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Introduction

Summary

e Hornworts (Anthocerotophyta) represent a key lineage for understanding fundamental
questions in land plant evolution, but their phylogeny and evolutionary history are still not
well understood, primarily due to limited genomic resources and insufficient taxon sampling.

¢ We conducted comparative genomic analyses of 106 hornwort plastid genomes, including
91 newly generated ones. RNA editing sites were identified by integrating transcriptome data
and in silico predictions. Additionally, a new method inspired by marker—capture strategies
was proposed to estimate the total number of U-to-C editing sites.

¢ Hornwort plastomes are larger than those of liverworts and mosses, with rare gene loss or
pseudogenization. Both C-to-U and U-to-C RNA editing occur across all lineages except
Leiosporoceros. Diversification rate analyses indicate a major shift between c. 100 and 50 mil-
lion years ago, possibly linked to the Cretaceous—Paleogene extinction event. Both morpholo-
gical and molecular evidence support the merging of Folioceros into Anthoceros, and the
recognition of two new species in the small genera Paraphymatoceros and Phymatoceros,
respectively.

e This study presents the first large-scale plastome phylogeny of hornworts, introduces a
DNA-only method for estimating the number of U-to-C RNA editing sites, and updates the
classification. These results contribute broadly to our understanding of early land plant
evolution.

including a unique sporophyte architecture, cyanobacterial sym-
biosis, and a pyrenoid-based carbon-concentrating mechanism

Bryophytes, comprising hornworts (Anthocerotophyta), liver-
worts (Marchantiophyta), and mosses (Bryophyta), represent an
ancient lineage of land plants that diverged as the sister clade to
all vascular plants ¢. 500 million years ago (Mya) (Donoghue
et al., 2021; Bowman, 2022; Shen et al., 2025). Among these,
hornworts represent the least diverse phylum, with 223 currently
accepted species (Villarreal er 4/, 2010b; Brinda & Atwood,
2025). This group exhibits several unique biological features,
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(Smith & Griffiths, 1996; Li et al., 2020; Robison et al., 2025).
These distinctive characteristics, coupled with their sister position
to liverworts and mosses, render hornworts particularly crucial
for reconstructing the evolutionary history of land plants. Since
the publication of the first phylogenetic classification of horn-
worts based on trnl—#rnF and rbcl. markers (Stech et al., 2003;
Duff ez al., 2004), substantial progress has been made in elucidat-
ing the classification, phylogeny, and evolutionary history of this
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group. Key advancements include insights into pyrenoid evolu-
tion (Villarreal & Renner, 2012), resolution of deep-level sys-
tematic relationships (Cargill ez al, 2005; Duff e al, 2007;
Pefialoza-Bojacd er al., 2025), evolution of key traits such as sex-
ual systems, antheridial morphology, plastids and stomata
(Renzaglia ez al., 2009; Hanson er al., 2014; Villarreal & Renner,
2012; Frangedakis et al, 2021a), and understanding of biogeo-
graphic patterns and diversification  processes  (Villarreal
et al., 2015b). Furthermore, significant taxonomic revisions have
been achieved through the reclassification of existing genera and
the description of new taxa, primarily based on analyses of muldi-
ple molecular markers (Villarreal er al, 2010a; Peng &
Zhu, 2014; Zhang et al., 2018; Cargill & Palsson, 2021). A sig-
nificant milestone in hornwort research was achieved with the
publication of high-quality genomes for 11 hornwort species (Li
et al., 2020; Zhang et al., 2020; Schafran ez al., 2025). Among
these, Anthoceros agrestis Paton has emerged as a proper model
organism for studying fundamental aspects of land plant biology,
physiology, and evolution (Gerke et al, 2020; Frangedakis
et al., 2021a, 2021b; Robison et al, 2025; Ruaud ez al, 2025).
Despite these advancements, the evolutionary trajectory and phy-
logenetic relationships within hornworts remain contentious, pri-
marily because of insufficient taxonomic sampling across key
lineages, reliance on molecular markers with limited phylogenetic
resolution, and methodological inconsistencies arising from
divergent analytical approaches. Several critical aspects of horn-
wort evolution remain unresolved, including: the evolutionary
dynamics of plastid genomes; the distribution and phylogenetic
implications of RNA editing events; temporal and spatial pat-
terns of lineage diversification; and the systematic positions of
taxonomically challenging genera, such as Leiosporoceros. Further-
more, the monophyly of several morphologically distinct genera,
including Folioceros, continues to be a subject of ongoing debate
(Hasegawa, 1988; Cargill ez al., 2022; Bechteler et al., 2023; Li
et al., 2024).

In the ‘genomic era’, plastomes have emerged as pivotal tools
in plant phylogenetics and taxonomic revisions because of their
highly informative content and greater stability (Daniell
et al., 2016; Tont-Filippini et al., 2017; Li et al., 2019; Xiang
et al., 2022). Additionally, in phylogenetic studies, considering
the rarity of saturated substitutions in plastid genomes, compre-
hensive sampling provides certain advantages for studying ancient
lineages (e.g. Pollock ez al, 2002; Hedtke ez al, 2006; Costa
et al., 2016). So far, tens of thousands of plastid genomes have
been published (Turudié et al, 2023). Plastid genomes are
undoubtedly suitable data sources for phylogenetic studies in
hornworts, as hornworts have extremely rare cases of polyploidy
and exhibit few hybridization events (Proskauer, 1957; Kuta
et al., 1990; Fritsch, 1991). Although the first plastid genome of
hornworts was reported as early as 2003 (Kugita ez al., 2003), our
understanding of hornwort phylogeny and evolutionary history
based on plastome data remains very limited.

In particular, RNA editing in plastid genomes represents an
important but understudied aspect of hornwort molecular evolu-
tion. It plays a crucial role in modulating plant phenotype and
growth by preserving evolutionarily conserved amino acids
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(Takenaka er al, 2013; Sloan, 2017; Small ez al, 2020; Knoop,
2023). C-to-U RNA editing is present in the plastid genomes of
almost all land plants except for most marchantioid liverworts
(Wolf er al., 2004; Riidinger e al., 2008; Shen ez al., 2024), while
U-to-C editing is found only in hornworts, ferns, and lycophytes
(Knie et al, 2016; Fauskee et al., 2025). Compared with C-to-U
editing, which has been studied extensively in terms of evolution-
ary history and mechanisms, U-to-C editing is still not well stu-
died (Kugita er 4/, 2003). Studies have found that Anthoceros
agrestis exhibits 636 C-to-U and 913 U-to-C edits, both of which
represent remarkably high levels (Gerke ez al, 2020). However, in
Leiosporoceros dussii (Steph.) Hissel, only 109 C-to-U editing sites
have been identfied within its plastid genome, and no U-to-C
editing has been discovered (Duff & Moore, 2005; Villarreal
et al, 2018). This suggests that RNA editing distribution may
vary significantly among different taxa, indicating taxonomic spe-
cificity. Investigating the editing evolutionary pattern of all genera
can help understand the RNA editing evolution and facilitate a
better selection of study subjects in future investigations.

In this study, we conducted comprehensive sequencing of plas-
tid genomes representing all known genera of hornworts on a glo-
bal scale. Our research objectives were fivefold: (1) to establish a
robust phylogenetic framework for hornworts based on plastome
data and to provide more precise divergence time estimates com-
pared with previous studies using a limited set of molecular mar-
kers; (2) to investigate and characterize the evolutionary history
of hornwort plastid genomes; (3) to elucidate the distribution
patterns of C-to-U and U-to-C RNA editing across all hornwort
genera; (4) to examine potential evidence for ancient extinction
events in hornworts; and (5) to propose a revised classification for
hornworts.

Materials and Methods

Taxon sampling

A global-scale sampling initiative was carried out to account for
the extensive molecular diversity observed in hornworts. To
address the existing gaps in previous research, special emphasis
was placed on wide sampling from southwestern China and the
Himalayas, which is one of the hotspots of biodiversity, especially
of hornworts in the world (Myers er al, 2000; Villarreal
et al., 2010a) because very limited sampling from these regions
was included in previous phylogenetic studies (Villarreal
et al., 2015b). A total of 106 plastid genomes of hornworts,
including 91 newly generated ones, were included in this study,
representing all recently recognized genera and 59 species (Sup-
porting Information Table S1). Six published plastomes from
liverworts, mosses, and vascular plants were selected as outgroups
(Table S1). Mesoceros, a small genus with two species disjunction
between China and Papua New Guinea, was not included in our
analyses owing to its questionable genetic status. Both Mesoceros
species were described based on a mixed collection of Phaeoceros
and Anthoceros (Cargill & Villarreal, pers. comm). All newly
sequenced plastid genomes have been deposited in the GenBase
database within the National Genomics Data Center (NGDC).

© 2025 The Author(s).
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To investigate the status and relationships of the two new spe-
cies of Paraphymatoceros and Phymatoceros identified in our study,
we selected the 7psd, rbcl, maK, and nad5 sequences of the
broadest taxon sampling thus far (Tables S2, S3).

DNA extraction and sequencing

The tissues of gametophytes and/or sporophytes were selected
under a dissecting microscope, cleaned with distilled water to
avoid potential contamination from other organisms, and dried
in silica gel. The total genomic DNA was extracted, following the
modified CTAB method (Allen e 4/, 2006) with Plant DNAzol
Kit (Thermo Fisher Scientific, Waltham, MA, USA) after the
plant materials were washed with 0.1 mol1~" Hepes buffer to
remove polysaccharides. A DNA library with an insert size of
800 bp was constructed using the Illumina TruSeq™ DNA
PCR-free library preparation kit (Illumina, CA, USA). The
library was then sequenced on an Illumina HiSeq 2000 platform
(PE150) at BGI (Shenzhen, China), generating ¢. 3 Gb of raw
data per sample (Chen ez 4l., 2018).

Plastome assembly and annotation

GETORGANELLE v.1.7.5 was employed to assemble the plastid
genome (Jin ez al., 2020). To address the presence of long sim-
ple sequence repeats with a minimum length of 115 bp repeats,
an extended k-mer size (k =127) was used, which allowed cap-
turing and resolving these repetitive regions. The resulting
assembly was annotated using the GeSeq website (Tillich
et al, 2017) and subsequently was manually inspected and
revised in the GeNelous PrRIME v.11.0.4 software (Kearse
et al., 2012). Aberrant positions of start and stop codons some-
times suggest the possibility of C-to-U and U-to-C RNA editing
events, respectively. C-to-U editing can convert ACG to AUG
in mRNA, or convert CAA, CAG, CGA to UAA, UAG, UGA,
thereby generating a start or stop codon, manifesting as an aber-
rant start or stop codon in the DNA sequence (Hoch
et al., 1991; Kudla ez al., 1992). Similarly, U-to-C RNA editing
can result in aberrant stop codons in the DNA sequence by con-
verting UAA, UAG, UGA to CAA, CAG, CGA in mRNA
(Knie et al, 2016). Considering this situation, we used the
abnormal start codons and stop codons to preliminarily predict
the abundance of RNA editing. To determine the correct start
and stop codon positions, we selected the plastid genome of
Leiosporaceros, which lacks U-to-C RNA editing, as a reference
(Villarreal er al, 2018). The presumed C-to-U and U-to-C
RNA editing were annotated using the ReFernment R package
(Robison & Wolf, 2019). The number of predicted RNA edit-
ing sites is denoted as 7; in the section ‘Estimation of the total
number of RNA editing sites’.

RNA extraction and sequencing

Total RNA was isolated using the TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA). To remove ribosomal
RNAs (rRNAs), the RiboMinus Plant Kit for RNA-Seq
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(Thermo Fisher Scientific) was employed. The resulting
rRNA-depleted RNA was then used for the construction of a
stranded RNA-Seq library using the TruSeq mRNA Library
Kit. Paired-end sequencing (2X 150bp) was performed on
the Illumina HiSeq Xten platform at Novogene (Beijing,
China).

Determination of RNA editing event

RNA reads were first aligned to the plastomes using ToPHAT2
(Kim ez al, 2013) with default parameters. The resulting BAM
files were then sorted using SAMToOLS (Li ez al., 2009). These
sorted alignment files, along with their corresponding genome
sequences, were loaded into GeENEOUS PrIME (Kearse
et al., 2012). To detect RNA editing events in protein-coding
genes (PCGs), the ‘Find Variations’ tool in GENEIOUS PRIME was
applied with the following thresholds: minimum coverage = 3,
minimum variant frequency = 0.1, maximum variant P-values =
107, and minimum strand-bias P-value = 10~> when exceeding
65% bias. The number of detected RNA editing sites is denoted
as 7, in the section ‘Estimation of the total number of RNA edit-
ing sites’.

Estimation of the total number of RNA editing sites

Because of sequencing biases and differential gene expression
levels, only parts of PCGs are typically covered in transcriptome
data, making it nearly impossible to identify all RNA editing sites
through transcriptome-based detection alone. Given that RNA
editing site prediction and editing site identification from tran-
scriptome data are two statistically independent processes, the
Lincoln—Peterson estimator (Lincoln, 1930) — commonly used in
capture-recapture models — was applied to estimate the actual
total number of RNA editing sites. The estimation formula is:

-~ ny X ny
N:

m

n;: the number of predicted RNA editing sites, 7;: the number
of RNA editing sites identified from transcriptome data, »z the
number of overlappiilg sites between prediction and transcrip-
tome identification, /V: the estimated total number of RNA edit-
ing sites.

To examine the correl:gion between the estimated total num-
ber of RNA editing sites NV and the number of predicted sites 7,
we performed a linear regression analysis with 7, as the indepen-
dent variable and /V as the dependent variable. The fitted model

is as follows:
1/\72 any + b

We also calculated the coefficient of determination (&) to evalu-
ate the goodness of fit and performed significance testing on the
regression model by computing the corresponding p-values to
determine whether the observed relationship is statistically
meaningful.
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Phylogenetic analyses

We employed maximum likelihood (ML) and Bayesian inference
(BI) analyses to infer the phylogenetic relationships. Given the
potential issue of substitution saturation in noncoding regions,
we focused on a selected set of 80 common PCGs. Certain PCGs
that were either missing or pseudogenized in some samples (¢ysT,
mpl2, and rpsl4), genes duplicated in the inverted repeat (IR)
regions of some samples (ndhB, rps7, and rps12), and two genes
that were excessively long and could potentially produce unreli-
able phylogenetic inference during alignment (y¢fl and ycf2) were
excluded from the analysis. The initial alignments of individual
genes were generated using MAFFT v.7.505 (Katoh & Stand-
ley, 2013) and subsequently adjusted in GENEIOUS PRIME.

The best nucleotide and amino acid substitution models were
determined using MODELFINDER (Kalyaanamoorthy ez 4f, 2017).
Based on the Akaike information criterion (AIC), Bayesian infor-
mation criterion (BIC), and the corrected Akaike information
criterion (AICc), the GTR + F + R3 model for nucleotides and
the HIVw + F 4+ R4 model for amino acids were selected, respec-
tively. 1Q-TREE v.2.2.2 was used for ML phylogenetic reconstruc-
tion (Nguyen et al, 2015). The BI was performed using
MRBAYEs 3.2.7 (Ronquist et al., 2012). Two independent runs,
each with four chains, were conducted, each beginning with a
random tree and sampling one tree every 1000 generations of
30 000 000 generations. The first 25% of the trees were discarded
as burn-in in TREEANNOTATOR v.1.10.4 to ensure stationarity of
the log likelihood (Drummond & Rambaut, 2007). For the phy-
logenetic analyses of Paraphymatoceros and Phymatoceros, based
on the four markers rps4, rbcl, maiK, and nad5, we employed
the same methods to construct both ML and BI trees,
respectively.

Molecular clock and diversification rate analysis

We used the Bayesian method to estimate the divergence times of
hornworts with MCMCT'ee in the PAML package (Yang, 2007).
The topological structure derived from nucleotide sequences
using ML was employed, and nucleotide data of 80 PCGs were
used as input. The upper bound age of the root node was set to
515.5 Mya. A total of 30 000 000 Markov chain Monte Carlo
(MCMCQ) chains were run, with samples taken every 1000 itera-
tions. The initial 20% of trees were discarded as burn-in. We
selected two highly reliable fossils for calibration. Fossil calibra-
tion point: (1) Notothylites nirulai Chitaley & Yawale from the
Deccan Intertrappean beds of Mohgaonka, India (Maastrichtian,
65-70 Ma; Chitaley & Yawale, 1980) was used to constrain the
age of the stem node of Nozothylas Sull. ex A.Gray and Phaeoceros
Prosk. (including Paraphymatoceros Hissel; Chitaley &
Yawale, 1980); (2) The age of Anthoceros spore type A from the
Baqueré Formation, Argentina (118.56 £ 3.7 Mya; Archangelsky
& Villar de Seoane, 1996) was used to constrain the stem node
of Anthoceros and the rest of the hornworts (Archangelsky & Vil-
lar de Seoane, 1996).

Diversification rate analyses were conducted using both
time-constant and time-variable algorithms in BAMM v.2.5.0
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(Rabosky, 2014). To determine the parameters for lambdalnit-
Prior, lambdaShiftPrior, and mulnitPrior, we first utilized the
setBAMMpriors function in the BAMMTOOLS package (Rabosky
et al., 2014) in R. A genus-level sampling fraction was compiled,
and two independent reversible jump Markov chain Monte Carlo
(fMCMC) runs were conducted for 10 million generations, with
sampling performed every 5000 generations. A Poisson rate
before 1.0 was used, and the first 25% of the sampled generations
were discarded as burn-in. Convergence of the fMCMC runs
was assessed using the coba package, confirming that the effective
sample size of n.shifts exceeded 200. The final results were sum-
marized using the BAMMTOOLS package in R. Sampling fractions
used in the BAMM analysis are listed in Table S4.

Results

Plastid genome features and variation of hornworts

The plastid genomes of all sequenced hornwort samples share a
typical quadripartite structure similar to the majority of terrestrial
plants and are characterized by the presence of four distinct
regions: a large single-copy (LSC), a small single-copy (SSC), and
two IRs. The plastid genomes of hornworts exhibited a size range
from 152099 to 161 990 bp. The length of the LSC region var-
ied from 103707 to 114477 bp, while the SSC region
ranged from 21836 to 22822bp, and the IRs ranged from
9361-15 903 bp (Fig. 1; Table S1).

The overall GC (guanine-cytosine) content within the horn-
wort plastid genomes ranged from 30.9% to 37.4%. The GC
content in the LSC, SSC, and IRs displayed ranges of 28.5% to
35.9%, 29.6% to 35.9%, and 41.0% to 48.2%, respectively
(Table S1). The GC content of the plastid genome in hornworts
varied in a lineage-specific manner. The average percentages for
each order are as follows: Anthocerotales (32.48%), Notothyla-
dales (34.49%), Dendrocerotales (34.96%), Phymatocerotales
(37.35%), and Leiosporocerotales (30.90%; Table S1).

A comprehensive annotation of the plastid genomes revealed a
total of 129-135 unique genes, consisting of 85-90 PCGs,
36-37 transfer RNA genes (tRNAs), and 8 rRNA genes
(Table S1). Pseudogenization or gene loss was detected in three
genes. Pseudogenization or loss of the #p/2 gene occurred in eight
genera, including Dendroceros, Megaceros, Nothoceros, Phaeomega-
ceros, Phymatoceros, Phaeoceros, Paraphymatoceros, and Notothylas.
Considering the monophyly of all the abovementioned taxa, this
event likely occurred in the most recent common ancestor
(MRCA) of Dendrocerotales, Phymatocerotales, and Notothyla-
dales. Pseudogenization or loss of the 7ps14 gene in the genera
Notothylas, Paraphymatoceros, and Phaeoceros suggested that this
event likely occurred in the MRCA of Notothyladaceae. Addi-
tionally, pseudogenization or loss of the ¢ysT gene was found only
in Dendroceros (Fig. S1).

RNA editing in hornworts

By identifying the atypical start and stop codons in PCGs, we
predicted a total of 2 245 potential C-to-U editing events and
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Fig.1 Comparison of plastome size, GC content, and predicted RNA-editing sites in hornworts. Phylogenetic relationship within hornworts based on
nucleotide sequences and maximum likelihood (ML) (far-left), the sizes of the whole plastid genome, large single-copy (LSC), small single-copy (SSC), and
inverted repeats (IRs) among all sampled hornworts (left), along with the GC content of each region (middle), the number of C-to-U and U-to-C editing

sites predicted by the ReFernment R package (far-right).

19 792 U-to-C potential editing events across all samples based
solely on DNA sequence (Table S1; Fig. 1).

C-to-U editing was predicted in all samples, with significant
differences observed among different species and genera. The
lowest number (eight sites) was observed in Anthoceros agrestis,
and the highest (45 sites) in Phymatoceros bulbiculosus (Brot.) Sto-
tler, W.T. Doyle & Crand.Stotl. More U-to-C RNA editing sites
were predicted based on abnormal stop codons. The highest
number of predicted U-to-C RNA editing sites was found in
Notothylas levieri Schiffn. ex Steph., with 352 sites predicted,
while the lowest number was found in Dendroceros cavernosus
J.Haseg., with only 71 sites predicted, apart from Leiosporoceros
where no sites were identified (Table S1).

The RNA editing information derived from five plastid tran-
scriptome  samples with good coverage is summarized in

Tables S5-S9. The number of sites identified by each method

2025 The Author(s).

New Phytologist © 2025 New Phytologist Foundation.

and their intersections are shown in Table S10; Fig. 2. The results
of linear correlation analysis, including the R and P-values for
the relationship between the predicted number of editing sites
and the estimated total number for each RNA editing type, are
shown in Fig. 2. For C-to-U editing, there was no significant lin-
ear relationship between the number of predicted sites and the
estimated total (P=0.3993, K> = 0.2425). By contrast, a signifi-
cant positive correlation was found for U-to-C editing

(P=0.0091, & =0.9235).

Phylogenetic relationships within hornworts

The monophyly of nine genera (excluding Anthoceros and Folio-
ceros) and all higher level relationships showed full support
(amino acid-ML-BS (bootstrap support) =100, DNA-ML-
BS=100, DNA-BPP (Bayesian posterior probability) =1)
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Fig.2 Number of RNA editing sites in five hornwort samples with transcriptome sequencing data, and correlation between predicted and estimated total
numbers. (a, b) Venn diagrams summarizing the number of intersections between predicted RNA editing sites based on DNA sequences (the left circle of
each Venn diagram) and the experimentally identified RNA editing sites based on DNA and RNA sequences (the right circle of each Venn diagram). (c, d)
The correlation between the estimated total number of RNA editing sites and the number of predicted editing sites. (a, ¢) C-to-U RNA editing; (b, d) U-to-

C RNA editing.

(Figs 3, S2, S3). Leiosporoceros, the only genus of Leiosporocero-
tales, was resolved as sister to all other hornworts with full
support (amino acid-ML-BS =100, DNA-ML-BS =100,
DNA-BPP = 1). Subsequently, Anthocerotales, Notothyladales,
Phymatocerotales, and Dendrocerotales diverged in that order,
each with full support for monophyly (amino acid-ML-
BS =100, DNA-ML-BS =100, DNA-BPP =1). Anthocero-
tales includes Anthoceros and Folioceros. Anthoceros is paraphyletic
in the DNA tree but monophyletic in the amino acid tree (ML-
BS = 100), and Folioceros is monophyletic in the DNA tree (ML-
BS =100, BPP = 1) but paraphyletic in the amino acid tree. In
Notothyladales, three genera (Notothylas, Paraphymatoceros, and

New Phytologist (2025)
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Phaeoceros) are all strongly supported as monophyletic, with the
genera branching successively (amino acid-ML-BS = 100, DNA-
ML-BS =100, DNA-BPP = 1). The monotypic Phymatocerotales
is  monophyletic (amino acid-ML-BS =100, DNA-ML-
BS =100, DNA-BPP =1). In Dendrocerotales, four genera
(Phaeomegaceros, Nothoceros, Megaceros, and Dendroceros) are
monophyletic with successive divergence (amino acid-ML-
BS =100, DNA-ML-BS = 100, DNA-BPP = I; Figs 3, S2, S3).

We used the DNA-based ML tree as a reference to explore the
impact of different tree construction methods on the phylogeny
of hornworts. The DNA-based ML tree and the BI tree were
almost identical in terms of topology, branch length, and support

© 2025 The Author(s).
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Fig. 3 Joint consensus tree of hornworts inferred from concatenated nucleotide sequences (analyzed using maximum likelihood (ML) and Bayesian inference
(BI)) and amino acid sequences (analyzed using ML only). The topological structure presented here is derived from nucleotide sequences using ML. Different
symbols on branch nodes represent varying degrees of support and consensus among the three trees. A red solid star indicates nodes at the genus level or
higher where the topology is consistent among the three trees with ML-BS = 100 or BPP = 1. A blue solid star represents nodes below the genus level where
the topology is consistent among the three trees with ML-BS =100 or BPP = 1. A blue hollow star represents nodes where the three trees are consistent, but
ML-BS or BPP is not 100/1 in one or more trees. A blue square represents nodes where there is conflicting topology among the three trees. The phylogenetic
relationships with branch lengths are shown in the top left corner. Since Folioceros renders Anthoceros paraphyletic, we here synonymize Folioceros under
Anthoceros. All former Folioceros samples are highlighted in red on the tree to facilitate inspection of their phylogenetic positions.

© 2025 The Author(s). New Phytologist (2025)
New Phytologist © 2025 New Phytologist Foundation. www.newphytologist.com

5UB0 17 SUOWILIOD) BAITER.D) 3o e aU Aq poLBAOB 912 SIILE VO ‘@8N J0 Sa NI 10} AReIG 1T 8UNIUO AB]IA UO (SUOIPUOD-PUE-SLLLBILICD"B |1 AReiq 16U |uo//Sdl) SUOTIPUOD PUE SWLS | au1 95 *[GZ0Z/TT/vZ] U ARiqi auliuo /B|im ‘s1sienun, 78 anbayioliaig Aq 22902 Udu/TTTT 0T/10pL00"a | AReiq jput|uoydu//Sdny WwoJy papeojumo



s el

values, with only minor variations observed among samples with
very close genetic distances, such as the relationship within
Phacoceros carolinianus (Michx.) Prosk. By contrast, the amino
acid-based ML tree exhibited some differences in topology com-
pared with the DNA-based trees. Notably, the genus Folioceros
was resolved as paraphyletic, rather than the monophyletic group
observed in the DNA-based trees (Figs S2, S3).

Phylogenetic results from the molecular markers (rbcL, rps4,
matK, and nads5) of Paraphymatoceros revealed that the known
four species and eight Chinese collections constitute a well-
supported clade (ML-BS =100, SH-aLRT =100, BPP=1;
Fig. S4). The clade comprises a well-supported group that is pro-
posed as a new species. Similarly, the phylogenetic analyses of
four molecular markers showed that the clade comprising five
accessions from China and three accessions from Thailand was
monophyletic and sister to the remaining Phymatoceros species,
with high support values (ML-BS =100, SH-aLRT = 100,
BPP = 1; Fig. S5). Consequently, we designated this clade as a

new species.

Divergence time and diversification rate analysis

The divergence time estimation based on the MCMCTree reveals
that the crown group of hornworts initiated diversification at
512-386 Mya (95% credible interval (CI)). At this node, the
monotypic order Leiosporocerotales separated from other horn-
worts. Subsequently, Anthocerotales diversified at 368-151 Mya
(95% CI). The split between Phymatocerotales and Dendrocero-
tales occurred during the Late Cretaceous (65-78 Mya; 95% CI).
At the genus level, within Notothyladales, Notothylas diverged c.
at 47-71 Mya (95% CI), and Phaeoceros and Paraphymatoceros
diverged ¢. at 37-63 Mya (95% CI). In Dendrocerotales, Phaeo-
megaceros diverged first at 45-64 Mya (95% CI), followed by the
split of Nothoceros at 39—61 Mya (95% CI), and finally the diver-
gence between Megaceros and Dendroceros at 33—-55 Mya (95%
CI). For detailed intra-genus divergence times, refer to Fig. 4;
Tables S11, S12.

Based on the BAMM analysis, hornworts exhibit a relatively
stable background extinction rate, ranging from 0.013—
0.019 species million years (Myr) . In comparison, the diversifi-
cation rate during the period before 100 Mya was similar to the
background extinction rate, ranging from 0.014 to 0.020
species Myr~'. However, over the subsequent 50 Myr, the diver-
sification rate increased rapidly to 0.042 species Myr™ ', leading
to a rise in the net diversification rate from 0.001 species Myr™'
to 0.028 species Myr'. Net diversification rate dynamics of
hornwort genera are shown in Fig. 4.

Discussion

Structural features and gene pseudogenization/loss

The plastid genomes of hornworts are notably larger than those
of liverworts and mosses. Even the smallest plastid genome
reported in hornworts, at 152 099 bp, exceeds the size range of
plastid genomes in mosses, which typically range from 120 to
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150 kb (Lubna ez al., 2024), and in liverworts, where sizes gener-
ally fall between 110 and 130 kb (Yu et 2/, 2019).

The variation in plastid genome size appears to be taxon-
specific among land plants. Factors influencing plastid genome
size are commonly associated with the number of genes, the
length of noncoding regions, and the expansion or contraction of
IR regions (Turudi¢ et al., 2023). Through comparative analysis,
we found that the larger plastid genome size in hornworts is cor-
related with the larger size of noncoding regions. Compared with
liverworts and mosses, the largest is Haplomitrium blumei (Nees)
R.M.Schust. (with a total length of 128 728 bp and noncoding
regions of 52 053 bp) in liverworts (Yu ez al., 2019), and Takakia
lepidozioides S Hatt. & Inoue (Sadamitsu ez al., 2021; with a total
length of 149 358 bp and noncoding regions of 64 513 bp) in
mosses, respectively. The average total size of the genomes in var-
ious genera of hornworts is 157 183 bp, with noncoding regions
accounting for 70 898 bp (Table S13).

There is little structural variation in the plastid genome of
bryophytes. In contrast to angiosperms, which frequently exhibit
rearrangements in their plastid genomes, such events are rare
among nonvascular plant plastomes; only a few examples of inver-
sions or shifts in the IR boundaries have been documented (Yu
et al., 2019; Bell et al., 2020). In mosses, a large inversion of ¢
71kb has been identified in the subclass Funariidae (Sugiura
et al., 2003; Goffinet ez al., 2007). Additionally, a 1-kb inversion
associated with gene loss was found in Aneura mirabilis (Malmb.)
Wickett & Goffinet, a mycoheterotrophic, nonchlorophyllose
liverwort known from Europe (Wickett ez 4/, 2008). In all horn-
wort plastomes examined in the present and earlier studies, only a
significant expansion of ¢. 70 kb between the LSC and IRs regions
was found in Anthoceros s. lato (including Folioceros), leading to
the duplication of #dhB, 7ps7, and rps12 (Villarreal ez al., 2013).

Multiple studies have identified instances of pseudogenization
or loss of coding genes for the small and large ribosomal subunits
(rpl, rps) in the organellar genomes of many land plants, with
some transfers from plastid and mitochondrial genomes to the
nuclear genome (e.g. 7ps10 experiencing 26 independent loss
events in angiosperms, 7ps14 in rice, maize, and wheat; Adams
et al., 2000; Adams & Palmer, 2003; Ong & Palmer, 2006). The
pseudogenization or loss of 7pf2 and 7ps14 in hornwort plastid
genomes also suggests potential plastid-to-nucleus or plastid-to-
mitochondrion transfers. However, it is worth noting that the
pseudogenization of 7p/2 does not occur in several lineages con-
sisting of Anthoceros s. lato (including Folioceros) and Leiosporo-
ceros. The loss of 7pl4 is not common in hornworts, detected only
in the Notothyladales lineage, including three genera, Phacoceros,
Paraphymatoceros, and Norothylas (Fig. S1).

The ¢ysT gene is one of the nonphotosynthetic genes retained
in the plastid genome, and it is responsible for encoding the
membrane-associated ATP-binding protein of the sulfate trans-
port system (Lemieux ez al., 2000). This gene has been found in
most land plants, but it has also undergone numerous indepen-
dent loss events (Turmel ez al, 2005; Sadamitsu ez al., 2021).
Odur results found that ¢ysT is pseudogenized or lost in all Den-
droceros samples, representing the first instance of this gene family
missing in hornworts.

© 2025 The Author(s).
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Fig. 4 Divergence time
estimation based on MCMCTree
using concatenated nucleotide
and protein-coding genes
(PCGs). Blue bars represent the
95% confidence intervals (Cl).
The divergence times are detailed
in Supporting Information

Tables S11, 512, Fig. S7. Net
speciation rate dynamics of
hornwort genera inferred using
BAMM (Bayesian Analysis of
Macroevolutionary Mixtures) are
displayed in the upper left corner.
BAMM analyses incorporated
genus-specific sampling fractions
(Table S4). The solid blue line
represents the mean net
diversification rate estimated
across all lineages, with the
shaded area indicating the 95%
credible interval. Branch color
denotes estimated net speciation
rate (blue: low; red: high). The
dashed line indicates the K-Pg
boundary (c. 66 million years ago
(Mya)), around which a notable
rate shift is observed.
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Recent studies have found instances of loss and regain of RNA
editing in certain early land plant lineages, such as the complex
thalloid liverworts (Marchantiopsida; Shen ez 4/, 2024), but in
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U-to-C editing may be considered an ancestral trait inherited
from the common ancestor of land plants, gradually diminishing
in subsequent evolution (Gerke ez al., 2020). The number of U-
to-C editing sites varies significantly among various groups of
Pteridophytes, which diverged around the same time as horn-
worts. In some ferns, the number of U-to-C editing sites exceeds
that of C-to-U editing (Knie ez al,, 2016), whereas in the genus
Selaginella of lycophytes, U-to-C editing is completely absent
(Hecht et al, 2011; Oldenkott ez al, 2014; Guo et al., 2015).
This indicates that U-to-C editing is not conserved throughout
evolution in Pteridophyta. Correspondingly, our study found a
significant correlation between the number of U-to-C RNA edit-
ing sites predicted based on aberrant stop codon insertions and
the estimated total number derived from the Lincoln—Peterson
method, and the predicted number of U-to-C editing sites varies
greatly among different lineages, suggesting that U-to-C RNA
editing also has a complex evolutionary history in hornworts.

Another point worth noting is that our study has provided a
method to estimate the total number of U-to-C RNA editing
solely based on DNA sequences for hornworts. Although the
regression model is based on only five representatives, it shows a
strong fit to empirical data. The regression equation
y=13.69x—185 yields an estimate of 878 U-to-C editing sites for
A. agrestis, which closely matches the 913 sites identified from
high-quality transcriptomic data (Gerke et 4/, 2020) — a differ-
ence of ¢. 4%. This suggests that the model may be useful for esti-
mating U-to-C RNA editing site abundance in cases where
transcriptome data are unavailable, particularly for rare or
difficult-to-collect species. However, it should be noted that the
predicted number of C-to-U editing sites was not significantly
correlated with the estimated actual number, and the regression
model cannot be used to infer C-to-U editing abundance.

Molecular phylogeny

In previous studies based on organelle genome DNA markers,
the systematic position of Paraphymatoceros was uncertain. Duff
et al. (2007) suggested that Paraphymatoceros is sister to Phaeo-
ceros, based on rbcl. analysis. The analysis based on rbcl. and
nad5, however, showed that the genus was sister to Notothylas
(Villarreal & Renner, 2012). Subsequent studies using four mole-
cular markers (rbcL, rps4, nads, and matK) also found Paraphy-
matoceros sister to Phaeoceros (Villarreal ez al., 2015b). Our study
supports Villarreal ez al’s (2015b) conclusion. Since our research
utilized almost all PCGs on the plastid genome for phylogenetic
analysis, this conclusion can be considered definitive for the sys-
tematic position of Paraphymatoceros at the organelle genome
level.

The widespread RNA editing in organelle genomes may influ-
ence phylogenetic outcomes (Dong ez al, 2023). Duff
et al. (2007) used two segments of the mitochondrial and plastid
genomes, rbcl and nad5, to construct phylogenetic relationships
using two strategies: including/excluding sites modified during
RNA editing. In the relationships constructed from the original
data, Leiosporoceros was placed as sister to all hornwort lineages.
However, when RNA editing sites were excluded, this view lost
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support. Considering the limitations of the technology at the
time, this result may have been due to the scarcity of informative
sites. To further assess the effect of bias introduced by using all or
only plastome positions modified by the RNA editing machinery,
we selected one representative species from each genus and used
plastid transcripts to construct a phylogenetic tree, comparing it
with the topology of the tree constructed using only plastome
DNA sequence data. The tree constructed using RNA sequences
showed the same topology compared with DNA sequences at the
genus level, and Leiosporoceros remained the sister to all other gen-
era of hornworts, with high support values (ML-BS = 100, SH-
aLRT =100, and BPP = 1). This result provides evidence that
the presence or absence of RNA editing sites does not signifi-
cantly affect the deep-level phylogenetic structure in hornworts
(Fig. S6).

Most recently, the phylogenetic relationships among hornwort
genera have been reconstructed under the multi-species coales-
cent (MSC) model based on the nuclear gene matrix (Bechteler
et al., 2023). The DNA sequences indicated that Leiosporoceros
and Anthoceros formed a single clade, while the amino acid matrix
placed Leiosporoceros as the sister taxon to the rest of the horn-
worts. The latest enriched sequencing of hornworts with more
comprehensive sampling yielded similar results (Pefialoza-Bojacd
et al., 2025). The phylogenetic tree constructed using IQ-TREE
indicates that Leiosporoceros is sister to all other hornworts,
whereas the results from the MSC analysis show that Leiosporo-
ceros and the Anthocerotaceae are sister groups (Pefialoza-Bojacd
et al., 2025). However, we found that regardless of the data set or
methods used, Leiosporoceros consistently appears as sister to all
remaining hornworts. Considering the long evolutionary history
of hornworts, phylogenetic reconstruction based directly on
nucleotide sequences might be affected by substitution satura-
tion, introducing noise and impacting the results. By contrast,
plastid genes, which evolve more slowly (with substitution rates
of only about one-third of the nuclear genome; Wolfe
et al., 1987), are less likely to experience substitution saturation
(Ravi ez al., 2008), resulting in fewer conflicts in deep phyloge-
netic relationships between the two matrices. Additionally, the
latest MSC analysis, based on amino acid sequences from bryo-
phyte transcriptomes — including all extant genera of hornworts
and pan-phylum hornwort genomes, also supports Leiosporoceros
as the sister group to all other hornworts (Schafran ez al., 2025;
Shen et al., 2025).

Divergence time and mass extinction event

An intriguing question is why hornworts exhibit such a paucity
of species diversity compared with mosses and liverworts. Despite
their ancient origin, hornworts have a small number of species,
with the majority having formed relatively recently. Earlier results
based on molecular barcodes (e.g. Villarreal ez al, 2015b) indi-
cated that hornworts had few lineages before 55 Mya but may
have undergone rapid diversification thereafter. Our dating ana-
lyses suggest that this node is somewhat older, being pushed back
to ¢. 70 Mya, which brings it closer to the Cretaceous—Paleogene
(K-Pg) boundary. Before this boundary, there were only a few
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branches of extant hornwort lineages, but after this period, rapid
diversification led to the current diversity of over 200 species
across ¢. 10 genera. However, it is difficult to believe that such an
ancient group would have so few species in the Late Cretaceous
after 400 Myr of evolution. Previous views attributed the low
species diversity of hornworts to extinction events (Renzaglia
et al., 2009). Our finding of a rapid diversification rate shift near
the K-Pg boundary suggests a possible postextinction radiation,
lending support to this hypothesis.

Although the Cretaceous—Paleogene (K-Pg) mass extinction
event seems like a reasonable hypothesis for explaining the cur-
rent low diversity of hornworts, there are still some open ques-
tions to be answered. For example, muldple studies have
indicated that mosses and liverworts, also members of the bryo-
phyte divisions, did not exhibit a significant change in species
diversification rate at the K-Pg boundary, as inferred from tran-
scriptome and whole-genome data estimates using molecular
clocks. The average crown age of orders within mosses and liver-
worts is ¢. 150.5 Myr, with most family-level MRCA originating
during the Jurassic and Cretaceous Periods (Bechteler
et al., 2023). Compared with mosses and liverworts, we propose
that hornworts may have significant limitations in adapting to
harsh environmental conditions, leading to major extinctions.
Hornworts have very low morphological variation across the
whole group. Therefore, there may be something in their genetic
makeup that prevents them from adapting morphologically and
physiologically to their new environment, thereby limiting their
ability to become highly diverse. Although the K—Pg mass extinc-
tion may have affected hornwort diversity, its present low level is
more likely attributable to complex adaptive constraints that are
still unclear.

Divergence time estimates are highly sensitive to the datasets
used, the analytical methods employed, and the fossil calibrations
chosen. Nevertheless, the latest study using capture sequencing
for divergence time estimates also shows that hornworts under-
went significant diversification during the mid-Cretaceous and
Paleogene Periods (Pefialoza-Bojacd ef al, 2025). The major dif-
ference between divergence time estimates based on nuclear gen-
omes and plastid genomes is that the divergence of
Notothyladaceae and Dendrocerotaceae began eatlier in the for-
mer (early Jurassic of the midpoint in the divergence time interval
in nuclear data) compared with the latter (late Cretaceous of the
midpoint in the divergence time interval in plastid genome data).
At the genus level, both studies indicate that the diversification of
almost all extant genera began in the early Paleogene.

Taxonomy and nomenclature

Paraphymatoceros, a small genus with only four species, is known
only from Chile and the United States in the Americas
(Crandall-Stotler et al., 2006; Hissel de Menéndez, 2006; Villar-
real et al., 2015a; Soderstrom ez al., 2016), but with one uncon-
firmed record of P. pearsonii (Howe) J.C.Villarreal & Cargill in
Taiwan, China (Yang, 1960, as Anthoceros pearsonii). Our results
reveal that eight collections from southwestern China form a
well-supported clade, which is sister to the known four species
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(Fig. S4). Morphologically, the Chinese collections are most
similar to Paraphymatoceros proskaueri (Stotler, Crand.-Stotl. &
W.T.Doyle) J.C.Villarreal & Cargill in the similar terminal
tubers of thallus, absence of pyrenoid, shorter capsules, rigid
columellae, and capsule valves adherent at the apex. The latter,
however, differs mainly in dioicous sexuality, a single antheri-
dium per chamber, and abundant lateral tubers in male and
female plants (Crandall-Stotler ez al., 2006). Thus, both morpho-
logical and molecular evidence unambiguously support the recog-
nition of a new species from China: Paraphymatoceros luguhuensis
as described in the next section (Fig. 5).

Phymatoceros is represented world-wide by only three species
(Soderstrom et al., 2016; Asthana ez al., 2023), including P. bin-
sarensis A.K.Asthana recently described from Uttarakhand, India,
known from only two old collections (Asthana er al, 2023).
Unfortunately, suitable samples for DNA extraction were not
available. The Indian P. binsarensis is well characterized and
easily distinguished from the other Phymatoceros species by hav-
ing each facet of the proximal spore surface with a small central
hollow, as in Notothylas yunnanensis T.Peng & R.L.Zhu, Para-
phymatoceros  diademarus  Hissel,  Phaeoceros  himalayensis
(Kashyap) Prosk. ex Bapna & G.G.Vyas, and Phacomegaceros cor-
iaceus (Steph.) R.J.Duff (Asthana & Srivastava, 1991; Crandall-
Stotler et al, 2006; Peng & Zhu, 2014; Pefaloza-Bojacd
et al., 2022). In Asia, besides the common Phymatoceros bulbicu-
losus (Brot.) Stotler, W.T.Doyle & Crand.-Stotl., eight collec-
tions from China (Yunnan and Xizang) and Northern Thailand
form a well-supported clade (ML-BS =100, SH-aLRT = 100,
BPP = 1) that is sister to other species of Phymatoceros (Fig. S5).
This interesting lineage is well defined by the strap-shaped thallus
usually with stalked tubers on the ventral surface, the large, single
antheridium per androecial chamber, randomly arranged jacket
cells of the antheridium, the presence of a pyrenoid, short capsule
with stomates, one-or two-celled pseudoelaters, and brown spores
with a coarsely papillose proximal face without a small central
hollow (Fig. 6). Based on morphological characters and unique
phylogenetic position in Phymatoceros, a new species is proposed.

Folioceros, a genus segregated from Anthoceros by Bharad-
waj (1971), currently has ¢ 19 accepted species (Soderstrém
et al., 2016). It differs from Anthoceros mainly in the strap-shaped
thallus, elongated, strongly thick-walled pseudoelaters, and indis-
tinct triradiate mark of the spore (Bharadwaj, 1971; Asthana &
Srivastava, 1991; Asthana & Nath, 1999; Cargill ez al., 2022).
However, the morphological distinction between the two genera
is difficult to maintain owing to the morphological overlaps of
several key features in the two genera, as shown in Cargill
et al. (2022). Folioceros assamicus D.C.Bhardwaj, the type species
of the genus, is poorly known, and the type specimen was depos-
ited in the personal herbarium of the Indian bryologist D.C.
Bharadwaj (Bharadwaj, 1971; Asthana & Nath, 1999). The type
material, unfortunately, could not be located and may have been
lost. Furthermore, known collections of this species kept in the
Indian herbaria (e.g. LWU) can actually be assigned to Folioceros
fuciformis  (Mont.) D.C.Bhardwaj
comm). So far, no suitable collections have been available for

(Chantanaorrapint, pers.
molecular analyses. Morphologically, Folioceros assamicus is very
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Fig.5 Paraphymatoceros luguhuensis. (a) Populations on soil with young sporophytes. (b) Two antheridia. (c) Close-up of gametophyte thalli and
sporophytes. (d) Portion of columella. (e) Close-up of plant showing two mature sporophytes. (f) Capsule showing opening line and yellowish spores. (g)
Epidermal cells of thallus showing plastids. (h) Transverse section of capsule at middle, only half shown. (i) Transverse section of thallus, only part shown. (j)
Capsule epidermis showing a stoma. (k) Pseudoelater. (I-n) Spores, (I-m) proximal view, (n) polar distal view. All from R. L. Zhu et al. 20220828-43
(HSNU).

similar to F. fuciformis and could even be conspecific. The present
phylogenomic analyses using 10 plastomes of Folioceros (includ-
ing F. fuciformis) also reveal the clade of Anthoceros+ Folioceros
with maximal support values (Figs 3, S2, S3), and Anthoceros is
polyphyletic, as already shown in Cargill ez 4/ (2022), based on
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three plastid markers (rbcl, #rnK-mafK, and rps4). Furthermore,
the ML tree based on amino acid sequences shows that Folioceros
is polyphyletic with high support values (Figs S2, S3). Therefore,
based on morphological similarities and overlaps of Anthoceros
and Folioceros, as well as the outcome of the molecular
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Fig. 6 Phymatoceros verrucosporus. (a) Epidermal cells of thallus showing plastid with pyrenoid (indicated by red arrow). (b) Thallus showing a ventral
tuber, ventral view. (c) Male plant showing the single antheridium per antheridial chambers (indicated by red arrow). (d) Female plants in situ showing
sporophytes. (e) Spore, distal face. (f) Transverse section of ventral tuber. (g) Transverse section of thallus. (h) Spore, proximal face. (i) Antheridium
showing a short stalk. (j) Median cells of antheridial jacket. (k) Elater. (I) Portion of transverse section of capsule. (m) Male plants in situ with antheridial
chambers (yellow dots). Imagesin (d, e, h, k, I) from W. Z. Huang & S. H. Lu 20270906-7A (HSNU), all others from R. L. Zhu et al. 20220827-2 (HSNU).
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investigation at the plastome level, Folioceros is recommended to
be subsumed into Anthoceros. A nomenclatural change, including
seven new combinations, is proposed below.

Taxonomic treatment

Anthoceros L., Sp. PL. 2: 1139. 1753. Lectotype designated by
Evans (1918): Anthoceros punctatus L., Sp. P1. 1139. 1753.

= Folioceros D.C.Bhardwaj, Geophytology 1: 9. 1971. Type:
Folioceros assamicus D.C.Bhardwaj, Geophytology 1: 10. 1971.

Syn. nov.

Anthoceros assamicus (D.C.Bhardwaj) R.L.Zhu & Cargill,
comb. nov.

Basionym: Folioceros assamicus D.C.Bhardwaj, Geophytology 1:
10. 1971.

Anthoceros indicus (D.C.Bhardwaj) R.L.Zhu & Cargill,
comb. nov.
Basionym: Folioceros indicus D.C.Bhardwaj, Geophytology 8(1):
114. 1978.

Anthoceros kashyapii (S.C.Srivast. & A.K.Asthana) R.L.Zhu
& Cargill, comb. nov.

Basionym: Folioceros kashyapii S.C.Srivast. & A.K.Asthana,
Bryologist 92(2): 219. 1989.

Anthoceros paliformis (D.K.Singh) R.L.Zhu & Cargill, comb.
nov.

Basionym: Folioceros paliformis D.K.Singh, Bull. Bot. Surv. India
29: 176. 1987[1989].

Anthoceros physocladus (D.C.Bhardwaj) R.L.Zhu & Cargill,
comb. nov.

Basionym: Folioceros physocladus D.C.Bhardwaj, Geophytology 8
(1): 115.1978.

Anthoceros  satpurensis (D.C.Bhardwaj & K.P.Srivast.)
R.L.Zhu & Cargill, comb. nov.
Basionym: Folioceros satpurensis D.C.Bhardwaj & K.P.Srivast.,

Geophytology 8(1): 112. 1978.

Anthoceros udarii (A.K.Asthana & S.C.Srivast.) R.L.Zhu &
Cargill, comb. nov.

Basionym: Folioceros udarii A.K. Asthana & S.C. Srivast., Cryp-
tog. Bryol. Lichénol. 7(2): 151. 1986.

Paraphymatoceros lugubuensis R.L.Zhu & Hao Xu, sp. nov.
(Fig. 5)

Type: China. Yunnan, Ninglang Co., Luguhu, Gouzuandong
Pass, 27°38/22.03” N, 100°48'41.15"” E, 3122 m, on soil, 28
Aug. 2022, RL. Zhu, W.Z. Huang & H Xu 2022082843
(holotype: HSNU! isotype: CANB!).

Diagnosis: Similar to Paraphymatoceros proskaueri, but can be
distinguished by the monoicous sexuality, 2—4 antheridia per
antheridial chamber, capsule dehiscing by two longitudinal slits
along two suture lines, and rare occurrence of tubers in fertile
plants. A detailed description and key to all species of Paraphy-
matoceros are provided in the Notes S1.
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Etymology: The epithet ‘lugubuensis refers to the locality of
the holotype: Luguhu (Lugu Lake).

Habitat and distribution: Paraphymatoceros luguhuensis occurs
on a soil slope at an elevation of 2600-3130 m on the edge of the
coniferous forests. It is known from Binchuan Co., Ninglang
Co., and Yulong Co., Yunnan, China. Sporophytes usually
mature between late August and early November.

Selected specimens examined (all paratypes): China. Yunnan,
Binchuan Co., Jizu Mountain Scenic Spot, 25°57'42.24" N,
100°22'1.14" E, 2657 m, 27 Aug. 2022, RL Zhu et al,
20220 827-29 (HSNU); Ninglang Co., Luguhu, Gouzuandong
Pass, 27°37'55.75"” N, 100°49'0.35” E, 3306 m, 21 Nov. 2021,
W.Z. Huang & H. Xu 20211 119-21 (HSNU); Yulong Co.,
Laojun Mountain National Geopark, 26°39'13.13” N,
99°49’8.45" E, 2890 m, 2 Sept. 2023, R.L. Zhu et al. 20230902-
77 (HSNU).

Phymatoceros verrucosporus R.L.Zhu, Hao Xu & Chanta-
naorr, sp. nov. (Fig. 6)

Type: China. Yunnan, Nanjian Co., Wuliangshan National
Nature Reserve, Fenghuang Mountain, 24°53/45.68" N,
100°19'55.43” E, 2308 m, on soil, 27 Aug. 2022, RL. Zhu,
W.Z. Huang, H. Xu 202202827-2 (holotype: HSNU!).

Diagnosis: Similar to Phymatoceros bulbiculosus, but can be
distinguished by the single antheridium per androecial cham-
ber, coarsely papillose proximal face of the yellow spores, one-
or two-celled pseudoelaters, and distal spore face ornamented
with mound-like protuberances rather than several irregular
ridges.

A detailed description and a key to all species of Phymatoceros
are provided in the Notes S2.

Etymology: The epithet ‘verrucosporus’ refers to the verrucate
distal surface of the spore.

Habitat and distribution: Phymatoceros verrucosporus occurs on
soil on the edge of coniferous forests or on dripping slopes near
the summit at altitudes of 2300-3000 m. It is known from
northwestern and southwestern China (Xizang and Yunnan) and
northern Thailand (Chiang Mai). Sporophytes usually mature
between late August and early December.

Selected specimens examined (all paratypes): China, Xizang,
Yadong Co., Xiayadong town, 27°24'29.89" N, 88°57'5.55" E,
2889 m, 19 Sept. 2020, Y.L. Xiang et al. 20200919-46 (HSNU);
Yunnan, Nanjian Co., Wuliangshan National Nature Reserve,
Fenghuang Mountain, 25 August 2015, RL. Zhu et al.
20150825-2 (HSNU). Xundian Co., Black-necked Crane Pro-
vincial Nature Reserve, 25°35'12.27" N, 103°1'9.56” E,
2745 m, 6 Sept. 2021, W.Z. Huang & S.H. Lu 20210 906-7A
(HSNU); Thailand, Chiang Mai, Doi Inthanon National Park,
summit, 18°58.839' N, 98°48.659'E, 2560 m, 20 December
2011, RL. Zhu 20 111 220-100 (HSNU).

Updated classification of hornworts

With these new species and new combinations, an updated classi-
fication of hornworts with 223 species in 10 genera of five
families of four orders is presented (Notes S3).
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Conclusion

The first plastome-based phylogenetic study of hornworts reveals
that 10 genera of hornworts are well resolved and strongly sup-
ported, and that Ledosporoceros is identified as the sister to all
other hornworts. Phylogenomic analyses show that hornworts
have larger plastid genomes than liverworts and mosses due to
their relatively large noncoding regions. The structure and gene
composition of hornwort plastomes are relatively conservative,
with only one significant event of IRs expansion and three pseu-
dogenes identified. The distribution of RNA editing events in
different genera or species of hornworts is not even. C-to-U edits
are present in all genera of hornworts. Statistical analysis reveals a
significant linear correlation between the predicted number of U-
to-C editing sites and the total number in hornworts, whereas no
such correlation was found for C-to-U editing. Estimations of
divergence times and diversification rate analyses suggest that
hornwort diversity may have been profoundly affected by the
Cretaceous—Paleogene extinction event. Folioceros is proposed
as a new synonym of Anthoceros. The finding of two new species
in the small genera Paraphymatoceros and Phymatoceros suggests
that the species diversity of hornworts is probably underesti-
mated.
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