratory, 2008).

109. Lapierre, C., Pollet, B. & Rolando, C. New insights into the molecular
architecture of hardwood lignins by chemical degradative methods. Res.
Chem. Intermediat. 21, 397-412 (1995).

110. Kim, H., Ralph, J. & Akiyama, T. Solution-state 2D NMR of ball-milled
plant cell wall gels in DMSO-d 6. Org. Biomol. Chem. 8, 576-591 (2010).

111. Mansfield, S. D., Kim, H., Lu, E & Ralph, J. Whole plant cell wall
characterization using solution-state 2D NMR. Nat. Protoc. 7,

1579-1589 (2012).

112. Bolger, A. M., Marc, L. & Bjoern, U. Trimmomatic: a flexible trimmer for

Tllumina sequence data. Bioinformatics 30, 2114-2120 (2014).

NATURE PLANTS | VOL 8 | MAY 2022 | 500-512 | www.nature.com/natureplants

113. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359 (2012).

114. Li, H. & Richard, D. Fast and accurate short read alignment with
Burrows—Wheeler transform. Bioinformatics 25, 1754-1760 (2009).

115. Cingolani, P. et al. A program for annotating and predicting the effects of
single nucleotide polymorphisms, SnpEff: SNPs in the genome of
Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 6, 80-92 (2012).

116. Danecek, P. et al. The variant call format and VCFtools. Bioinformatics 27,
2156-2158 (2011).

117. Pavlidis, P, Zivkovic, D., Stamatakis, A. & Alachiotis, N. SweeD:
likelihood-based detection of selective sweeps in thousands of genomes.
Mol. Biol. Evol. 30, 2224-2234 (2013).

118. Yang, J., Lee, S. H., Goddard, M. E. & Visscher, P. M. GCTA:

a tool for genome-wide complex trait analysis. Am. J. Hum. Genet. 88,
76-82 (2011).

119. Purcell, S. et al. PLINK: a tool set for whole-genome association
and population-based linkage analyses. Am. J. Hum. Genet. 81,

559-575 (2007).

120. Alexander, D. H., Novembre, J. & Lange, K. Fast model-based estimation of
ancestry in unrelated individuals. Genome Res. 19, 1655-1664 (2009).

121. Evanno, G. S., Regnaut, S. J. & Goudet, J. Detecting the number of clusters
of individuals using the software STRUCTURE: a simulation study. Mol.
Ecol. 14, 2611-2620 (2005).

122. Korneliussen, T. S., Albrechtsen, A. & Nielsen, R. ANGSD: analysis of next
generation sequencing data. BMC Bioinform. 15, 356 (2014).

123. Liu, X. & Fu, Y. X. Stairway Plot 2: demographic history inference with
folded SNP frequency spectra. Genome Biol. 21, 280 (2020).

124. Ash, J. Demography of Cyathea hornei (Cyatheacee), a tropical fern from
Fiji. Aust. J. Bot. 35, 331-341 (1988).

125. Zhong, B., Fong, R., Collins, L. J., McLenachan, P. A. & Penny, D. Two new
fern chloroplasts and decelerated evolution linked to the long generation
time in tree ferns. Genome Biol. Evol. 6, 1166-1173 (2014).

126. Lynch, M. Evolution of the mutation rate. Trends Genet. 26,

345-352 (2010).

Acknowledgements

This work was supported by the Fundamental Research Funds of Chinese Academy

of Forestry (grant no. CAFYBB2017ZY001 to Q.L.); the National Natural Science
Foundation of China (grant no. 32071787 to Q.L.); start-up funding for polyploid poplar
research from the Beijing Advanced Innovation Center for Tree Breeding by Molecular
Design, Beijing Forestry University (to H.-W.); CAMS Innovation Fund for Medical
Sciences (grant no. CIFMS2021-12M-1-029 to P.Z. and T.G.); PUMC Disciplinary
Development of Synthetic Biology (grant no. 201920100801 to P.Z.); and the DOE Great
Lakes Bioenergy Research Center (DOE BER Office of Science, grant no. DE-SC0018409
to J.R.). We acknowledge the research team of X. Chen and Q. Hou, Department of
Pharmacology of our Institute, for the cytotoxic and anti-inflammation bioassays. We
thank Y. Fang for providing the gene annotations in A. capillus-veneris. We also thank

H. Liu and S. Shi for helping in resequencing the sample collections, and Y. Cao (State
Key Laboratory of Tree Genetics and Breeding, Chinese Academy of Forestry) and

H. Zhang (the Core Facilities of Life Sciences at Peking University) for assistance with the
microscopic observations.

Author contributions

Q.L., RM,, E-W.L,, PZ. and H.W. designed the project and coordinated the research
activities. X.H., T.G., D.W, L.-YK,, X.Z., R.R.S., HW,, P.Z,, E-W.L., R M. and Q.L. wrote
the manuscript with input from all co-authors. X.H. was involved in all experiments

and analyses. W. Wang, D.W,, L.-Y.K,, X.Z., H.Z., Song Chen, H.L., W. Wu, Su Chen,
Shuai Chen, X.Y,, Z.L. and Y.G. were involved in genome assembly, annotation, RNA-seq
and population genomic analysis. JW.,, HK,, EL,, C.Y,, G.Z. and J.R. performed the
lignin content and NMR analysis. T.G., W.E, X.B,, L.L., D.Z. and L.J. contributed to the
metabolite characterization and their biological activity assays.

Competing interests

The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41477-022-01146-6.

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41477-022-01146-6.

Correspondence and requests for materials should be addressed to Hairong Wei,
Ping Zhu, Fay-Wei Li, Ray Ming or Quanzi Li.

Peer review information Nature Plants thanks the anonymous reviewers for their
contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

5N


https://doi.org/10.1038/s41477-022-01146-6
https://doi.org/10.1038/s41477-022-01146-6
http://www.nature.com/reprints
http://www.nature.com/natureplants

ARTICLES NATURE PLANTS

Open Access This article is licensed under a Creative Commons unless indicated otherwise in a credit line to the material. If material is not included in
BY Attribution 4.0 International License, which permits use, sharing, adap- the article’s Creative Commons license and your intended use is not permitted by statu-
tation, distribution and reproduction in any medium or format, as long tory regulation or exceeds the permitted use, you will need to obtain permission directly
as you give appropriate credit to the original author(s) and the source, provide a link to from the copyright holder. To view a copy of this license, visit http://creativecommons.
the Creative Commons license, and indicate if changes were made. The images or other org/licenses/by/4.0/.
third party material in this article are included in the article’s Creative Commons license, © The Author(s) 2022, corrected publication 2022, corrected publication 2024

512 NATURE PLANTS | VOL 8 | MAY 2022 | 500-512 | www.nature.com/natureplants


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/natureplants

NATURE PLAN ARTICLES

a GenomeScope Profile k:23

—— observed
N — full model
unique sequence
— errors

== kmer-peaks

1en:6,236,723,721bp

f il

het:0.278%

Frequency
00400 1e+07 20407 3e+07 4e+07 5e+07

Canu Corrected
PacBio Reads

Coverage

,____.______________.______-

Assembled
Scaffolds

Chromosome groups

P i

Chromosome groups

Extended Data Fig. 1| Genome assembly and annotation of A. spinulosa. (a) Estimation of genome size and heterozygosity based on 23-mer frequency
distribution analysis using the GenomeScope software. The genome of A. spinulosa was estimated as 6.23 Gb with the heterozygosity of 0.28%. (b)
Assembly strategy of A. spinulosa genome. PacBio long reads were assembled into contigs by the Smartdenovo software. lllumina short reads were used to
correct contigs. Hi-C-based scaffolding was generated using 3D-DNA pipeline, and 69 pseudo-chromosomes were obtained. The final chromosome-level
assembled genome size was 6.23 Gb with scaffold N50 size of 92.48 Mb. (c) Genome-wide interaction heat map of Hi-C links among chromosome
groups (69 chromosomes). Each chromosome has higher intensity of interactions with itself than any other chromosomes (Darker red color means
stronger interactions).

NATURE PLANTS | www.nature.com/natureplants


http://www.nature.com/natureplants

ARTICLES NATURE PLANTS

10440
§04Ud
20440
60440
L aud
€14y
SlLJud
JARLle]
614Ud
L2iud
€24Ud
G2JUd
yxALle]
62440
1€44D
€€4U0
S€4U0
€440
6€ U0
-7 4ud
€¥Ud
S¥ U0
JAZLle]
6% U0
LG40
€640
**ELle]
JAElle]
65140
19440
€944
9440
JAELle]
69440

2*|€04UD

Chr 01

A

g {17 Ks value
s . - 20
Chr03|%, | . N T F J[. . B :

Chr 05 NS i K 1T - TFITTF -

Chro7[ : ’ B - TR - ’ - i
Chr 09 MR : : g :

1.0

Chr 11 ] F

Chr 13 1A 0.5

Chr 15

Chr17 . ’

Chr 19 B B

Chr 21 4 .

Chr23

Chr 25

Chr27 - = - : THT
Chr 29 ] —
Chr31
Chr33
Chr 35
Chr 37 T = - g - B
Chr 39
Chra1:
Chr43 -
Chr4s T : TTF T4
Chr 47 o+ - = N3 - 3
Chr 49 T . - 4
Chr 51 : -

Chr53[* 1T S Am R - - .
Chr55 T : -

Chr 57 - - N
Chr 59 5 . -
Chr 61 5 = -
Chr63 g - p ) o A
Chr 65 S -
Chr 67 — = < - - Sn
Chr 69 N - r 7

%

Extended Data Fig. 2 | Self-self synteny in A. spinulosa. Synteny was assessed using the MCSCANX program to identify collinear blocks of syntenic gene
pairs. The resulting syntenic blocks were filtered by median Ks using a custom Python script to select collinear gene pairs that were the result of a specific
duplication event. Blocks of syntenic genes show conservation of genes order following WGD. Synteny regions are color coded by Ks value.

NATURE PLANTS | www.nature.com/natureplants


http://www.nature.com/natureplants

NATURE PLANTS

ARTICLES

ONA-binding transcripton factor activity
nscriplion regulalor actvity
hydrate binding

g activity

tor activity

Iplasma membrane
olgnappalalu

“anatomical structure development
mulicelliar organism development
biosynineti proce:
repr OI\
‘post-em! ry ic development
“resonse 10 Exiermal SUmus
esponse (0 bolc stimuius

cell alaerenllal tion
ponse to abiotic stimulus
Srcadian tyihm
o M che ]
2 i Il otosar ncton
1 mse 1o light stimulus
vespon e\o‘emolg?g&]a' A
SO
po”ponse( stre
£

[l cetuiar component

Biological process

200 400 600 8.00 10.00 12.00

-log10(P-value)

ransporter activity
jplasma membrane

Iresponse to abiotic stimulus
Iresponse to light stimulus
transport

100 150 200 250 3.00
-log10(P-value)

0.50

LeGa

o
ol
0 -0 20 diffL2F
e <2
>2
Lest A °
7o >4
e
LT
Ty
.
4
e
2
Ze
20 10 0 -0 20
40
33
3231 55 25 28
m o1 g0 10

7

IHRILREE

a ia striata b
Schizea dichotoma
Azolla fili
E
3
Ne i ia japonica 3
= Dicksonia antarctica
—
Alsonhila si
0.00
60 -
] o
] —— positive sim i
= 40 - — nullsim £
Q 2
= —— experimental o
wv o
X 20-
0.00
0-
N5 N4 N3 N2
Species tree node
C stGa SoGa iz 2]
20- DX
10- oe,”
10- < ':,'f 10
0- 01
= 0]
@ -10- 10- .,".r
2 Lo -10-
©
8 D
Gy 10 0 10 10 0 10
zg
Lo
o
> StSo %% 10
S o /4 20-
= -,
32 %
10-
0 9
?;_‘ -10-
0. . ’t‘- -10-
& |2 20-
10 0 10 -10 0 10
Log2(fold change)
d 150 o gene 2
137
100
&
»
c
2
g 663 6 6
i
£ s
04
I LeSt L)
I SoGa [ ]
I LeGa
I StSo I
I StGa °
750 500 250 3
Set Size

Extended Data Fig. 3 | WGD analysis and gene functional prediction of A. spinulosa. (a) Summary of second MAPS analysis focusing on the WGD
event common to all Cyatheales. Shaded area shows the standard deviation for gene tree simulations. The dark lines in the center of the shaded regions
represent the average values for null and positive gene tree simulations. (b) GO enrichment of syntenic homoeologs. The first histogram shows GO
enrichment of all syntenic pairs from the most recent WGD event (0.2<Ks<0.5) compared to genomic background. The second histogram shows GO
enrichment of differentially expressed genes relative to a background of all syntenic gene pairs from the most recent WGD event. P-values were obtained
using an one-sided hypergeometric test. (c) Gene pairs plotted according to log2 fold change (L2F) as calculated for gene 1 (x-axis) and gene 2 (y-axis)
in DESeq?2. Each point represents one gene pair with pairs colored according to the difference in L2F values (diffL2F = [L2F_1 - L2F_2|) to visualize the
arbitrary cutoffs of diffL2F = 2 and diffL2F = 4. Blue dashed lines represent zero difference expression between homoeologs. St: stem; So: sorus; Le:

leaf; Ga: gametophyte. (d) Upset plot showing overlap in the number of homoeologous gene pairs that are differentially expressed between various

comparisons.

NATURE PLANTS | www.nature.

com/natureplants


http://www.nature.com/natureplants

ARTICLES NATURE PLANTS

a Alsophila spinulosa
Sphaeropteris lepifera
Cibotium barometz
Cyatheales |- pjcxsonia antarctica
Culcita macrocarpa

Plagiogyria stenoptera

Thyrsopteris elegans

|____Polvpodiales Adiantum capillus-veneris
Salviniales . 70113 filiculoides
L_Schizeales | yoodium japonicum

eniales Diplopterygium laevissimum

Callistopteris apiifolia
Osmundastrum cinnamomeum

Angiopteris fokiensis

b

0.5 -

N=865((92%)
Nip<0005=278 (30%)

N=76/(8%)
N(p<0.005):5 (<1 %)

N

Rate Fold Change
(Iogm relative substitution rate)

-0.5 -

Deceleration Acceleration
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Extended Data Fig. 8 | Resequencing of 107 A. spinulosa accessions. (a) GO enrichment of the protein-coding genes that undergo nature selection.

(b) KEGG enrichment of the protein-coding genes that undergo nature selection. (¢) Genome-wide distribution of CLR, Ox, and Tajima’s D values of 107
populations along 69 chromosomes in A. spinulosa genome. The blue dashed line represents the threshold of the top 5% CLR, the bottom 5% Ox, and the
bottom 2.5% Tajima's D, the red dashed line represents the threshold of the top 2.5% Tajima'’s D. (d) The different ancestral population structures are
estimated from the same variants set with STRUCTURE software using ancestral population sizes K=2-9. The parameter standard errors are estimated

using bootstrapping (100 replicates).
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BAS= benzalacetone synthase SPS= styrylpyrone synthase STS= stilbene synthase CHS=chalcone synthase
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Extended Data Fig. 9 | Chemical structures and antioxidant activities of 11 secondary metabolites isolated from A. spinulosa stems. (a) Chemical
structure and hypothetical biosynthetic pathway of one new compound (1) and ten known compounds (2-11). compound 1: (+)-alsophilin; compound

2: 3,4-dihydroxybenzalacetone; compound 3: protocatechnic aldehyde; compound 4: vanillic acid; compound 5: piceatannol; compound 6:

cyperusphenol B; compound 7: cinnamtannin B-1; compound 8: jezonodione; compound 9: davallialactone; compound 10: cyathenosin A; compound

11: 4-O-p-D-glucopyranosyl-p-coumaric acid. (b) Antioxidant effects on MDA production of pure compounds at 10=> M, using curcumin as the positive
control. compound 1a: (—)-alsophilin; compound 1b: (+)-alsophilin. () Antioxidant effects on MDA production of (+)-alsophilin, (=)-alsophilin, and
(+)-alsophilin at 1074, 1075, and 10~¢ M, respectively, using curcumin as positive control. The data of inhibition rates in b and ¢ are presented as means +SD
of three independent experiments.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X’ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  DNA-seq raw NGS data were generated by sequencing using Illumina HiSeq X-10 platform. DNA-seq raw PacBio data were generated by
sequencing using PacBio sequel I/Il platforms. Hi-C data were obtained by sequencing on Illumina Novaseq 6000 platform. RNA-seq raw data
were generated by sequencing using Illumina HiSeq 4000 platform, and ISO-seq data were obtained by sequencing on PacBio Sequel platform.

Data analysis All software employed in this study are publicly available from the internet and they are described in detail on the section of method,
including the versions, parameters, and citations.
1. Canu v1.9 https://github.com/marbl/canu

. Juicer v1.6 https://github.com/aidenlab/juicer

. 3D-DNA v180922 https://github.com/aidenlab/3d-dna

. pilon v1.23 https://github.com/broadinstitute/pilon

BWA-MEM v2.2.1 https://github.com/bwa-mem2/bwa-mem?2

. Jellyfish v2.1.3 https://github.com/gmarcais/Jellyfish

. Samtools v1.13 https://github.com/samtools/samtools

. HISAT2 v2.1.0 http://daehwankimlab.github.io/hisat2/download/

. LAI'v2.9.0 https://github.com/oushujun/LTR_retriever

10. BUSCO v5.2.2 https://busco.ezlab.org/

. DESeq@2 v1.34.0 https://github.com/mikelove/DESeq?2

. Tandem Repeats Finder v4.09 https://github.com/Benson-Genomics-Lab/TRF

. RepeatModeler v2.0.1 http://www.repeatmasker.org/RepeatModeler/

. RepeatMasker v4.1.0 http://repeatmasker.org/

. minimap2 v2.17(r941) https://github.com/Ih3/minimap2

. Genewise v2.4.1 https://www.ebi.ac.uk/seqdb/confluence/display/THD/GeneWise

. AUGUSTUS v3.2.2 https://github.com/Gaius-Augustus/Augustus

. Geta v2.4.13 https://github.com/chenlianfu/geta
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19. Eggnog v2.1.5 https://github.com/eggnogdb/eggnog-mapper

20. Bismark v16.3 https://github.com/FelixKrueger/Bismark

21. OrthoFinder v2.5.4 https://github.com/davidemms/OrthoFinder

22. MAFFT v7.471 https://github.com/GSLBiotech/mafft

23. trimAl v1.4.1 https://github.com/inab/trimal

24. modeltest-ng v0.1.7 https://github.com/ddarriba/modeltest

25. RAXML-ng v1.1.0 https://github.com/amkozlov/raxml-ng

26. CAFE v4.2.1 https://github.com/hahnlab/CAFE

27.r8s v1.71 https://sourceforge.net/projects/r8s/

28. HMMER v3 https://github.com/kblin/bioperl-hmmer3

29. MUSCLE v3.8.1551 https://github.com/rcedgar/muscle

30. MCSCANX v0.8.46 https://github.com/wyp1125/MCScanX

31. wgd v1.1.1 https://github.com/arzwa/wgd

32. SOAPdenovo-Trans v1.0.4 https://github.com/aquaskyline/SOAPdenovo-Trans
33. CD-HIT v4.8.1 https://github.com/weizhongli/cdhit

34. Rv4.0.5 https://www.r-project.org

35. Trinity v2.9.1 https://github.com/wlanjie/trinity

36. PAML v4.10.3 https://github.com/abacus-gene/paml

37. Fastqc v0.11.9 https://github.com/s-andrews/FastQC

38. Bowtie2 v2.4.1 https://github.com/BenLangmead/bowtie2

39. GATK v4.1.9 https://gatk.broadinstitute.org/hc/en-us

40. SnpEff v3.6¢ http://pcingola.github.io/SnpEff

41. VCFtools v0.1.16 https://github.com/vcftools/vcftools

42.SweeD v3.2.1 https://cme.h-its.org/exelixis//web/software/sweed/index.html
43.iTOL v6 https://itol.embl.de

44. GCTAv1.93.2 https://yanglab.westlake.edu.cn/software/gcta

45. PLINK v1.90 http://www.cog-genomics.org/plink2

46. Admixture v1.3.0 https://github.com/jacahill/Admixture
47.STRUCTURE v2.3.4 https://web.stanford.edu/group/pritchardlab/structure.html
48. stairway-plot-2 v2 https://github.com/xiaoming-liu/stairway-plot-v2
49, circos v0.69-8 http://circos.ca

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

Data

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

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The A. spinulosa genome project has been deposited at the National Genomics Data Center (https://ngdc.cncb.ac.cn/) under the BioProject number PRICA006485,
including genomic and transcriptomic data, HiC data, methylated data, small RNA data, and re-sequencing data under the GSA database ((http://gsa.big.ac.cn/))
with accessions of CRA005445, CRA005406, CRAO05447, CRA005463, CRA0O05407, and CRA005430.

Field-specific reporting

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

All studies must disclose on these points even when the disclosure is negative.

Sample size For re-sequencing, we sampled 107 A. spinulosa individuals from 9 locations, having a good representativeness for each population (about 12
individuals). For phylogenetic analysis, bootstrapping values were set between 100-1000 times, which is the filed standard. The wall thickness
of cells in sclerenchymatic belt and pith parenchyma were measured based on 86 cells. The length of the tracheids was measured by
microscopy based on 45 tracheids.

Data exclusions  For phylogenetic analysis, protein sequences less than 50 amino acids that have an impact on phylogenetic tree construction were removed.

Replication Three biological replicates were used in RNA-seq analysis, qRT-PCR, metabolite content determination, and antioxidation assays and all
succeeded.
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Randomization  A. spinulosa individuals were collected in the field, and the gametophytes were cultivated in growth chambers. All materials were selected
randomly for experiments.

Blinding Experiments were blinded and carried out by different coauthors or other researchers.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) U251, HepG2, MCF7, HCT116, RAW264.7 cell lines were purchased from the cell center of the Chinese Academy of Medical
Sciences and Peking Union Medical College (Beijing, China). HGC27 cell line is a gift from Professor Shao Li (Tsinghua
University,China).

Authentication None of the cell lines used were authenticated.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines  No misidentified line was used.
(See ICLAC register)
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