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Significance

Lycophytes occupy a critical 
phylogenetic position sister to all 
other vascular plants. Unlike 
seed plants, they comprise 
heterosporous (Selaginellaceae 
and Isoetaceae) and 
homosporous (Lycopodiaceae) 
lineages. Homosporous plants 
have long been known to possess 
large genomes with considerably 
more chromosomes than 
heterosporous counterparts. 
However, limited genomic 
resources for homosporous 
lycophytes have hindered efforts 
to identify precise differences 
underlying this fundamental 
distinction. Here, we assembled 
chromosome-level genomes of 
homosporous lycophytes, 
Huperzia asiatica and 
Diphasiastrum complanatum. 
Despite 350 Mya of divergence 
and independent whole genome 
duplications, synteny is 
remarkably well preserved 
between these genomes. This, 
combined with significantly 
reduced nucleotide substitution 
rates, suggests a contrasting 
mode of genome evolution 
between heterosporous and 
homosporous lycophytes.
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PLANT BIOLOGY

Extraordinary preservation of gene collinearity over three 
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Homosporous lycophytes (Lycopodiaceae) are a deeply diverged lineage in the plant tree 
of life, having split from heterosporous lycophytes (Selaginella and Isoetes) ~400 Mya. 
Compared to the heterosporous lineage, Lycopodiaceae has markedly larger genome sizes 
and remains the last major plant clade for which no chromosome-level assembly has 
been available. Here, we present chromosomal genome assemblies for two homosporous 
lycophyte species, the allotetraploid Huperzia asiatica and the diploid Diphasiastrum 
complanatum. Remarkably, despite that the two species diverged ~350 Mya, around 
30% of the genes are still in syntenic blocks. Furthermore, both genomes had undergone 
independent whole genome duplications, and the resulting intragenomic syntenies have 
likewise been preserved relatively well. Such slow genome evolution over deep time is 
in stark contrast to heterosporous lycophytes and is correlated with a decelerated rate 
of nucleotide substitution. Together, the genomes of H. asiatica and D. complanatum 
not only fill a crucial gap in the plant genomic landscape but also highlight a potentially 
meaningful genomic contrast between homosporous and heterosporous species.

homosporous lycophytes | genome evolution | whole genome duplication |  
gene collinearity | subgenome dominance

Lycophytes represent a vital resource for understanding the early evolution of vascular 
plants on land (1). They occupy an important phylogenetic position sister to all other 
vascular plants with a rich evolutionary history documented by fossil records dating back 
to the late Devonian (2). Lycophytes have independently evolved many complex traits 
alongside ferns and seed plants including photosynthetic leaves and heterospory.

Extant lycophytes comprise around 1,330 species in three deeply diverged families, 
Selaginellaceae, Isoetaceae, and Lycopodiaceae (3) (Fig. 1A). Like ferns, lycophytes also 
include both homosporous and heterosporous members, with Selaginellaceae and 
Isoetaceae being heterosporous and Lycopodiaceae being entirely homosporous (4). 
Homosporous plants produce only one type of spore, which develops into a bisexual 
gametophyte that produces both sperm and egg cells. On the other hand, heterosporous 
plants produce two types of spores (micro- and megaspore) that develop into separate 
male and female gametophytes. Homosporous ferns and lycophytes tend to have larger 
genome sizes than their heterosporous counterparts and are characterized by relatively 
high chromosome numbers (5).

Whole genome duplication (WGD) has long been recognized as a key driver of genome 
size evolution and species diversification and is relatively common among ferns and flow-
ering plants (6–9). Interestingly in lycophytes, the history of WGDs varies substantially 
across the major lineages. No ancient WGDs have been detected in Selaginellaceae (10–12), 
and only one round of WGD has been conclusively demonstrated in Isoetaceae (13). 
Conversely, several independent ancient WGDs have been postulated in Lycopodiaceae 
based on transcriptomic data (9) but have yet to be verified with genome assemblies. In 
contrast to homosporous ferns and lycophytes, heterosporous plants tend to have relatively 
few chromosomes despite a similar history of WGD. In flowering plants, this is explained 
by the rapid loss and rearrangement of chromosomal material immediately following 
WGD during a process known as diploidization (14, 15). Thus, the large genomes and 
high chromosome counts in homosporous ferns and lycophytes might result from a distinct 
process of diploidization that proceeds via silencing and individual gene loss without the 
concomitant reduction in chromosome number seen in flowering plants (16, 17). A 
thorough characterization of WGDs in Lycopodiaceae, especially regarding genome evo-
lution postduplication, is needed to clarify what underlies the genome size disparity 
between heterosporous and homosporous lycophytes.

In general, plant genomes represent a significant challenge to modern sequencing and 
assembly methods due to their large size, high repeat content, and pervasive history of 
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WGD. To date, most of the published lycophyte genomes came 
from heterosporous families Selaginellaceae and Isoetaceae which 
have relatively small genomes (10–13, 18–20). Given the deep 
divergences among these three lycophyte lineages (Fig. 1A), the 
lack of complete genome assemblies has left a gap in our knowl-
edge of lycophyte genomics and hindered inferences of vascular 
plant evolution.

Here, we generated chromosome-level genome assemblies of 
the allotetraploid Huperzia asiatica and the diploid Diphasiastrum 
complanatum, belonging to Huperzioideae and Lycopodioideae 
subfamilies, respectively (SI Appendix, Fig. S1). Despite the diver-
gence of the two subfamilies over 350 Mya (21), we observed a 
remarkable level of preserved synteny between these two genomes. 
While ancient intergenomic synteny has been previously described 
in other plants (22–24) and salmonid fish (25), the syntenic rela-
tionships recovered here are at least 100 My older than those 
reported in these other taxa. We also found a high degree of syn-
teny within each genome following WGDs that occurred as much 
as 140 Mya. Further, we found little bias in genome fractionation 
and homoeologous gene expression in H. asiatica after the most 
recent allotetraploidization event. Such slow genome evolution 

appears to correlate with reduced rates of nucleotide substitutions 
compared to other lycophyte lineages. Our research fills a 
long-standing gap in land plant evolution and sheds light on the 
evolutionary history of early vascular plants tracing back hundreds 
of millions of years.

Results and Discussion

Genome Assembly and Annotation. Based on k-mer and flow 
cytometry analyses, the sizes of H. asiatica and D. complanatum 
genomes were estimated to be around 7.80 Gb and 1.60 Gb, 
respectively (SI Appendix, Figs. S2 and S3). Using a combination of 
PacBio CLR long reads, Illumina short reads, and Hi-C technology, 
we obtained chromosome-level assemblies for both genomes 
(SI Appendix, Fig. S4 and Dataset S1). For H. asiatica, the genome 
was assembled into 138 pseudochromosomes (n = 2X = 138) and 
2,191 unanchored scaffolds, with a total length of 7.94 Gb and 
N50 of 57.02 Mb. For D. complanatum, the assembly consisted 
of 23 pseudochromosomes (n = X = 23) and 5,153 unanchored 
scaffolds, with a total length 1.74 Gb and N50 of 59.47 Mb. Both 
pseudochromosome counts align with literature reports (26–28). 
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Fig. 1. The genomes of H. asiatica and D. complanatum. (A) Homosporous lycophytes (Lycopodiaceae), which diverged from the closest extant group over 400 
Mya, are the last major lineage for which no genome had been available. (B and C) Genome features of D. complanatum and H. asiatica subA. The densities of 
genes and gypsy and copia LTRs for D. complanatum and H. asiatica subA were calculated with 500 Kb and 1 Mb nonoverlapped sliding windows, respectively. 
Intragenomic syntenies are displayed with connecting lines for D. complanatum and H. asiatica subA, respectively.
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Using subgenome-specific k-mers, we further partitioned the 
allotetraploid Huperzia genome into A and B subgenomes (hereafter 
referred to as “subA” and “subB”) (SI  Appendix, Figs.  S5–S7). 
While we detected no evidence of recent large-scale homoeologous 
exchange between H. asiatica subgenomes based on k-mer sequences 
(SI Appendix, Fig. S6B), we could not exclude the possibility of 
ancient exchange shortly after allopolyploidization. The details on 
subgenome phasing are described in SI Appendix, Supplementary 
Text. The mapping rates of genomic Illumina reads were over 98.8% 
and 95.0% against the H. asiatica and D. complanatum assemblies 
(Dataset S2), respectively, indicating highly complete assemblies.

We found that 5.2% and 6.1% of the proteomes of H. asiatica 
and D. complanatum genomes were annotated as transcription- 
associated proteins (TAPs), which include transcription factors 
(TFs) and transcription regulators (TRs) (Dataset S7). H. asiatica 
and D. complanatum genomes contain a higher proportion of 
TAPs compared to bryophytes. The evolution of YABBY, a TF 
gene family that plays a key role in specifying leaf adaxial-abaxial 
polarity in seed plants (29–31), is particularly noteworthy. One 
YABBY ortholog was detected in D. complanatum, but none in 
H. asiatica despite the previous report of a single YABBY homolog 
in H. selago transcriptome data (32). We then searched transcrip-
tomes of H. miyoshiana, H. lucidula, H. javanica, and H. serrata, 
and no YABBY homolog was identified. These results supported 
that YABBY may have been lost multiple times in Huperzia spe-
cies, although the incompleteness in transcriptome data might 
also contribute to the spotty distribution. Moreover, taking 
account of previous reports that YABBY was absent in genomes 
of mosses (33), liverworts (34), Isoetes (13, 20), Selaginella (10–12), 
and ferns (35–38), but present in hornworts (39), the repeated 
loss of YABBY appears to suggest it is not necessary for abaxial/
adaxial polarity in seed-free lineages. The dynamic evolution of 
YABBY is perplexing and warrants further research. Details on the 
evolution of gene families and transcription factors are described 
in SI Appendix, Supplementary Text.

Compared to the published heterosporous lycophytes [Isoetes 
taiwanensis (13), Selaginella moellendorffii (10), S. lepidophylla 
(12), and S. tamariscina (11)], our homosporous genomes com-
prised larger proportions of transposable elements (TEs) (81.86% 
for H. asiatica and 65.97% for D. complanatum), particularly long 
terminal repeats retrotransposons (LTR-RTs) (60.55% for H. asi-
atica and 53.68% for D. complanatum) (Dataset S3). A total of 
82,725 and 31,430 high confidence protein-coding genes were 
annotated for H. asiatica and D. complanatum, respectively 
(Dataset S1). Both proteomes had high completeness scores from 
Benchmarking Universal Single-Copy Ortholog (BUSCO) with 
the “viridiplantae_odb10” database, indicating high annotation 
quality (90.4% for H. asiatica; 97.5% for D. complanatum) 
(Dataset S4). We found that H. asiatica and D. complanatum have 
37.9-fold and 16.1-fold longer introns than the heterosporous 
lycophytes, respectively (Dataset S5), which is consistent with the 
positive correlation between intron length and genome size doc-
umented in other plant lineages (37, 38, 40). Compared to het-
erosporous lycophytes, the introns in homosporous lycophytes 
contain higher numbers of LTR (mean number 7.8 to 25.1 vs. 
1.6 to 3.1) as well as larger total span (mean length 3.4 to 11.1 
Kb vs. 0.5 to 1.9 Kb) (Dataset S6), suggesting that LTR insertion 
contributed to the intron length difference between homosporous 
and heterosporous genomes.

The chromosome-level assembly and annotation of lycophyte 
genomes allowed us to examine the distribution of repeats and 
genes in this lineage. In angiosperms, repeats and genes are gener-
ally unevenly distributed, with gene density increasing from cen-
tromere to telomere. However, we observe a different scenario in 

our genomes where the distribution of both appears to be homo-
geneous across the chromosomes (Fig. 1 B and C and SI Appendix, 
Fig. S8). A similar distribution was also reported in chromosome- 
level assemblies of bryophytes (33, 39) and ferns (35). Together, 
these results provide evidence that the genomic organization in 
seed-free plants might be quite distinct from seed plants.

Origin and Evolution of the Allotetraploid H. asiatica. To 
determine the parentage and timeline of subgenome divergence 
in H. asiatica, we reconstructed phylogenetic trees using genome 
and transcriptome data of Huperzia spp. and outgroup species 
(Fig. 2A and SI Appendix, Fig. S9). We found that H. asiatica subA 
and subB were clustered into two groups, which were named A-
genome clade and B-genome clade, respectively. The divergence 
time between A- and B-genome clades was estimated to be ~35.3 
Mya. H. asiatica subA and subB diverged from their closely related 
diploid species, H. miyoshiana and H. lucidula, ~17.9 Mya and 
~19.5 Mya, respectively. In addition, the chloroplast phylogeny, 
which most likely tracks the maternal inheritance, further resolved 
that the A-genome clade is probably the maternal donor of H. 
asiatica (Fig. 2A).

Syntenic analysis of the two subgenomes of H. asiatica revealed 
21,205 gene pairs, amounting to 55.87% of the total proteome 
in subA and 52.78% in subB, respectively, within 649 collinear 
blocks (SI Appendix, Fig. S10) suggesting limited chromosomal 
rearrangement since divergence of the progenitor lineage genomes 
~35.3 Mya. Notably, only two large-scale chromosomal rearrange-
ments (either chromosome fusion or fission events) were observed 
(Fig. 2 B and C), which was also confirmed by Hi-C (SI Appendix, 
Fig. S4B). One rearrangement involved B67 and its homoeologs, 
A67 and A68, and the other one involved B68 and its homoeologs, 
A69 and A70. Interestingly, we found that the average expression 
levels of genes within the rearranged chromosomes were signifi-
cantly higher than the genomic background (SI Appendix, 
Fig. S11), which was not observed for the genes on the other 
chromosomes (SI Appendix, Fig. S12). Gene Ontology (GO) 
enrichment analysis uncovered that the genes residing in these 
rearranged chromosomes were significantly enriched in functions 
associated with diversification of specialized metabolism, such as 
terpenoid and tocopherol biosynthesis (SI Appendix, Fig. S13).

Although the Huperzia genus is widely distributed globally 
(https://www.gbif.org/species/2688450), H. asiatica is exclusively 
found in Changbai Mountain, located in the northeast of China 
(41). Consistent with its restricted distribution, we found that H. 
asiatica exhibited significantly lower genome-wide heterozygosity 
compared to closely related species (SI Appendix, Fig. S14), which 
resulted from its significantly smaller historical effective popula-
tion size (Ne) (SI Appendix, Fig. S15).

Limited Subgenome Dominance in H. asiatica. Studies in 
flowering plants have shown that following allopolyploidization, 
one of the subgenomes often rose to dominance, which can 
be in the form of preferential retention of homoeologs and/or 
elevated gene expression levels (42–45). However, little is known 
about these processes outside of flowering plants. To compare 
the preferential gene retention after allopolyploidization, we 
characterized gene presence/absence variants (PAVs) between H. 
asiatica subgenomes. We found 3,742 (9.9% of the annotated 
genes in subA) and 4,570 (11.4% of the annotated genes in 
subB) orphan genes (i.e., lacking homoeologs) are present only 
in H. asiatica subA and subB, respectively. The average number of 
orphan genes per chromosome is 29.8 for subA and 31.0 for subB, 
and there is no significant difference between the subgenomes 
(SI Appendix, Fig. S16; Wilcoxon rank-sum test P-value = 0.52;  
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n = chromosome numbers), suggesting a pattern of nonpreferential 
retention of homoeologs. To quantify subgenome expression bias, 
we compared gene expression levels in 18,264 homoeologous 
gene pairs identified through synteny mapping (the light gray 
links in SI  Appendix, Fig.  S10 and Dataset  S8). Generally, we 
found a weak expression divergence between homoeologs with 
average log2(subB/subA) expression ratios ranging from 0.02 to 
0.07 in different tissue types (Fig.  3A). Gene pairs exhibiting 
homoeologous expression bias (HEB) were identified with cutoffs 
“P-value < 0.05 and | log2FoldChange | > 1.” More than 70.0% 
of the 18,264 homoeolog pairs exhibited a nonbiased expression 
pattern (SI Appendix, Fig. S17). For pairs with significant HEB, 
the more highly expressed homoeolog was equally distributed 
between subA and subB (Fig.  3B and SI  Appendix, Fig.  S18). 
Overall, the two subgenomes exhibit a relatively balanced pattern 
of homoeolog gene expression. Homoeologous exchange has been 
hypothesized to mask the influence of genome dominance on gene 
expression (46), but here, we find little evidence of it (SI Appendix, 
Fig. S6B).

Next, we investigated possible factors that could give rise to the 
observed HEB. First, we explored the influence of LTR insertions 
on HEB gene pairs. We compared the LTR coverage in the 

flanking regions of the dominant homoeolog (with a higher 
expression) and the suppressed homoeolog (with a lower expres-
sion) and found that the dominant homoeologs had slightly but 
significantly lower LTR coverage than the suppressed counterparts 
(Fig. 3 C and D). This pattern was further corroborated in each 
of the sampled tissues (SI Appendix, Fig. S19). We then compared 
the ratio of nonsynonymous (Ka) to synonymous substitution 
rates (Ks) in homoeologous gene pairs to test whether pairs with 
HEB experienced different selective pressure. We found that gene 
pairs with HEB had a significantly higher Ka/Ks ratio than those 
without; however, when comparing subA- and subB-biased HEB 
gene pairs, the ratio does not significantly differ (Fig. 3E).

Taken together, our results suggest that neither subgenome has 
become dominant following allotetraploidization in H. asiatica. 
Relatively few homoeologous gene pairs show HEB and impor-
tantly, they do not consistently bias toward subA or subB. The age 
of the hybrid is obviously important in interpreting our findings. 
However, although we know that H. asiatica subgenomes diverged 
from the closest known diploid ~17.9 Mya, the hybridization and/
or polyploidization event could take place anywhere between 17.9 
Mya and the time we collected our sample. In other words, the 
lack of a clear subgenome dominance could be due to the recency 
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of the hybrid or speaks to the slow evolutionary nature of Huperzia 
genomes (or the combination of both).

Highly Preserved Intergenomic Synteny Despite Deep Divergence. 
Comparing H. asiatica and D. complanatum genomes, we were 
surprised to find a large number of syntenic gene blocks. In total, 
11,236 syntenic gene pairs in 1,515 blocks and 11,402 gene pairs in 
1,566 blocks were identified between D. complanatum genome and 
H. asiatica subA and subB, respectively (Fig. 4A and SI Appendix, 
Fig. S20)—these amount to 26 to 36% of annotated genes in each 
genome. We can also find multiple D. complanatum chromosomes 
mapping strongly to eight H. asiatica chromosomes (four from each 
subgenome; Fig. 4B).

To compare our results with other vascular plants, we assessed 
synteny between flowering plants Amborella trichopoda (22), 
Prunus persica (47), Vitis vinifera (48), and Theobroma cacao (49), 
between homosporous ferns, Alsophila spinulosa (35), Adiantum 
capillus-veneris (37), and Ceratopteris richardii (38), and between 
heterosporous pteridophytes, Azolla filiculoides (36), Isoetes tai-
wanensis (13), Isoetes sinensis (20), and Selaginella kraussiana (19) 
(SI Appendix, Figs. S21–S23). Among flowering plants, we found 
that 27 to 32% of genes were retained in synteny between 

Amborella trichopoda and the other three angiosperms (SI Appendix, 
Fig. S21). The range for homosporous ferns is much greater with 
5 to 32% of genes exhibiting collinearity (SI Appendix, Fig. S22). 
While the proportions of collinear genes broadly overlap with 
those between D. complanatum and H. asiatica, the age of the 
collinear relationships preserved in Lycopodiaceae is truly unprec-
edented given that H. asiatica and D. complanatum diverged 
roughly 368 Mya (21). As a comparison, Amborella trichopoda 
diverged from other flowering plants between 197.5 to 246.5 Mya 
(50), and the homosporous ferns used in our analysis diverged 
around 246 Mya (SI Appendix, Fig. S36). Finally, we found very 
little synteny between recently published chromosome-level 
assemblies for heterosporous lycophytes I. sinensis and S. kraussi-
ana (SI Appendix, Fig. S23). Though they are thought to have 
diverged around the same time as Huperzia and Diphasiastrum, 
they retained only 4.4 to 7.2% of genes in synteny.

Highly Preserved Intragenomic Synteny Following Ancient 
WGDs. The preservation of synteny can also be observed within 
each D. complanatum and H. asiatica genome. In D. complanatum, 
we found 1,422 gene pairs contained in 216 collinear blocks 
accounting for 10.8% of annotated genes (Fig. 1B and SI Appendix, 
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Fig. S24). In H. asiatica subA and subB, we identified 3,284 gene 
pairs in 338 blocks (17.3% of annotated genes) and 3,778 gene 
pairs in 429 blocks (18.8% of annotated genes), respectively 
(Fig.1C and SI Appendix, Figs. S8 and S24). The intragenomic 
synteny in D. complanatum and H. asiatica genomes is most likely 
the result of ancient WGDs. Syntenic depth analysis found a 2:4 
relationship between collinear blocks of genes in D. complanatum 
and either of the H. asiatica subgenomes (SI Appendix, Fig. S20), 
suggesting two WGDs (termed “Huper-α” and Huper-β”) 
predating the divergence of H. asiatica subgenomes and a single 
WGD (termed “Lyco-α”) in the ancestry of D. complanatum.

To further place these WGD events onto the phylogeny, we 
used both synonymous substitutions per site (Ks) and gene 
tree-species tree reconciliation approaches. Ks analysis of paralogs 
in D. complanatum produced a plot with a single peak centered 
around Ks = 0.45, suggesting that the Lyco-α event may have 
occurred following its divergence from Huperzia (Fig. 5A and 
SI Appendix, Fig. S25). For H. asiatica, the Ks plot for each subge-
nome has a single prominent peak near Ks = 0.2 (Fig. 5B and 
SI Appendix, Fig. S26). Although we might expect to see two peaks 
corresponding to the Huper-α and Huper-β events, given the 
extraordinarily low orthologous divergence observed between 
Huperzia and Diphasiastrum (Fig. 5 A and B), it is possible that 
two WGDs occurring close together would produce overlapping 
Ks distributions. This hypothesis seems to be supported by a Ks 
plot restricted to syntenic gene pairs that yields a single peak in 
each subgenome distributed around Ks = 0.26 (Fig. 5B). Our Ks 
analyses on related Huperzia species revealed an even more 

complex history of recurrent and independent WGDs throughout 
the family, a pattern consistent with the high and variable chro-
mosome counts reported. Because of the frequent duplications in 
this lineage, it is impossible to place WGD events based solely on 
Ks.

Using the Multi-tAxon Paleopolyploid Search (MAPS) algo-
rithm, our gene tree-species tree reconciliation approach corrob-
orated that Lyco-α, Huper-α, and Huper-β are all independent 
events. We found no support for an earlier, shared duplication in 
the common ancestor of Lycopodiaceae. A MAPS analysis focused 
on Lycopodioideae (the subfamily including Diphasiastrum) 
placed Lyco-α prior to the divergence of Dendrolycopodium and 
Diphasiastrum (Fig. 5C). A separate analysis focused on the 
Huperzioideae implicated Huper-α and Huper-β occurred follow-
ing the divergence of Huperzia from its sister genus Phlegmariurus 
(Fig. 5D and SI Appendix, Fig. S27).

Based on their phylogenetic placements, the three WGD events 
we uncovered here are all ancient (SI Appendix, Fig. S28). Lyco-α 
in particular is likely at least 139 Mya, given it predates the diver-
gence between Diphasiastrum and Dendrolycopodium (21). Despite 
the antiquity of this duplication, 10.8% of the annotated genes 
are retained in synteny. Though this is roughly half the proportion 
of genes that exhibit syntenic relationships in the homosporous 
fern Alsophila spinulosa (SI Appendix, Fig. S29), it is still far greater 
than what has been reported for heterosporous lineages following 
ancient WGD events. For instance, we recovered just 605 collinear 
genes representing 3.2% of the genome in the heterosporous fern 
Azolla filiculoides from a WGD that occurred roughly 100 Mya 
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(SI Appendix, Fig. S30) (36, 51). Among flowering plants, the 
ancestral angiosperm WGD detected in the Amborella trichopoda 
genome is represented by only 1.8% of annotated genes 
(SI Appendix, Fig. S31). That being said, a more appropriate com-
parison exists between D. complanatum and the heterosporous 
lycophyte I. taiwanensis (13). Though the WGD in Isoetes has not 
been dated with certainty, a mere 3.8% of genes were found to 
possess syntenic relationships in I. taiwanensis (SI Appendix, 
Fig. S32). This relatively slow rate of genome rearrangement and 
fractionation within Lycopodiaceae echoes our finding on 
intergenomic synteny between D. complanatum and H. asiatica 
reported above.

Reciprocal Fractionation May Obscure Intragenomic Synteny in 
Homosporous Lineages. Despite a predominant 2:4 relationship 
between syntenic blocks of genes in D. complanatum and H. 
asiatica subgenomes (SI Appendix, Fig. S20), we found relatively 
few genes showing the expected 2:2 relationship within the H. 

asiatica subgenome (SI Appendix, Fig. S24). While this may at 
first seem counterintuitive, it can be explained by the process of 
differential fractionation of genes in each species following WGD. 
Immediately following duplication, species begin to undergo 
the process of diploidization, by which diploid patterns of gene 
expression and inheritance are restored through gene fractionation 
and chromosomal rearrangement. In heterosporous species, these 
processes are tightly coupled with many genes being lost rapidly 
via illegitimate recombination (15). However, high numbers of 
chromosomes in homosporous lineages of ferns and lycophytes 
suggest that such rapid, large-scale losses and rearrangements occur 
less frequently (52, 53). Instead, the primary processes driving 
diploidization in homosporous plants likely involve silencing 
and eventual loss of individual genes (52, 54). Thus, through the 
reciprocal loss of paralogs along homoeologous chromosomes, it 
is possible to produce two sets of homoeologous chromosomes 
with a relatively high degree of intergenomic synteny despite 
exhibiting little to no intragenomic synteny (Fig.  6). If this 
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initial gene loss was followed by a second WGD in H. asiatica, 
we would then expect a 1:1 relationship to be restored between 
newly duplicated chromosomes assuming that there has been 
less fractionation following this more recent WGD. In fact, 
when we zoom in on scaffolds that exhibit a 2:4 relationship 
between Huperzia and Diphasiastrum, this is precisely what we 
see (SI Appendix, Figs. S33–S35). Large overlapping blocks are 
anchored by distinct genes scattered across the same region of the 
scaffold with relatively low levels of intragenomic synteny relative 
to intergenomic synteny. Despite this process of diploidization by 
fractionation, the retention of long-range synteny both within and 
between these species is remarkable given the timescales involved 
and unlike anything previously described in heterosporous plants. 
Furthermore, this pattern seems to corroborate the hypothesis 
that diploidization in homosporous lineages is largely driven by 
silencing and fractionation of individual genes rather than large-
scale structural changes (52, 53).

Highly Preserved Synteny Is Linked to Decelerated Rates of 
Nucleotide Substitution. The collinearity found in H. asiatica 
and D. complanatum, both within and between genomes, are in 
stark contrast to sister, heterosporous lineages [Isoetes (13, 20) and 
Selaginella (19)]. Our placement of the Lyco-α WGD event prior 
to the divergence of Diphasiastrum and Dendrolycopodium renders 
the age of intraspecific synteny within D. complanatum to be on 
par with that recently found in tree fern Alsophila spinulosa (35). 
Similarly, while limited examples of ancient inter- and intraspecific 
collinearity have been reported in species of fish (25, 55) and 
moss (23, 24), divergence time estimates for Diphasiastrum and 

Huperzia are considerably older (21). Surprisingly, given their great 
evolutionary distance, orthologous divergence between H. asiatica 
and D. complanatum is relatively low (Ks ~ 0.5 to 0.7; Fig. 5 A and 
B) implying a slow rate of substitution. As previously described 
for tree ferns (35), we found decelerated rates of substitution in 
Lycopodiaceae compared to heterosporous lycophytes Selaginella 
and Isoetes. Most of the gene families examined show signs of 
deceleration and 22 to 31% of the comparisons are significant 
(SI  Appendix, Fig.  S36). These results, combined with similar 
findings in Alsophila spinulosa (35), indicate that the gradual 
processes of chromosomal rearrangement and fractionation 
may be correlated with relatively slow rates of substitution in 
homosporous seed-free lineages.

Putative Genomic Difference between Homosporous and 
Heterosporous Lineages. Our study suggests that homosporous 
lycophytes likely have a contrasting mode of genome evolution 
compared to heterosporous lycophytes and sheds light on the 
process of diploidization following WGD. Homosporous 
lineages are known to harbor exceptionally large genomes with 
high chromosome counts relative to other vascular plants. This 
contrast has puzzled botanists for over half the century (4, 5, 53, 
56, 57), and no mechanistic explanation has been widely accepted 
so far. Our research reveals a number of factors contributing to 
the markedly larger genome sizes of homosporous lycophytes, 
including an abundance of TE insertions, extreme intron length, 
and multiple rounds of WGD. Importantly, we found that the 
rates of molecular evolution decelerated, specifically those of 
substitution, fractionation, and chromosomal rearrangement.
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It is tempting to generalize our findings to all homosporous vas-
cular plants, especially considering that similar patterns of retained 
synteny and reduced substitution rates have been reported in the 
homosporous tree fern Alsophila spinulosa (35). However, the more 
recent publications of Ceratopteris richardii (38) and Adiantum 
capillus-veneris (37) genomes, both from Pteridaceae, suggest the 
same might not be true in other homosporous ferns. Both species 
exhibited relatively little intragenomic synteny despite experiencing 
a shared WGD at roughly the same time as Alsophila spinulosa. In 
addition, both were previously found to have significantly higher 
substitution rates than Alsophila spinulosa (35). As such, the effects 
of WGD, subsequent diploidization, and evolutionary rates on the 
size of homosporous fern genomes may be more nuanced and await 
further study. While the current sampling of homosporous genomes 
is too narrow to give us a complete picture, our study has neverthe-
less identified a possible genomic contrast between homosporous 
and heterosporous species. This testable hypothesis will set the stage 
for future comparative studies on seed-free genomes.

Materials and Methods

The H. asiatica and Diphasiastrum complanatum plants were collected from China 
and Taiwan. We sequenced H. asiatica and D. complanatum using a combination of 
sequencing technologies, including long-read sequencing from Pacific Biosciences 
(PacBio), Illumina short-read sequencing, and chromosome conformation capture 
using Hi-C sequencing. De novo assemblies for H. asiatica and D. complanatum 
were generated using CANU v2.0 (58) and MECAT2 (59), respectively. HiC scaf-
folding was performed by 3D-DNA pipeline v180922 (60). Phylogenetic trees 
were constructed using low-copy orthologous genes with RAxML v8.2.12 (61) 
and ASTRAL v5.7.1 (62), respectively. Synteny blocks were identified using the 
python implementation of MCSCAN v0.84 (63). Genome-wide heterozygosity 
was estimated using ANGSD v0.935 (64) based on a Site Frequency Spectrum 
(SFS). The Pairwise Sequentially Markovian Coalescent (PSMC) method (65) was 
used to infer the population size history of Huperzia species and D. complana-
tum. Homoeologous expression bias (HEB) gene sets in H. asiatica were identified 
between all the homoeologous gene pairs of two subgenomes using the DESeq2 
v3.17 package (66). Paralogous Ks estimation and fitting of generalized mixture 
models were conducted with the WGD package v1.1.2 (67). We used MAPS (68) 
to place WGD events onto the phylogeny. Substitution rates across lycophytes were 
estimated with protein-coding genes by using PAML v4.4 (69). Details on the 
materials and methods used in this study can be found in SI Appendix.

Data, Materials, and Software Availability. The raw data of genome 
and transcriptome sequencing of H. asiatica have been deposited to the 
Genome Sequence Archive at the National Genomics Data Center (NGDC) 
under BioProject No. PRJCA013778 (70). The genome assemblies and 
annotations of H. asiatica and all the chloroplast genomes assembled are 
available at figshare platform (https://figshare.com/projects/Huperzia_asi-
atica_genome/169145) (71). The raw data of genome and transcriptome 
sequencing of D. complanatum have been deposited in the NCBI SRA under 
BioProject No. PRJNA914350 (72). The genome assemblies and annotations 
of D. complanatum can be found in Phytozome (https://phytozome-next.jgi.
doe.gov/info/Dcomplanatum_v3_1) (73).
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