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Read mapping statistics 

Supplementary Table 2 reports detailed read mapping statistics of Illumina genomic reads. 

We believe the high mapping rates (95.1%-99.4%) are correct for the following reasons. 

First, while a number of contigs/scaffolds were removed as contaminants, the vast majority 

of them have very low or zero Illumina read coverage (see Supplementary Table 14) and 

therefore did not impact much on the Illumina read mapping statistics. Second, as shown in 

the revised Supplementary Table 2, it is the trimmed reads that achieved >99% mapping 

rates, after the low-quality bases were removed.  

We did notice that A. agrestis Oxford and A. punctatus Illumina reads have a lower genomic 

coverage (84.6%-87.1%), compared to A. agrestis Bonn (99.8%). This is likely reflecting the 

different assemblers we used for these genomes: minimap2-miniasm-racon-pilon for the 
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former two and masurca for the latter. Masurca is a hybrid assembler that combines Illumina 

and nanopore reads early in the assembly process to make mega-reads, whereas the 

minimap2-miniasm-racon-pilon approach only uses Illumina reads for polishing after the 

contigs were already constructed. The minimap assemblies may have captured more 

regions that are not recovered in the Masurca assembly, though It is likely that the minimap 

assemblies still may have residual errors especially in the repeat regions where Illumina 

reads can not be placed with confidence and hence exhibit lower coverage when Illumina 

reads were mapped back to them. Conversely, A. agrestis Bonn has a lower proportion of 

uniquely mapped reads (i.e. less reads with high mapping qualities) than A. agrestis Oxford 

and A. punctatus. This again might be due to the higher accuracy in the repeat regions in A. 

agrestis Bonn, causing more reads to be multi-mapped.  

 

Centromeres and repeats 

We could not find typical vascular plant centromeric regions in the Anthoceros genomes. 

First, when mapping the only Illumina-based assembly to the chromosomal-scale assembly, 

there were no indication of obvious DNA stretches missing from the Illumina assembly but 

present in the chromosomal-scale assembly (Supplementary Figure 5). Second, we could 

not identify stretches of the putative chromosomes with elevated repeat content and 

similarity to the other chromosomes typical for vascular plant centromeres (Supplementary 

Figures 4-5). Finally, we could not find typical centromeric repeats containing long tandem 

repeat arrays (100-1000 repeat unit in length) with a period length greater than 50bp 

(Supplementary Figure 5). Repeats with a period length greater than 50 bp built up very 

short arrays. When reducing the period length threshold to a minimum of 10 bp, we found 

that there was one longest tandem array on most of the scaffolds that may mark the position 

of centromeres (Supplementary Figure 5). Nevertheless, these arrays were still short and not 

considerably longer than other arrays. Therefore, extensive centromeric/pericentromeric 

regions with abundant long tandem repeats are missing from the A. agrestis genome. 

We found that gene density is low but repeat and transposon density is high at the very end 

of the scaffolds. Nevertheless, the conserved “TTTAGGG” motif4 typical for plant telomeres 

occurred only on four scaffolds in short tandem arrays (maximum array length of 13 repeat 

units) and usually sub-terminally (Supplementary Table 17). Similarly, the less 

common telomeric repeats described for plants and algae, such as the one found in 

Chlamydomonas [TTTTTAGGG]5, Cestrum [TTTTTTAGGG]6, and Allium 

[CTCGGTTATGGG]7 were missing from the genome. Nevertheless, we found that tandem 

repeats with a unit length between 5-15bp and array length greater than 20 repeats are 

numerous at the end of the scaffolds (1Mbp from the end of the scaffolds) but only shorter 

tandem arrays are terminal whereas longer arrays are rather sub-terminally localized 

(Supplementary Table 16). Such repeats may be part of the telomeres but are not 

specifically restricted to the telomeric regions and can also occur in the inner parts of the 

scaffolds. Finally, nucleotide sequence of these putative telomeric tandem arrays is not fixed 

and varies considerably across scaffolds (Supplementary Table 17).  

Altogether, our analyses of the A. agrestis Bonn genome suggest that most of the telomeres 

are either missing from the current assembly or their structure/repeat composition is more 

variable than previously thought. In addition, hornwort centromeres may not be 

https://paperpile.com/c/VyVOOK/6j1kT
https://paperpile.com/c/VyVOOK/TDaAj
https://paperpile.com/c/VyVOOK/pfMhH
https://paperpile.com/c/VyVOOK/gMS0q
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characterized by considerably higher repeat density than other parts of the genome and their 

putative tandem repeat arrays may be shorter than those of vascular plants. Similar 

centromere and telomere structure was discovered in the moss, P. patens, one of the other 

two monophyletic lineages of bryophytes8. Therefore, it is possible that this genome 

structure is a shared feature of the group of bryophytes as a whole. Our assemblies are 

based on long reads, which makes it unlikely that our findings (i.e. shorter tandem repeats 

than in typical flowering plant centromeres) are due to assembly problems. Nevertheless, 

this possibility cannot be completely ruled out and has to be addressed in the future.   

 

Strain-specific genes of A. agrestis and the pan 

genome 

Our combined individual and comparative annotation approach resulted in approximately 

1000 more gene models in the Bonn strain than in the Oxford strain of A. agrestis. Here we 

carried out further analyses to show that this difference is not due to annotation issues. To 

do so, we first defined whether these ~1000 gene models are specific for the Bonn strain`s 

gene set. Using BLASTn9 searches (e-value threshold of 10-6, alignment similarity of 80% 

and 50% coverage) we found that primary transcripts of 1131 genes of the Bonn strain 

(4.41%) had no homologs in the Oxford strain’s predicted gene set (Supplementary Table 5). 

This shows that almost all of the approximately 1000 additionally predicted gene models of 

the Bonn genome seem to be strain-specific. After that we investigated whether the majority 

of the 1131 putatively strain-specific genes occur on strain-specific genomic regions. We run 

the nucmer and dnadiff modules of MUMmer410 to identify strain-specific genomic regions. 

We further verified the strain-specificity of the detected regions using BLASTn with a 

threshold of 90% similarity and 80% coverage. We found that 2,431,441 base pairs of the 

Bonn strain’s genome was strain-specific. These genomic regions housed 567 strain-specific 

gene models. Altogether, this shows that half (50.13%) of the putatively strain-specific gene 

models is restricted to the Bonn strain’s genome and are not due to annotation issues. 

Finally, we searched the primary transcripts of the putatively strain-specific Bonn loci that 

were not located on the strain-specific genomic regions using blat11 (threshold: min 90% 

similarity, bestoverlap, min length coverage 50%) against the Oxford genome`s sequence. 

We found that using the cutoff only 12% (68) of the 564 primary transcripts had a valid 

alignment against the Oxford strain’s genome. This shows that most of these gene models 

(their sequence) is only partially present in the Oxford strain`s genome which can well 

explain their absence in the predicted gene set. Altogether, our analysis shows that genome 

annotations of the two A. agrestis strains are largely comparable and the gene number 

difference is real and not a consequence of annotation issues.    

To aid future comparative analyses we created an A. agrestis pan genome containing a non-

redundant set of genomic sequences and annotations of the two strains. To do so, we first 

identified genomic regions that were absent in one or the other strain`s genome using the 

nucmer module of MUMmer410 which we further verified using BLASTn searches with a 

threshold of 90% coverage and 95% similarity. For this analysis we used the Oxford strain 

as the reference because the Bonn strain had a larger number of predicted genes which we 

wanted to add to the pan genome. In the next step we added strain-specific sequence 

regions from Bonn to the Oxford genome together with their annotations. To consolidate 

https://paperpile.com/c/VyVOOK/YoeR3
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gene models we next mapped all the Bonn gene models against the draft pan-genome using 

blat11 and accepted mappings with at least 80% similarity. We used this mapping file to 

retain all original Oxford gene models showing at least 80% overlap with the mapped gene 

models of the Bonn strain. The Bonn gene models that did not meet these criteria (i.e. no 

overlap with the Bonn annotation) were added to the assembly as new genes. Finally, all 

sequence regions categorized as missing from the Oxford assembly were concatenated 

(chunks separated by 100 Ns) and added to the Oxford genome fasta file to provide a pan-

genome assembly file. Annotations were also merged into a single pan-genome gff3 file. 

The pan genome is 125.8 Mbp long and contains 25,309 gene models and can be retrieved 

from Figshare (http://dx.doi.org/10.6084/m9.figshare.9974999) as 

“Pangenome_Subm.zip”. Descriptive statistics of the pan genome are provided in 

Supplementary Table 5.  

Transcription associated proteins (TAPs) 

We found that there are several lineage-specific TAP losses among bryophytes 

(Supplementary Table 8). Type I MADS box genes are present in both P. patens and the 

hornwort genomes but are missing from M. polymorpha. On the other hand, some TAP 

families were uniquely lost in hornworts. For instance, SHI RELATED SEQUENCE (SRS) 

TFs originated in the most recent common ancestor (MRCA) of Streptophytes12 and are 

present in Chara, liverworts, mosses, and vascular plants but are missing from the hornwort 

genomes (Supplementary Table 8). C2C2-YABBY transcription factor represents yet another 

evolutionary pattern. YABBY homologs are missing from the P. patens and M. polymorpha 

genomes but encoded by the hornwort genomes (Supplementary Tables 8-9). Therefore, 

YABBY likely evolved in the MRCA of land plants, were retained in all seed plants, 

Huperzia13, and hornworts, but got lost in mosses, liverworts, ferns, and Selaginella13. 

YABBY functions in abaxial side of lateral organs in seed plants14 and expressed in early 

sporophyte stages in hornworts (Fig. 3). Further functional study in hornworts may shed light 

on its function. 

Genes related to meristem development 

WUSCHEL, is a WOX gene family member and regulates meristem size in the A. thaliana 

shoot apical meristem by communicating with a receptor kinase pathway composed of two 

leucine-rich repeat (LRR) receptor kinases, CLAVATA1 (CLV1), CLAVATA2 (CLV2) and 

their ligand CLV3, a small secreted protein15. The CLV3-CLV1 pathway seems to be 

functional in mosses and regulate division plane orientation in gametophyte meristems16. 

Similarly, proliferation of gametophytic meristems in M. polymorpha appears to be affected 

by CLE peptide hormones17. Presence of a CLE domain containing gene as well as a CLV1 

homolog in the hornwort genomes suggests the existence of this pathway in land plant 

MRCA (Supplementary Table 10). This finding implies that division plane 

regulation/regulation of proliferation might be an ancient function of CLE peptides, which was 

https://figshare.com/s/e3ebfc9104663c5d08de
https://paperpile.com/c/VyVOOK/ofROW
https://paperpile.com/c/VyVOOK/LEAlD
https://paperpile.com/c/VyVOOK/LEAlD
https://paperpile.com/c/VyVOOK/2NfU4
https://paperpile.com/c/VyVOOK/JPmsv
https://paperpile.com/c/VyVOOK/BuCHc
https://paperpile.com/c/VyVOOK/pGNPZ
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likely present in the land plant MRCA. Whether the CLE-receptor pathway is only active in 

the gametophyte or potentially also in the sporophyte meristem remains to be investigated. 

Transcription factor LEAFY/FLORICAULA (LFY/FLO)18 and WUSCHEL-related homeobox 

13 like (WOX13L)19 genes are involved in the zygote development in the moss P. patens 

and shoot apical meristem (SAM) maintenance in flowering plants20. The hornwort genomes 

encode a single LFY gene and four WOX13L orthologs (WOX13La, WOX13Lb, WOX13Lc, 

and WOX13Ld; Supplementary Figure 8; Supplementary Table 9). WOX13La and b resulted 

from a recent duplication and together are closely related to WOX13Lc. WOX13Ld on the 

other hand is more divergent (Supplementary Figure 8). WOX13L genes regulate zygote 

division and are necessary for cell reprogramming in P. patens, while WOX13 and WOX14 

genes are involved in fruit development and vascular cell differentiation in A. thaliana19,21,22. 

Preferential sporophyte expression of the hornwort WOX13La suggests that it is likely 

involved in sporophytic meristem maintenance. In contrast, WOXL13Lb and c are expressed 

both in the early gametophyte and late sporophyte developmental stages, perhaps 

regulating early rhizoid development in the gametophyte and dehiscence of the sporophyte 

similarly to the WOX13 genes of A. thaliana22. WOX13Ld is also expressed in both phases 

(gametophyte and sporophyte) of the life cycle but mainly in advanced stages of 

development with unknown functions. Altogether, our expression data suggests possible 

subfunctionalization and dual role of the four WOX13L genes in hornworts and implies some 

functional conservation with their A. thaliana and P. patens orthologs.     

The A. agrestis LFY gene was 61% identical to the published Nothoceros aenigmaticus LFY 

sequence and amino acid position critical to DNA binding affinity was identical 

(Supplementary Figure 8), which have unique DNA binding specificity different from 

Klebsormidium nitens, mosses, liverworts and vascular plants23. It was shown that hornwort 

LFY has promiscuous DNA-binding ability which may have allowed it to evolve new binding 

specificity23. Nevertheless, biological function of LFY in hornworts is completely unexplored. 

Our expression data, in contrast to what was described for P. patens18, showed that the 

hornwort LFY is primarily expressed in the gametophyte and not in the sporophyte phase 

(Fig. 3). This expression pattern may imply that the promiscuous DNA binding domain of the 

hornwort LFY is associated with radically new functions which need to be explored in the 

future.   

 

Genes related to stomatal development  

In A. thaliana, stomatal development and patterning is controlled by a well-defined set of 

genes24,25. This is composed of the basic helix-loop-helix (bHLH) transcription factors 

SPEECHLESS (SPCH), MUTE, FAMA, and ICE/SCREAMs (SCRMs), all contributing to 

stomata development. These genes act in a stomatal signaling cascade including the mobile 

peptide EPIDERMAL PATTERNING FACTOR (EPF), ERECTA, and TOO MANY MOUTHS  

(TMM), which determines how stomata are spatially arranged. Stomata occur in hornworts, 

mosses and all vascular plants, but is absent in liverworts26. It was suggested that stomata 

may have evolved once in the common ancestor of land plants and was independently lost 

in liverworts27. Using stomatal toolbox genes of A. thaliana and P. patens and BLASTp 

searches we found that orthologs of all these genes are present in the three hornwort 

https://paperpile.com/c/VyVOOK/nw7SD
https://paperpile.com/c/VyVOOK/XP8fb
https://paperpile.com/c/VyVOOK/e6pNm
https://paperpile.com/c/VyVOOK/XP8fb+KCSmg+ypSLA
https://paperpile.com/c/VyVOOK/ypSLA
https://paperpile.com/c/VyVOOK/FT2AU
https://paperpile.com/c/VyVOOK/FT2AU
https://paperpile.com/c/VyVOOK/nw7SD
https://paperpile.com/c/VyVOOK/myJwq+GJ0Sr
https://paperpile.com/c/VyVOOK/FOucG
https://paperpile.com/c/VyVOOK/kgwbT
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genomes (Supplementary Table 10; Supplementary Figure 9). This is in line with a previous 

study using an earlier draft assembly of our genomes26, and supports the hypothesis that 

stomata and their regulation have evolved once and relies on a common set of highly 

conserved genes. 

Previous studies on P. patens suggested that FAMA and SCRM functions are likely 

conserved between the moss and A. thaliana by creating stomatal lineage cells and 

triggering differentiation of guard cells28. We found that the hornwort orthologs of FAMA and 

SCRM were both strongly and preferentially expressed in the early stages of sporophyte 

development (Fig. 3). This finding suggests functional conservation of these two genes 

across P. patens, hornworts and A. thaliana. The function and action of EPF, TMM and 

ERECTA genes in P. patens is not known but they may regulate stomatal spacing via the 

FAMA orthologs, similar to A. thaliana26. In hornworts, we found that TMM and EPF were 

preferentially expressed in the early stages of sporophyte development. This is consistent 

with the idea that TMM and EPF has a deeply conserved function in regulating stomatal 

development, probably stomatal spacing, across land plants. Although ERECTA showed 

increased expression in the early stages of sporophyte development, it was also strongly 

expressed in one of the gametophyte samples. Sporophytic expression of ERECTA is in line 

with its functional conservation in stomatal development, but its gametophytic expression 

needs to be further investigated. Taken together, while our data strongly support the 

involvement of FAMA, SCRM, EPF, and TMM in hornwort stomatal development, the role of 

ERECTA remains ambiguous. These observations provide strong evidence for a remarkable 

conservation of the developmental toolbox of stomatal development spanning more than 400 

million years of evolution from the bryophytes to flowering plants.    

 

Abscisic acid (ABA) signaling and synthesis 

Dormancy and stress acclimation is regulated by the plant hormone Abscisic Acid (ABA) 

under water limited conditions. Here we focused on the ABA response pathway29,30. ABA 

binding with receptor promotes interaction of PYLs with the active site of PP2C 

phosphatases subclass A (encoded by Arabidopsis genes ABI1, ABI2, HAB1). This prevents 

dephosphorylation of SnRK2 protein kinases (Subclass III), thereby enabling them to 

proceed to phosphorylate target proteins that execute the ABA response. Non-vascular 

plants contain an additional protein kinase, encoded in P. patens by the ANR gene (for the 

ABA Non-Responsive mutant phenotype)31.  

Executive proteins in the ABA response include the bZIP transcription factors ABI5, ABF1-4, 

AREB1-3, DPBF1-2, and the B3 transcription factor ABI3. In guard cells, the SLAC1 slow ion 

channel protein that initiates ABA-mediated stomatal closure is also a target of SnRK2 

phosphorylation32. We also searched for genes part of the Carotenoid and ABA biosynthesis 

pathway and for some genes regulated by ABA (LEA proteins)33. We used P. patens and M. 

polymorpha protein sequences to search for homologs in the hornwort assemblies using the 

tBLASTn search tool9. 

In general, we found that the ABA-related gene content of A. agrestis is similar to those 

described from the M. polymorpha and P. patens genomes12,34 (Supplementary Table 10). 

https://paperpile.com/c/VyVOOK/FOucG
https://paperpile.com/c/VyVOOK/EAkHC
https://paperpile.com/c/VyVOOK/FOucG
https://paperpile.com/c/VyVOOK/70r8A
https://paperpile.com/c/VyVOOK/ITe3i
https://paperpile.com/c/VyVOOK/ZhBKh
https://paperpile.com/c/VyVOOK/HfriO
https://paperpile.com/c/VyVOOK/vTdNb
https://paperpile.com/c/VyVOOK/ZDGfi
https://paperpile.com/c/VyVOOK/gBl2c+ofROW
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We found one ABA receptor homolog in the A. agrestis genome. Homologs of the putative 

phosphatase and kinase genes were also all present as well as a homolog of the non-

vascular plant specific ANR kinase. Of special importance is the SnRK2 kinase that activates 

ABA transcriptional responses by phosphorylating the bZip transcription factors, which bind 

the ABA Response Element (ABRE) in the promoters of ABA-regulated genes. This gene 

also phosphorylates the SLAC1 Slow Anion Channel protein that mediates stomatal closure. 

Homologs of both SnRK2 and SLAC1 were present in the genome (Supplementary Table 

10). 

Of the executive bZip transcription factors, there seems to be only one that is orthologous 

with the ABA response element binding class, and contains the consensus SnRK2 

phosphorylation sites (Supplementary Table 10). We also found multiple B3 transcription 

factors homolog to ABI3. Our analysis revealed that genes of enzymes critical for the 

biosynthetic pathway of ABA production are present in the hornwort genome and multiple 

members of the ABA responsive LEA proteins also occur in the genome (Supplementary 

Table 10). Therefore, the ABA sensing, response pathway, and its synthesis appears to be 

similar to what was described earlier for the other two bryophyte species12,34. 

 

Auxin signaling and synthesis 

To identify the orthologues of genes involved in auxin synthesis and signaling in the 

Anthoceros genomes, protein sequences of the corresponding genes from A. thaliana 

(TAIR10 genome with Araport11 annotations) and M. polymorpha (v3.1 from Phytozome) 

were used. Initially, the protein sequences from these two species were queried to each of 

the Anthoceros proteomes using BLASTp with the criteria of E-value less than 0.0019. Then 

the protein sequences for all the corresponding hits from each BLAST result, were queried 

back to the Arabidopsis proteome to confirm the orthologous relationship with the respective 

gene families using best-bidirectional BLAST hits strategy. The domain information for these 

orthologues was confirmed using InterProScan35. The list of Anthoceros orthologs with best 

A. thaliana hit are provided in Supplementary Table 10. We found representatives of the 

auxin biosynthesis genes36, Tryptophan amino transferase (TAA), and YUCCA family of 

flavin monooxygenases (YUC), in all three genomes investigated. Total of 2-3 TAA gene 

homologs were recovered from the genomes that is slightly more than the single copy 

discovered in M. polymorpha12,34. Furthermore, the three hornwort genomes contained a 

large repertoire of YUCCA homologs outnumbering those found in the paralog-poor genome 

of M. polymorpha. This observation confirms that the conserved land plant auxin biosynthetic 

pathway using indole-3-pyruvic acid is present in all three lineages of bryophytes. The 

transcriptional response machinery consists of five ARF genes, two AUX/IAA homologs, and 

one to three TIR1 homolog (Supplementary Table 10). In which tissues and in what temporal 

manner these genes are expressed in hornworts needs to be further investigated. 

 

https://paperpile.com/c/VyVOOK/ofROW+gBl2c
https://paperpile.com/c/VyVOOK/ZDGfi
https://paperpile.com/c/VyVOOK/bZNP5
https://paperpile.com/c/VyVOOK/vVnUI
https://paperpile.com/c/VyVOOK/ofROW+gBl2c
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Jasmonates 

Plant reactions to abiotic and biotic stresses usually involves the jasmonate (JA) signaling 

pathway37,38. Core components of the JA signaling pathway appears to be present both in P. 

patens and M. polymorpha. JAZ proteins are repressors that simultaneously bind to the 

NINJA adaptor protein and to several transcription factors (TF), which recruits the TOPLESS 

repressor (TPL). When JA is present, JAZ protein binds to the SCFCOI1 (Skp–Cullin–F-box) 

complex by forming a co-receptor with COI1 to perceive JA-Ile39. JAZs are then ubiquitinated 

and targeted to the 26S proteasome for degradation. This will release the TFs, which will 

interact with other partners to activate JA-Ile responsive genes.  

To identify homologous sequences to JA signalling components in the three hornwort 

genomes, we first compiled JA signalling protein sequences from the non-redundant protein 

database of NCBI, using A. thaliana and M. polymorpha protein sequences as queries in a 

BLASTp search. We then used this database to look for homologs of the hornwort 

proteomes with BLASTp. The top hornwort hits were then blasted against the M. polymorpha 

and A. thaliana proteomes at the marchantia.info database to correctly identify the hornwort 

homologs. Protein sequences from different plant species were aligned with MUSCLE40 to 

analyze domain conservation. Trees corresponding to the orthogroups were visualized with 

the iTOL platform v4.4.241. 

In line with previous results from the liverwort, M. polymorpha, we found that components of 

the JA signaling pathway are present in all three hornwort genomes12. The three hornwort 

genomes showed conserved sequences for all the jasmonate signalling components found 

in land plants: COI, JAZ, MYC, NINJA and TPL (Supplementary Figure 10; Supplementary 

Table 10). It was shown that A. agrestis does not synthesize Jasmonic acid but it can likely 

produce the JA-precursor OPDA (12-oxo-phytodienoic acid) which will cause growth 

inhibition in A. agrestis, M. polymorpha, P. patens and also in A. thaliana42. Similar to other 

bryophytes, none of the Anthoceros COI homologs showed an alanine in the equivalent 

position to AtCOI1A384, which indicates that Anthoceros COI do not perceive JA-Ile, the 

hormone from vascular plants. This is consistent with the previously reported insensitivity of 

A. agrestis Oxford to JA-Ile but not to OPDA42, which suggests that the bioactive jasmonate 

perceived by COI in Anthoceros might be dn-OPDA as in Marchantia. Importantly, most 

components are represented by a single gene in the three hornwort genomes but JAZ and 

COI in A. punctatus, a situation similar to the M. polymorpha genome (Supplementary Table 

10). This suggests that function of the JA pathway is likely to be conserved across 

bryophytes and, to some extent, across land plants as proposed by the recent study on M. 

polymorpha43. 

 

Strigolactones 

Strigolactones are signals secreted into the environment inhibiting branching and promoting 

mycorrhizal symbiosis. A recent report has suggested an ancient origin for strigolactone 

synthesis, but a much more recent origin for canonical strigolactone signalling in 

angiosperms, through duplication and divergence in components of the ancient KAI2-

https://paperpile.com/c/VyVOOK/76AJF+cGpDH
https://paperpile.com/c/VyVOOK/pDso6
https://paperpile.com/c/VyVOOK/GP9Us
https://paperpile.com/c/VyVOOK/EPZb8
https://paperpile.com/c/VyVOOK/ofROW
https://paperpile.com/c/VyVOOK/GZOi6
https://paperpile.com/c/VyVOOK/GZOi6
https://paperpile.com/c/VyVOOK/jqFpk
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SCFMAX2-SMXL pathway44. KAI2 α/β hydrolase receptors and SMXL proteolytic target 

proteins have already been shown to exist in hornwort transcriptomes, consistent with the 

apparent ancient nature of this pathway, and were also identified in A. agrestis and A. 

punctatus44,45. BLAST searches also revealed unambiguous orthologues of the MAX2 F-box 

protein in A. agrestis and A. punctatus (Supplementary Table 10). All other land plant groups 

have a second clade of KAI2-like proteins, which have ultimately given rise to DWARF14 

strigolactone receptors in angiosperms45. However, BLAST searches with A. thaliana KAI2 

and D14, or M. polymorpha KAI2A or KAI2B failed to detect any other KAI2 homologue in 

either A. agrestis or A. punctatus, consistent with a previous report using hornwort 

transcriptomes45. Thus, unlike all other land plant groups, hornworts only have a single clade 

of KAI2/D14-family proteins. These data support the idea that strigolactone signalling is not 

present in non-seed plants. However, BLAST searches using the A. thaliana sequences 

identified unambiguous homologues of the strigolactone synthesis enzymes CCD7, CCD8 

and MAX1 in both A. agrestis and A. punctatus (Supplementary Table 10). We identified 

homologues of the DWARF27 (D27) isomerase in both species, but phylogenetic analysis 

showed that these genes fell into the closely related DWARF27-LIKE1 (D27-L1) clade and 

not DWARF27 itself; hornworts therefore appear to lack true DWARF27 orthologues. This 

suggests that hornworts may have lost D27, or that the duplication in the proto-D27 lineage 

that gave rise to D27 and D27L1 occurred after the divergence of hornworts and other land 

plants. Nevertheless, hornworts clearly possess the core enzymes for strigolactone 

synthesis, consistent with the idea that strigolactones are an ancient non-hormonal signal 

that originated for rhizospheric communication with mycorrhizal fungi44. 

 

Gibberellic acid (GA) signaling and synthesis 

Of the GA signaling related genes we found proper DELLA orthologs in A. agrestis (Bonn) 

and A. punctatus. There was no proper DELLA ortholog in the A. agrestis (Oxford) genome 

which appears to be due to an assembly error because we were able to clone this gene from 

the very same plant tissue (Supplementary Table 10). The three Anthoceros genomes 

investigated lack proper orthologs of GID1 (GA receptor) and GID2/SLY (specific F-box 

protein). To demonstrate this, we have retrieved all genes similar to GID1 and GID2 and 

made phylogenetic trees with known orthologs from Arabidopsis, Oryza and other non-

vascular land plants, and we have confirmed that the Anthoceros genes are homologs of 

other GID1-like and GID2-like genes, but not of the ones involved in GA signalling 

(Supplementary Figure 11). Overall, this coincides with the findings reported earlier46 with 

one exception: this previous analysis also found a possible GID1 ortholog in Phaeoceros 

and Paraphymatoceros. Since this was based on 1KP partial sequences, it is currently 

difficult to disentangle whether these and other hornworts have bona-fide GID1 orthologs 

that have been lost in Anthoceros or all hornworts lack proper GID1 orthologs. 

From a qualitative perspective, the presence/absence of GA synthesis genes in Anthoceros 

is essentially identical to Marchantia polymorpha12. In other words, CPS/KS-, KO-, and KAO-

encoding genes are unambiguously present in Anthoceros (Supplementary Table 10)47. Both 

moss genomes P. patens and Sphagnum fallax lack KAO genes34. Because genes encoding 

proper GA oxidases are not present in any of the Anthoceros genome sequences, we 

conclude that gibberellins are not synthesized in Anthoceros, at least via the canonical 

https://paperpile.com/c/VyVOOK/Y88aa
https://paperpile.com/c/VyVOOK/X2DRN+Y88aa
https://paperpile.com/c/VyVOOK/X2DRN
https://paperpile.com/c/VyVOOK/X2DRN
https://paperpile.com/c/VyVOOK/Y88aa
https://paperpile.com/c/VyVOOK/cc7B7
https://paperpile.com/c/VyVOOK/ofROW
https://paperpile.com/c/VyVOOK/sxQ41
https://paperpile.com/c/VyVOOK/gBl2c
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pathway. A striking observation is the expansion of the CPS/KS family in Anthoceros, many 

of these genes appearing as tandem duplications. The total numbers are high (around 30), 

which is significantly different from angiosperms (usually 1 CPS and 1 KS), and other non-

vascular land plants (3-6). We also found that both bifunctional (CPS/KS) and 

monofunctional (CPS or KS) proteins are present, as proposed also for M. polymorpha and 

P. patens12,34. 

 

Salicylic acid 

To identify whether the genome of A. agrestis and A. punctatus encodes the components for 

salicylic acid (SA) biosynthesis and signaling, the protein sequences of factors involved in 

SA biosynthesis (ICS, PAL, PBS3, and EDS5) and its signaling (NPR, TGA, WRKY, and 

PR1) from A. thaliana were used as a reference point48,49. The sequences were downloaded 

from TAIR (Araport11 assembly)50,51. Additional protein data were downloaded for the 

genomes of P. abies v.1.052, A. filiculoides v.1.0, S. cucullata v1.253, Selaginella 

moellendorffii v.1.054, P. patens v.3.355, M. polymorpha v.3.112, C. braunii v.1.056 and K. 

nitens v.1.157 from NCBI and Phytozome58. 

An initial candidate set of SA biosynthesis and signaling components from the hornworts and 

the other streptophyte lineages was acquired using BLASTp9. Here, the sequences from A. 

thaliana were used as query against the protein files of P. abies, A. filiculoides, S. cucullata, 

S. moellendorffii, P. patens, M. polymorpha, A. agrestis Bonn, A. agrestis Oxford, A. 

punctatus, C. braunii and K. nitens. The e-value cutoff was 10-5 (Supplementary Table 10). 

Initial alignments were produced using MAFFT v.7.42759 with either a local (L-INS-I) or 

global (G-INS-I) alignment strategy. G-INS-I-based alignments were chosen for ICS, NPR 

and TGA, while L-INS-I-based alignments were chosen for EDS5/EDS5H, PR1, PAL, PBS3 

and WRKYs. If N- and/or C-terminal regions were too divergent alignments were trimmed to 

only include the conserved regions (ICS and TGA). Highly divergent sequences were 

removed from the alignment (Supplementary Figure 12). For PBS3 and PR1 only sequences 

containing the same domains as the respective reference sequence from Arabidopsis were 

included in the phylogeny to further reduce sequence divergence across alignments 

(domains for PBS3: GH3, GH3 superfamily, PLN02247, PLN02249 and PLN02620; domains 

for PR1: CAP_PR-1). All domain searches have been performed using CD batch search60. 

An e-value cutoff of 10-5 was used. Phylogenies were built using IQ-TREE v.1.5.561 with pre-

selection for the best model62. The Maximum-likelihood phylogenies are based on 500 

bootstrap replicates. 

Biosynthesis of salicylic acid. Salicylic acid (SA) is synthesized in the chloroplast and 

cytoplasm (Supplementary figure 12) from chorismate63,64. In the angiosperm Arabidopsis 

thaliana, the first step is catalyzed by Isochorismate synthase 1 (ICS1) and likely the 

functionally redundant ICS265,66. The product of this reaction is isochorismate, which is 

exported into the cytoplasm by the MATE-transporter ENHANCED DISEASE 

SUSCEPTIBILITY 5 (EDS5)65,66. Conversion to SA in the cytoplasm requires the acyl acid 

amido synthetase GH3.12 or AvrPphB SUSCEPTIBLE 3 (PBS3), which uses isochorismate 

as substrate to produce isochorismate-9-glutamate66,67. Formation of SA occurs 

https://paperpile.com/c/VyVOOK/ofROW+gBl2c
https://paperpile.com/c/VyVOOK/FcoNZ+TYmyR
https://paperpile.com/c/VyVOOK/1VmCg+VLh39
https://paperpile.com/c/VyVOOK/LmjA4
https://paperpile.com/c/VyVOOK/R2mkR
https://paperpile.com/c/VyVOOK/nsDET
https://paperpile.com/c/VyVOOK/J7azn
https://paperpile.com/c/VyVOOK/ofROW
https://paperpile.com/c/VyVOOK/zuQHQ
https://paperpile.com/c/VyVOOK/2XMXl
https://paperpile.com/c/VyVOOK/PlynY
https://paperpile.com/c/VyVOOK/ZDGfi
https://paperpile.com/c/VyVOOK/8lMcl
https://paperpile.com/c/VyVOOK/UDF58
https://paperpile.com/c/VyVOOK/ztf36
https://paperpile.com/c/VyVOOK/zFGJc
https://paperpile.com/c/VyVOOK/r20LQ+SB8Pw
https://paperpile.com/c/VyVOOK/36uf2+sX8jC
https://paperpile.com/c/VyVOOK/36uf2+sX8jC
https://paperpile.com/c/VyVOOK/sX8jC+KWpQL
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spontaneously from isochorismate-9-glutamate66,67, but the reaction can be enhanced by the 

Brassicaceae-specific BAHD acyltransferase ENHANCED PSEUDOMONAS 

SUSCEPTIBILTY 1 (EPS1)67. Alternatively, SA can be generated in the chloroplast via a 

largely unexplored pathway involving Phenylalanine Ammonia Lyase (PAL)68–70.  

We searched the genomes of 11 streptophytes for SA biosynthesis genes via an initial 

BLASTp search, followed by in-depth phylogenetic analyses (Supplementary Figure 12). We 

retrieved orthologs of ICS1 and 2 in most streptophyte genomes (Supplementary Figure 12). 

Picea abies appears to have lost both ICS copies. Azolla filiculoides and A. punctatus each 

have lost one of the functionally redundant ICS-encoding genes. A direct co-ortholog for 

PAL1, 2, 3 and 4 was only found in P. abies (Supplementary Figure 12). However, based on 

phylogenetic analyses including both PALs and the related Histidine Ammonia Lyases 

(HALs) from more eukaryotic supergroups and bacteria, it was shown that all embryophyte 

lineages as well as the streptophyte algae K. nitens possess putative PAL-like candidates71. 

A domain search could confirm the presence of PAL domains (PLN02457) are present in all 

embryophyte sequences included in our phylogeny (Supplementary Table 24). The PAL-like 

sequences of streptophyte algae are truncated compared to the embryophyte versions71. 

Therefore, albeit the K. nitens has been identified as putative PAL71, domain analyses can 

only identify the truncated HAL domain. PBS3 belongs to the GH3 family and clusters with 

other GH3 family members of A. thaliana, suggesting it arose during an expansion within A. 

thaliana (Supplementary Figure 12). No Anthoceros sequences clustered with this exact 

subfamily, albeit several sequences were found that had domains occurring in the proteins 

belonging to the GH3 family (i.e. GH3, GH3 superfamily, PLN02247, PLN02249 and 

PLN02620). The transporter AtEDS5 is duplicated within A. thaliana, the duplication called 

AtEDS5 Homolog (AtEDS5H). The role of AtEDS5H in SA signaling is currently unknown72. 

In our phylogenetic analyses AtEDS5H and AtEDS5 cluster together, suggesting a recent 

duplication in A. thaliana (Supplementary Figure 12). Therefore, it is hard to hypothesize the 

ancestral function in the absence of further functional studies. Our current analyses can only 

go so far as to show that homologs of EDS5/EDS5H exist in most embryophyte lineages 

(except P. abies), including both Anthoceros species. The presence of the entire 

biosynthesis pathway in the embryophytes (Supplementary Figure 12), however, implies that 

some kind of SA transfer mechanism of SA from chloroplast to cytoplasm must exist. 

Perception and downstream signaling of salicylic acid. In the cytoplasm, SA is 

perceived by three receptors in the angiosperm A. thaliana: NONEXPRESSER OF PR 

GENES (NPR)1, 3 and 473,74. The NPR receptors further activate downstream signaling by 

directly or indirectly interacting with TGACG-binding bZIP (TGA) and WRKY transcription 

factors (TFs) (Supplementary Figure 12)29,75,76. It has recently been shown that NPR1 is a 

positive regulator of SA signaling, while NPR3 and 4 are negative regulators77,78. 

Downstream the TGA and WRKY TFs activate SA-specific signaling and may also interfere 

with jasmonic acid signaling, thereby establishing the antagonistic relationship of these two 

phytohormones that is observed in A. thaliana. Yet, it should be noted that the antagonistic 

relationship between JA and SA may not exist in all plant lineages to the extent it is 

observed in A. thaliana79–82. 

We investigated the presence of SA signaling components in Anthoceros sp. and other 

streptophyte lineages and confirmed that NPR1, 3 and 4 have originated through recent 

duplication within A. thaliana (Supplementary Figure 12). Only the gymnosperm P. abies had 

https://paperpile.com/c/VyVOOK/sX8jC+KWpQL
https://paperpile.com/c/VyVOOK/KWpQL
https://paperpile.com/c/VyVOOK/CxqK9+EVZ1A+ry6hC
https://paperpile.com/c/VyVOOK/edXQy
https://paperpile.com/c/VyVOOK/edXQy
https://paperpile.com/c/VyVOOK/edXQy
https://paperpile.com/c/VyVOOK/UGHCm
https://paperpile.com/c/VyVOOK/HmoQZ+ZuTiY
https://paperpile.com/c/VyVOOK/xDjmp+8zIqt+70r8A
https://paperpile.com/c/VyVOOK/knZfr+LrZfa
https://paperpile.com/c/VyVOOK/sPGUi+ecu1D+xcN6F+2A8Rz
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a direct homolog of the NPR clade with high support, which warrants attention because it 

lacked both ICS as well as SA exporter candidates (Supplementary Figure 12). NPR-like 

sequences were further found in Salvinia cucullata, A. filiculoides, S. moellendorffii and the 

bryophytes P. patens and M. polymorpha, but with low bootstrap support (support >50 and 

<70; Supplementary Figure 12). A. agrestis, A. punctatus and the two streptophyte algae, C. 

braunii and K. nitens, possess the related and also BTB/POZ domain-containing proteins 

BLADE ON PETIOLE 1 and 2 (BOP1 and 2), involved in plant development83, but lack 

homologs of NPRs (Supplementary Figure 12). 

Our TGA analyses included the closely related bZIPs, bZIP28 and bZIP49, belonging to 

bZIP group B84 to better distinguish which TFs are TGA (bZIP group D) and which are other 

bZIP factors. Yet, bZIP group B clustered within the TGAs, leading to an unresolved 

phylogeny (Supplementary Figure 12). Such results are generally not surprising for 

evolutionary analyses of TFs. It is noteworthy that, in a previous study, we observed that 

TGAs show a higher conservation to each other than to any of the other bZIP groups85. We 

therefore used this information to identify the most likely TGA-like sequences. AtTGA 

paralogs show a 58.98±11.41% amino acid (aa) identity between each other, while they are 

only 7.68±0.95% identical to bZIP group B TFs on the aa level. Using this information, we 

found that most sequences in the supported cluster that includes A. thaliana’s TGAs as well 

as bZIP28 and 49 showed an aa identity of over 47.5% to at least one TGA family member 

(Supplementary Figure 12; Supplementary Table 10). On the contrary, sequences outside of 

this cluster showed an aa identity <29% to each of the TGA members. Only two sequences, 

from within the TGA-like/bZIP group B cluster diverted from this pattern: One is a protein 

sequence from P. patens (Pp3c11_3960V3.1.p), which however clustered with high 

bootstrap support (bootstrap value 98) with bZIP28 and 49, suggesting that it is more likely a 

group B bZIP. The second is from A. fliculoides (Azfi_s0113.g045990), which clusters with 

other TGA-like sequences from S. cucullata and A. filiculoides. It is 41.10 to 47.16% identical 

to AtTGA1 to 10. These values are very close to the sequence identity of TGAs within A. 

thaliana and largely different to the <29% aa identity cutoff for sequences outside the TGA-

like cluster, suggesting that Azfi_s0113.g045990 may also be a TGA homolog 

(Supplementary Figure 12). 

We next investigated the evolutionary conservation of WRKY TFs involved in SA signaling. 

To do so, we selected six WRKYs, for which function in SA signaling or the JA/SA 

antagonism was reported in A. thaliana53,86–89: WRKY22, 41, 50, 51, 62 and 70. Here we 

found homologs to the clade of WRKY41 and 70 in several land plants (Supplementary 

Figure 12) with high bootstrap support (bootstrap value 72). This included one homolog in 

each A. agrestis isolates and one in A. punctatus. Downstream these TFs activate a 

characteristic SA-specific and dependent gene expression. One of the best characterized 

marker genes for SA-specific gene expression in A. thaliana is Pathogenesis-related 1 

(PR1). Phylogenetic analyses of PR1 remained inconclusive, due little or no bootstrap 

support. Only for P. abies weakly supported (bootstrap value 52) PR1-like sequences were 

identified (Supplementary Figure 12). It is however noteworthy that all sequences included in 

our phylogenetic analyses possessed a CAP_PR-1 domain (Supplementary Table 10), 

distinguishing them from proteins which only encode CAP superfamily domains. They are 

therefore belonging to the PR1 protein subfamily within the CAP superfamily.  

https://paperpile.com/c/VyVOOK/zI15f
https://paperpile.com/c/VyVOOK/KkCZT
https://paperpile.com/c/VyVOOK/02ThX
https://paperpile.com/c/VyVOOK/hfZED+R2mkR+Bhgkd+jZuLp+ZEIea
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Our evolutionary analyses suggest that the genetic chassis for SA biosynthesis occurs 

across the streptophytes. Yet, for example P. abies may synthesize SA singularly through 

the PAL route, given the absence of proteins with any similarity to ICS. Further, our analyses 

reveal a lack of putative SA exporters in both the gymnosperm P. abies, as well as the two 

streptophyte algae C. braunii and K. nitens. Given that SA was measured in the latter57, it 

may be that other mechanisms than EDS5-dependent export from chloroplast to cytoplasm 

exist in some green lineages. Concerning the here analyzed hornworts the genetic potential 

for SA biosynthesis and export is fully present in their genomes. We further found that, like 

the other analyzed streptophyte genomes, those of the three hornworts (A. agrestis Bonn, A. 

agrestis Oxford and A. punctatus) encode the components to induce downstream SA 

signaling (TGA-like and WRKY TFs), yet it is unclear how SA might be perceived in 

hornworts, given that no NPR-like sequences were retrieved.  

 

Ethylene and cytokinin signaling/synthesis 

Ethylene and cytokinin signaling, both two-component systems, has evolved in the 

Charophytes and is not present in any of the Chlorophytes12,29,56. We used A. thaliana, M. 

polymorpha and P. patens genes related to ethylene and cytokinin signaling and synthesis 

and BLASTp searches to find their corresponding homologs in the three hornwort genomes. 

The ethylene and cytokinin signaling and synthesis related gene set of the three hornwort 

genomes was very similar that was reported earlier for M. polymorpha and P. patens12,29,34. 

In brief, the full set of cytokinin signaling and synthesis genes are present in all three 

hornwort genomes further confirming the conservation of this pathway in all land plants 

(Supplementary Table 10). Genes involved in ethylene signaling and synthesis are also 

present, but as was shown for other non-seed plants12,34,53 a gene coding for a distinct 

ethylene-forming enzyme is missing (ACO)(Supplementary Table 10). Biological function of 

ethylene and cytokinins are relatively well investigated in P. patens and M. polymorpha90–92. 

In contrast, effect and biological significance of cytokinins and ethylene is poorly known in 

hornworts and needs to be explored in the future. 

 

Genes for plastidial peptidoglycan biosynthesis 

Plastids originated from cyanobacteria through endosymbiosis. Cyanobacteria are gram 

negative bacteria and are hence encased by a murein layer-based cell wall. The plastid 

number and morphology of streptophyte algae, mosses, lycophytes, and—to a certain 

degree—ferns are affected by inhibitors (β-lactam antibiotics) of peptidoglycan (PG) 

biosynthesis93–96. Various non-seed plants bear a genetic chassis that is homologous to PG 

biosynthesis of bacteria, including a set of mur genes97,98. P. patens that has had these PG 

biosynthesis genes knocked out bear alterations in plastid number and morphology97,99—

corroborating the aforementioned inhibitor-based data. These insights culminated in a study 

by Hirano et al.98, who used a specific D-Ala-D-Ala labeling technique to visualize the PG 

layer of the model moss P. patens. The genes for PG biosynthesis are present in the 

genome of M. polymorpha as well12,98 and they are affected by PG-inhibiting antibiotics100. In 

https://paperpile.com/c/VyVOOK/2XMXl
https://paperpile.com/c/VyVOOK/70r8A+ofROW+zuQHQ
https://paperpile.com/c/VyVOOK/70r8A+gBl2c+ofROW
https://paperpile.com/c/VyVOOK/gBl2c+ofROW+R2mkR
https://paperpile.com/c/VyVOOK/dCv49+5KcIv+Z4epy
https://paperpile.com/c/VyVOOK/IEC5W+fLVuY+FannZ+R75Ar
https://paperpile.com/c/VyVOOK/S61pB+GqXcq
https://paperpile.com/c/VyVOOK/S61pB+qcSAf
https://paperpile.com/c/VyVOOK/GqXcq/?noauthor=1
https://paperpile.com/c/VyVOOK/GqXcq+ofROW
https://paperpile.com/c/VyVOOK/5FRK4
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sum, among land plants, mosses, liverworts, and lycophytes have genes for PG 

biosynthesis. What about hornworts? 

Genomes of P. patens55 and M. polymorpha12 have genes for PG biosynthesis. To screen 

the three Anthoceros genomes for the presence of PG biosynthesis genes, we downloaded 

the protein sequences of the genes murA-G and mraY (annotated based on KEGG) of 

Nostoc punctiforme PCC 73102101 as well as the P. patens proteins DDL, PBP, and DAC97. 

We used a reciprocal BLASTp screening to identify putative orthologs of these genes in all 

three assemblies of Anthoceros. All identified Anthoceros proteins were investigated for the 

relevant domains via Interproscan. Both Anthoceros agrestis and Anthoceros punctatus had 

genes likely coding for MURA to MURG, MRAY, DDL, PBP, and DAC in their genomes 

(Supplementary Figure 17, Supplementary Table 10). They hence have the full homologous 

genetic chassis for PG biosynthesis. Altogether, our data indicate that all hornworts have a 

similar chassis for PG biosynthesis as mosses. This means that PG biosynthesis was likely 

present in the last common ancestor of all land plants and was lost along the trajectory of 

euphyllophyte evolution. 

 

Monoplastidy 

Recently, Grosche and Rensing102 reported an intriguing co-occurrence of genes for FtsZ3 in 

those photosynthetic eukaryotes whose plastids bear PG layers. As in their cyanobacterial 

progenitors, plastidial FtsZ proteins assemble into a contractile ring that facilitates the fission 

of plastids103. Knock-out studies of the five ftsZ genes found in P. patens revealed that loss 

of function in FtsZ results in alterations of plastid number and morphology104. Along the 

trajectory of streptophyte evolution, having more than one plastid per cell is a trait that was 

likely gained within the Phragmoplastophyta105. This might have occurred via a biplastidy in 

the closest algal relatives of land plants105—and hence potentially the earliest land plants.  

Hornwort data are essential for assembling the picture of how the last common ancestor of 

all land plants—and hence also the earliest land plants—might have looked like. Further, 

hornworts might represent an interesting case for the evolution of polyplastidy: some of them 

can be considered monoplastidic or biplastidic105,106. Since the PG layer and FtsZ3 are 

proposed to be functionally interconnected102,105, we analyzed the FtsZ repertoire encoded in 

the Anthoceros genomes (Supplementary Table 10). In all three genomes of Anthoceros we 

detected only two ftsZ genes each. Based on the data of Grosche and Rensing102, we 

constructed a phylogeny (G-INS-I alignment; ML; LG+I+G4; 100 bootstrap replicates; IQ-

TREE v1.5.5) that included all putative Anthoceros FtsZ proteins as well as the FtsZ protein 

candidates that we found in the genomes of the ferns A. filiculoides and S. cucullata 

(Supplementary Figure 18). Interestingly, both species of Anthoceros had only an ortholog of 

FtsZ1 and FtsZ3, but not FtsZ2. The same was true for the genome of Chara braunii56, but 

not for Klebsormidium nitens57. This raises the question of whether FtsZ2 was present in the 

last common ancestor of land plants and Klebsormidiophyceae and then (a) simply lost in 

Chara and Anthoceros or (b) whether it speaks to independent origins of FtsZ2. Altogether, 

the evolution of FtsZ2, the co-occurrence of genes coding for FtsZ3 and PG in Anthoceros 

corroborates the previously observed patterns for mosses and liverworts102. 
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To further understand the monoplastidy in hornworts, we investigated if there is any other 

gene involved in controlling plastid division and number be absent in the Anthoceros 

genomes. A. thaliana (TAIR10 genome with Araport11 annotations), P. patens (v3.3 from 

Phytozome) and M. polymorpha (v3.1 Phytozome) homologs of the key genes known to 

control chloroplast division (see Supplementary Table 10)107–109 were queried to each of the 

three Anthoceros proteomes or genomes using BLASTp and tBLASTn9 respectively, with a 

threshold e-value of 1e-5. We found all of them are present in the Anthoceros genomes 

(Supplementary Table 10). Control of their expression or their difference in the amino acid 

sequence may have determined the monoplastidy in hornworts. 

 

Plastid targeted proteins 

In order to further our understanding of hornwort plastid biology, we compared the sets of 

proteins with a supposed function in the plastid between the three hornworts and two 

mosses (P. patens, S. fallax). We hypothesized that the reduced plastid number (solitary 

plastids in the three investigated hornwort species) will have an effect on the plastid targeted 

gene set. To this end, we subjected all predicted proteins, including isoforms, per species to 

a targetP analysis110,111 to identify transit peptides and predict the cellular localization of all 

proteins. The analysis was carried out under default settings, allowing for 2,000 peptides to 

be searched at once; the prediction of cleavage sites was enabled. All proteins with a 

chloroplast- or thylakoid lumen-specific transit peptide were extracted from the data sets. 

Subsequently, an all-versus-all BLASTp search of plastid-predicted proteins (BLOSUM62 

matrix, gap and extension penalty: 11 and 1, respectively; word size: 6, e-value: 10E-3; no 

low complexity filter) was used to identify proteins that were conserved in all species. 

Proteins missing an unambiguous transit peptide in one species were searched for again in 

the protein pool using BLASTp (as above). If that failed, too, a protein-to-genome search 

was performed using exonerate112 with an allowed minimum and maximum intron size of 20 

and 8,000 bp, respectively. Together, this approach discovered over 3,000 plastid-targeted 

genes that are common in hornworts and mosses (Supplementary Table 18). Six hornwort 

proteins with plastid-specific transit peptide had no match in P. patens or S. fallax. Of these, 

one showed some similarity to the bacterial ribosomal protein L34 (54% over a length of 39 

aa), and all others contained short amino acid sequences (max. 40 aa in length) that 

resembled peptides from bacterial proteins of unknown function. Our analysis suggests 

some difference between the plastid targeted set of proteins in hornworts and mosses. 

Nevertheless, the biological significance of these differences needs to be further investigated 

by functional essays. 

 

Photoreceptors 

Being able to accurately sense and respond to light cues is fundamental for plants to adapt 

to the terrestrial environment113. Previously, a chimeric photoreceptor, neochrome, was 

found in hornworts that consist of part phytochrome (a red/far-red-light receptor) and part 

phototropin (a blue sensor)114. Phylogenetic analyses showed that hornwort neochrome was 
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horizontally transferred to ferns, which likely enabled ferns to survive and diversify in the 

angiosperm-dominated forests114. With the newly assembled genomes, we characterized the 

complete photoreceptor repertoire in hornworts (Supplementary Table 10). We found that 

with the exception of cryptochrome, all the photoreceptors are single-copy genes in the 

Anthoceros genomes. Such a reduced number of photoreceptor orthologs is highly unusual 

for a plant genome115,116, but similar to that in M. polymorpha12. Most of the key light 

signaling components, including phytochrome-interacting factors (PIFs), are single-copy as 

well, a situation again found in M. polymorpha but not in other plant lineages (Supplementary 

Table 10). Future work investigating the presumably simpler light signalling networks in 

hornworts and M. polymorpha should form the basis for understanding the diversification of 

light regulatory modules in vascular plants.    
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Supplementary Figure 1. Mitotic chromosome count of Anthoceros agrestis (Oxford strain). (A) A total 
of 6 chromosomes can be distinguished. (B) Same image as (A) but with each chromosome outlined sepa-
rately. The scale bar is 10μm. 
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Supplementary Figure 3. Comparison of BUSCO scores (Viridiplantae set). (A) Genome. (B) Annotated 
proteome. The hornwort proteomes include alternative transcripts and that is why they show high proportions 
of duplicated BUSCOs. The proteomes that form the basis of the Viridiplantae set are marked by #, which 
unsurprisingly show high degrees of completeness. 

A (genome)

B (proteome)

#

#

#

#

*Include alternative transcripts
#Used for constructing the BUSCO set

(1) Li, F.-W. et al. Fern genomes elucidate land plant evolution and cyanobacterial symbioses. Nature Plants 4, 1–16 (2018). (2) Goodstein, D. M. et al. Phytozome: 
a comparative platform for green plant genomics. Nucleic Acids Res. 40, D1178–86 (2012). (3) VanBuren, R. et al. Extreme haplotype variation in the desicca-
tion-tolerant clubmoss Selaginella lepidophylla. Nat. Commun. 9, 13 (2018). (4) Pederson, E. R. A. et al. Genome sequencing of Pleurozium schreberi: The 
assembled and annotated draft genome of a Pleurocarpous feather moss. G3  9, 2791–2797 (2019). (5) Cheng, S. et al. Genomes of subaerial Zygnematophyceae 
provide insights into land plant evolution. Cell 179, 1057–1067.e14 (2019). (6) Nishiyama, T. et al. The Chara genome: secondary complexity and implications for 
plant terrestrialization. Cell 174, 448–464.e24 (2018). (7) Hori, K. et al. Klebsormidium flaccidum genome reveals primary factors for plant terrestrial adaptation. 
Nat. Commun. 5, 3978 (2014).



0.0e+00 5.0e+06 1.0e+07 1.5e+07

50
15

0
25

0

Sc2ySwM_117

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
10

0
20

0
30

0

Sc2ySwM_228

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

50
10

0
15

0
20

0

Sc2ySwM_340

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
10

0
20

0
30

0

Sc2ySwM_344

0.0e+00 4.0e+06 8.0e+06 1.2e+07

50
15

0
25

0 Sc2ySwM_362

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

50
15

0
25

0

Sc2ySwM_368

Sc2ySwM_369

0.0e+00 5.0e+06 1.0e+07 1.5e+07

0
5

10
20

Sc2ySwM_117

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
10

20
30

40

Sc2ySwM_228

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
5

10
15

Sc2ySwM_340

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
5

15
25

35

Sc2ySwM_344

0.0e+00 4.0e+06 8.0e+06 1.2e+07

0
10

20
30

40

Sc2ySwM_362

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
5

10
20

30

Sc2ySwM_368

0.0e+00 5.0e+06 1.0e+07 1.5e+07

0
40

80
12

0

Sc2ySwM_117

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
50

10
0

15
0

Sc2ySwM_228

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
20

40
60

80

Sc2ySwM_340

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
40

80
12

0

Sc2ySwM_344

0.0e+00 4.0e+06 8.0e+06 1.2e+07

0
20

60
10

0

Sc2ySwM_362

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
20

60
10

0

Sc2ySwM_368

0.0e+00 5.0e+06 1.0e+07 1.5e+07

0
2

4
6

8
12

Sc2ySwM_117

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
5

10
20

Sc2ySwM_228

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
5

10
15

Sc2ySwM_340

0.0e+00 5.0e+06 1.0e+07 1.5e+07 2.0e+07 2.5e+07

0
5

10
15

20

Sc2ySwM_344

0.0e+00 4.0e+06 8.0e+06 1.2e+07

0
2

4
6

8
12

Sc2ySwM_362

0e+00 2e+06 4e+06 6e+06 8e+06 1e+07

0
5

10
15

20

Sc2ySwM_368

C D

E F

all repeats DNA transposons

all LTRs non-LTR retroelements

0

50

100

Anthoceros
agrestis

Bonn

Anthoceros 
agrestis
Oxford

Anthoceros 
punctatus

B
as

e 
pa

irs
 (M

b)

0

25

50

75

100

P
ro

po
rti

on
 o

f t
he

 g
en

om
e 

(%
)

LTR

DNA

LINE

SINE

Rolling Circle

Low Complexity

Satellite

Simple Repeat

rRNA

snRNA

Unknown

Non Repetitive
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Supplementary Figure 4. Repeat composition and distribution in the Anthoceros genomes. continued.
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Supplementary Figure 5. The Anthoceros genomes lack long tandem repeats. a, Dotplot 
comparing Illumina short-read and final chromosomal assemblies. b, Self synteny of the final 
chromosomal assembly. c, The number of repeated units plotted against the length of the unit. 
d, Same as c but the x-axis is cutoff at 500bp. e, Distribution of tandem repeats along the six 
largest scaffolds in A. agrestis Bonn genome. There is no long tandem repeats that are spatially 
clustered. Position in Mb. f, Same as e but only the repeats with unit length ≥10bp and 
duplicated ≥30 times were plotted.
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Supplementary Figure 5. The Anthoceros genomes lack long tandem repeats. continued.
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Supplementary Figure 5. The Anthoceros genomes lack long tandem repeats. continued.
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Supplementary Figure 6. Collinearity of land plant genomes. a, Number of collinear blocks within vascular 
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minimum of three anchors per collinear blocks.



Anthoceros agrestis Bonn 
without PPR

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
20

0
40

0
60

0
80

0

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
10

0
20

0
30

0
40

0
50

0 Anthoceros agrestis Oxford 
without PPR

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
10

0
20

0
30

0
40

0 Anthoceros punctatus
without PPR

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
20

0
40

0
60

0
80

0
10

00

Anthoceros agrestis Bonn 

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0

Anthoceros agrestis Oxford 

Ks

N
um

be
r o

f G
en

e 
D

up
lic

at
io

ns

0 1 2 3 4 5

0
20

0
40

0
60

0
80

0

Anthoceros punctatusA B C

Supplementary Figure 7. No strong signal of whole genome duplication from Ks divergence. Ks plots of 
the annotated genes from a, Athoceros agrestis Bonn, b, A. agresits Oxford, and c, A. punctatus. Because 
pentatricopeptide repeat protein (PPR) genes have proliferated in hornworts and might create artificial low Ks 
peaks, we additionally generated Ks plots with PPR genes removed (d-f). 
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Supplementary Figure 8. Phylogeny of key sporophyte development genes. a, YABBY. b, KNOX. c, 
WOX. d, LEAFY. e, A part of the LEAFY amino acid sequence alignment confined to the DNA binding domain. 
Amino acid numbering is based on AtLFY. Black triangle indicates residues that are reportedly involved in 
DNA binding specificity (Sayou et al. 2014). Hornwort sequences (in green) were collapsed as one terminal 
tip if they are identical. Bootstrap support values, if >50, are shown along the branches. 
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 AAM03026.1 homeodomain protein KNAT1/BP Arabidopsis thaliana

 XP 020525752.1 homeotic protein knotted-1 isoform X1 Amborella trichopoda

 XP 015629392.1 homeobox protein knotted-1-like 6 Oryza sativa Japonica  

 XP 020600067.1 homeobox protein knotted-1-like 2 isoform X1 Phalaenopsis equestris

 XP 015646117.1 homeobox protein knotted-1-like 12 Oryza sativa Japonica  

 XP 020591105.1 homeotic protein knotted-1-like isoform X1 Phalaenopsis equestris

 XP 006830099.3 homeobox protein knotted-1-like LET6 Amborella trichopoda

 NP 176426.1 KNOX/ELK homeobox transcription factor Arabidopsis thaliana

 XP 020592706.1 homeobox protein knotted-1-like LET6 Phalaenopsis equestris

 XP 015628832.1 homeobox protein knotted-1-like 4 Oryza sativa Japonica  

 XP 025879711.1 putative homeobox protein knotted-1-like 5 Oryza sativa Japonica  

 BAB18584.1 CRKNOX2 Ceratopteris richardii

 BAB18582.1 CRKNOX1 Ceratopteris richardii

 XP 025879466.1 homeobox protein knotted-1-like 8 isoform X1 Oryza sativa Japonica  

 XP 025879690.1 homeobox protein knotted-1-like 9 Oryza sativa Japonica  

 XP 015634297.1 homeobox protein knotted-1-like 1 Oryza sativa Japonica  

 XP 015637898.1 homeobox protein knotted-1-like 10 Oryza sativa Japonica  

 XP 020520613.1 homeobox protein knotted-1-like 1 Amborella trichopoda

 XP 020520876.1 homeobox protein knotted-1-like 2 isoform X1 Amborella trichopoda

 OAP17443.1 KNAT2 Arabidopsis thaliana

 NP 173752.3 homeobox protein knotted-1-like 6 Arabidopsis thaliana

 XP 002975018.1 homeobox protein knotted-1-like 1 Selaginella moellendorffii

 XP 002991428.1 homeobox protein knotted-1-like 1 isoform X2 Selaginella moellendorffii

 BAF96740.1 knotted-like homeobox transcription factor MKN4 partial Physcomitrella patens

 BAF96739.1 knotted1-like homeobox transcription factor MKN2 partial Physcomitrella patens

 BAF96741.1 knotted-like homeobox transcription factor MKN5 partial Physcomitrella patens

 kfl00113 0180

 PTQ28059.1 hypothetical protein MARPO 0175s0020 Marchantia polymorpha

 kfl00118 0070

 OAE31991.1 hypothetical protein AXG93 3769s1000 Marchantia polymorpha subsp. ruderalis

 XP 011627191.1 homeobox protein HD1 isoform X1 Amborella trichopoda

 XP 001765575.1 KNOX class 2 protein MKN6 Physcomitrella patens

 XP 001772723.1 KNOX class 2 protein MKN1-3 Physcomitrella patens

 XP 015628919.1 homeobox protein knotted-1-like 3 Oryza sativa Japonica  

 NP 564805.1 homeobox knotted-like protein Arabidopsis thaliana

 XP 020589291.1 LOW QUALITY PROTEIN: homeobox protein knotted-1-like 3 Phalaenopsis equestris

 XP 011629007.1 homeobox protein HD1 isoform X1 Amborella trichopoda

AagrBONN evm.model.Sc2ySwM 368.1986.6 . AagrBONN evm.TU.Sc2ySwM 368.1986 Sc2ySwM 368:8581705-8584896(-)

 EFJ24870.1 KNOX transcription factor Selaginella moellendorffii

 XP 024522124.1 homeobox protein knotted-1-like 7 Selaginella moellendorffii

 BAB18585.1 CRKNOX3 Ceratopteris richardii

 NP 194932.1 homeobox protein knotted-1-like 5 Arabidopsis thaliana

 XP 015626237.1 homeobox protein knotted-1-like 2 isoform X1 Oryza sativa Japonica  

 XP 015644389.1 homeobox protein knotted-1-like 11 isoform X1 Oryza sativa Japonica  

 NP 197904.1 homeobox protein knotted-1-like 3 Arabidopsis thaliana

 NP 196667.2 homeobox protein knotted-1-like 4 Arabidopsis thaliana

 XP 006848824.1 homeobox protein knotted-1-like 2 isoform X1 Amborella trichopoda

 XP 020579391.1 homeobox protein knotted-1-like 13 Phalaenopsis equestris

 BAA08552.1 OSH45 Oryza sativa Japonica  

 XP 003078964.1 Homeobox KN domain Ostreococcus tauri

 ABJ15867.1 gamete-specific protein minus 1 Chlamydomonas reinhardtii
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Supplementary Figure 8. Phylogeny of key sporophyte development genes. continued.
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Supplementary Figure 8. Phylogeny of key sporophyte development genes. continued.

C
WOX

CBX45507 Ceratopteris richardii
CBX45506 Ceratopteris richardii70

ABK28476 NP_565263 Arabidopsis thaliana  WOX6/PFS2 AT2G01500
AAP37133 NP_188428 Arabidopsis thaliana WOX1 AT3G18010

XP_015616762 BAT12269 Oryza sativa Japonica  
ABK28517 NP_180429 Arabidopsis thaliana WOX3/PRS AT2G28610

XP_015639083 Oryza sativa Japonica  
XP_006828230 Amborella trichopoda

XP_020583099 Phalaenopsis equestris

83

ERM94101 XP_020519767 XP_006826864 Amborella trichopoda
XP_020582602 Phalaenopsis equestris

NP_175145 NP_001320246 AAG50620 Arabidopsis thaliana WOX4 AT1G46480
XP_006855139 Amborella trichopoda

BAF15996 XP_015635367 CAD88982 Oryza sativa Japonica  80

NP_200742 OAO90278 AAP37131 Arabidopsis thaliana WOX2 AT5G59340
XP_011624163 ERN07797 Amborella trichopoda

55

BAS75151 EAZ14102 XP_015644226 Oryza sativa Japonica  
XP_020599373 Phalaenopsis equestris83

XP_020596671 Phalaenopsis equestris
XP_011624486 XP_020524688 Amborella trichopoda81

NP_565429 ABK28496 OAP09268 Arabidopsis thaliana  WUS AT2G17950
CBX45508 Ceratopteris richardii

AGQ04537 XP_015635371 EEE61851 BAE48303 CAE04846 Oryza sativa Japonica  
ERN09718 XP_006848137 Amborella trichopoda

XP_015642985 Oryza sativa Japonica  
XP_020576529 Phalaenopsis equestris87

AAG50976 NP_187735 Arabidopsis thaliana  WOX5 AT3G11260
AIR72305 NP_196196 Arabidopsis thaliana  WOX7 AT5G05770

OAO92889 Arabidopsis thaliana99
67

68
99

92

XP_020583066 Phalaenopsis equestris
ABZ85633 AAF03478 ABZ85640 ABZ85634 NP_187016 AAP37140 NP_001118563 OAP02120 
                                                                                      ABZ85635 NP_001326145 NP_001326146 

Arabidopsis thaliana WOX11 AT3G03660
BAB09580 NP_001330983 NP_001190327 Arabidopsis thaliana  WOX12 AT5G17810

76

XP_015645719 XP_015629006 XP_015629005 Oryza sativa Japonica   XP_020517625 Amborella trichopoda
XP_015649642 Oryza sativa Japonica  

XP_020573379 Phalaenopsis equestris
61

99

XP_020527832 XP_006852543 ERN14010 Amborella trichopoda NP_001324695 AAC69146 NP_180944 Arabidopsis thaliana
BAH93255 XP_025881188 BAS95357 AAT77402 Oryza sativa Japonica  

XP_025875666 EEE55148 Oryza sativa Japonica  
XP_015646013 Oryza sativa Japonica  OsWOX13 Oryza sativa Japonica  93

76

XP_020596429 Phalaenopsis equestris

74

BAB08243 NP_199410 OAO93646 Arabidopsis thaliana WOX8 AT5G45980

89

XP_002986005 XP_024515798 XP_002981885 EFJ12824 EFJ16978 Selaginella moellendorffii
NP_195280 Arabidopsis thaliana WOX13 AT4G35550

XP_015626455 Oryza sativa Japonica 
OAP16347 NP_173494 Arabidopsis thaliana WOX10 AT1G20710

OAP12283 NP_001322715 NP_173493 NP_001322716 Arabidopsis thaliana WOX14 AT1G2070075
XP_020592734 Phalaenopsis equestris

XP_020573161 XP_020576547 Phalaenopsis equestris
XP_006855728 Amborella trichopoda

CBX45504 Ceratopteris richardii
XP_024367047 Physcomitrella patens

PTQ45519 PTQ45518 Marchantia polymorpha OAE33469 Marchantia polymorpha subsp. ruderalis
CBX45505 Ceratopteris richardii

XP_002962413 Selaginella moellendorffii
PNR48191 XP_024385206 BAM76367 Physcomitrella patens WOX13LB

XP_024395861 PNR39691 XP_024395858 BAM76366 Physcomitrella patens WOX13LA 
85

98
76

XP_024524489 EFJ34398 EFJ23657 Selaginella moellendorffii
GAQ80365 Klebsormidium nitens

88

0.100

Anthoceros WOX13Ld

Anthoceros WOX13Lb
Anthoceros WOX13La

Anthoceros WOX13Lc



 NP 001292752.1 floricaula/leafy homolog Amborella trichopoda

 NP 200993.1 floral meristem identity control protein LEAFY Arabidopsis thaliana

 XP 020598185.1 floricaula/leafy homolog Phalaenopsis equestris

 AHX83809.1 protein leafy Oryza sativa Japonica  

 ADO34106.1 LEAFY protein partial Pinus armandii

 O04116.1 Floricaula/leafy-like protein PRFLL Pinus radiata

 AAV49504.1 LEAFY-like protein Picea abies

 AAV49503.1 NEEDLY-like protein partial Picea abies

 ADO33969.1 NEEDLY protein Pinus armandii

 O04407.1 NEEDLY Pinus radiata

 PTQ31300.1 hypothetical protein MARPO 0113s0034 Marchantia polymorpha

 BAB41069.2 CRLFY1 Ceratopteris richardii

 BAB41070.2 CRLFY2 Ceratopteris richardii

 XP 002966714.2 floricaula/leafy-like protein FL1 Selaginella moellendorffii

 BAD91044.1 FLORICAULA/LEAFY homolog 2 Physcomitrella patens

 BAD91043.1 FLORICAULA/LEAFY homolog 1 Physcomitrella patens

 AHJ90704.1 LFY Nothoceros aenigmaticus

AagrOXF evm.model.utg000049l.76.4 . AagrOXF evm.TU.utg000049l.76

 AHJ90706.1 CyLFY Cylindrocystis sp. EM-2014

 AHJ90707.1 KsLFY Klebsormidium subtile
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Supplementary Figure 8. continued.
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                                                     240       250       260       270       280       290        300       310      320        330       340      
                                                      .         .         .         .         .         .          .         .         .         .         .           
NP_200993.1 LFY [Arabidopsis thaliana]              RQREHPFIVTEPGEVARGKKNGLDYLFHLYEQCREFLLQVQTIAKDRGEKCPT-KVTNQVFRYAKKSGASYINKPKMRHYVHCYALHCLDEEASNALRRAFKERGE-----
XP_020598185.1 [Phalaenopsis equestris]             RQREHPFIVTEPGEVARAKKNGLDYLFHLYEQCHEFLLQVQAVAKDRGDKCPT-KVTNLVFRYAKKVGASYINKPKMRHYVHCYALHVLDEEASNALRRAFKERGE-----
AHX83809.1 leafy [Oryza sativa]                     RQREHPFVVTEPGEVARAKKNGLDYLFHLYEQCRLFLLQVQSMAKLHGHKSPT-KVTNQVFRYAKKVGASYINKPKMRHYVHCYALHCLDEEASDALRRAYKAPGE-----
NP_001292752.1 flo/leafy [Amborella trichopoda]     RQREHPFIVTEPGEVARGKKNGLDYLFHLYDECRNFLIQVQALAKERGEKCPN-KVTNQVFRHAKRAGASHINKPKMRHYVHCYALHCLDEEASNALRRAFKERGE-----
O04116.1 PRFLL [Pinus radiata]                      RQREHPFIVTEPGELARGKKNGLDYLFDLYEQCGKFLLDVQHIAKERGEKCPT-KVTNQVFRHAKHSGAGYINKPKMRHYVHCYALHCLDIEQSNRLRRAYKERGE-----
O04407.1 NEEDLY [Pinus radiata]                     RPREHPFIVTEPGELARGKKNGLDYLFDLYEQCGKFLLEVQRIAKEKGEKCPT-KVTNQVFRHAKHNGAVYINKPKMRHYVHCYALHCLDSEQSNHLRRLYKERGE-----
BAB41069.2 CRLFY1 [Ceratopteris richardii]          RTREHPFIVTEPGEVARGKKNGLDYLFDLYEQCARFLDEVQQMARERGEKCPT-KVTNQVFRHAKLKGASYINKPKMRHYVHCYALHCLDKEKSNFLRKQFKERGE-----
BAB41070.2 CRLFY2 [Ceratopteris richardii]          RTREHPFIVTEPGEVARGKKNGLDYLFDLYEQCARFLDEVQQMARERGEKCPT-KVTNQVFRHAKLKGASYINKPKMRHYVHCYALHCLDKDKSNFLRKQFKERGE-----
XP_002966714.2 FL1 [Selaginella moellendorffii]     RPREHPFIVTEPGELARGKKNGLDYLFDLYEQCGRYLDEVQQQCKERGEKCPT-KVTNQVFRHAKHRGASYINKPKMRHYVHCYALHCLDLEQSNHLRKVFKDRGE-----
PTQ31300.1 MARPO_0113s0034 [Marchantia polymorpha]  RPREHPFIVTEPGEAARGKKNGLDYLFDLYEQCGKFLEQVQQLAREKGEKCPT-KVTNQVFRHAKHTGAGYINKPKMRHYVHCYALHCLDIDQSNALRKLYKERGE-----
BAD91043.1 FLO/LEAFY 1 [Physcomitrella patens]      RPREHPFIVTEPGEPAKGKKNGLDYLFDLYEQCGKFLEEVQHIAKEKGEKCPS-KVTNEVFRHAKLTGAGYINKPKMRDYVHCYALHCLDVETSNNLRKEYKERGE-----
BAD91044.1 FLO/LEAFY 2 [Physcomitrella patens]      RPREHPFIVTEPGEPAKGKKNGLDYLFDLYEQCGKFLEEVQHIAKEKGEKCPS-KVTNEVFRHAKLTGAGYINKPKMRDYVHCYALHCLDVETSNNLRKEFKERGE-----
AHJ90704.1 LFY [Nothoceros aenigmaticus]            RPREHPFVVTEPGELARGKKNGLDYLFNLYEQAGKFLEEVQHIAREKGEKCPT-KVTNQVFRHAKVQGAGYINKPKMRQYVHCYALHCLASDKSDELRRCCKERGE-----
AagrOXF_evm.TU.utg000049l.76                        RPREHPFVVTEPGELARGKKNGLDYLFNLYEQAGKYLEEVQLIAREKGEKCPT-KVTNQVFRHAKLQGAGYINKPKMRQYVHCYALHCLASAESDELRRSSKERGE-----
AHJ90706.1 CyLFY [Cylindrocystis sp. EM-2014]       RPREHPFQVTERGEEARGKRNGLDHLFELYEEAGQLLVELQQTCSQTGAKWPT-KVNNQVFRYAKAKGMGHINKPKMRQYVHCYALHCLDVVRSDDLRREFKFKSEAHPRP
AHJ90707.1 KsLFY [Klebsormidium subtile]            TSRGPAFQVTAFGEEGHGKKQGLDYLFELYGEAGRILEDIRAQERATGKK-PSAKVNNLVYRYAKQRGMGFINKPKMRQYLHCYALHCLDVGTSNAIRMTCRDRNK-----

                                                           350        360       370       380       390
                                                            .          .         .         .         .     
NP_200993.1 LFY [Arabidopsis thaliana]             NVGSWRQACYKPLVNIA-CRHGWDIDAVFNAHPRLSIWYVPTKLRQLCHLERNNA--
XP_020598185.1 [Phalaenopsis equestris]            NVGAWRLACYKPLVAIS-AAHSFDIDAVFNAHPRLSIWYVPTKLRQLCHLARSSSQP
AHX83809.1 leafy [Oryza sativa]                    NVGAWRQACYAPLVDIS-ARHGFDIDAVFAAHPRLAIWYVPTRLRQLCHQARSSH--
NP_001292752.1 flo/leafy [Amborella trichopoda]    NVGAWRQACYHPLVAMSRHHHAWDVDALFASHPSLAIWYVPTKLRQLCHADRHSVT-
O04116.1 PRFLL [Pinus radiata]                     NVGAWRQACYYPLVAMA-KDNGWDIEGVFNKHEKLRIWYVPTKLRQLCHLEK-----
O04407.1 NEEDLY [Pinus radiata]                    NVGAWRQACYYPLVAIA-RENNWDIEGIFNRNEKLKIWYVPTKLRQLCHMER-----
BAB41069.2 CRLFY1 [Ceratopteris richardii]         NVGAWRQACYYPLVDMA-RDNGWDIEGVFARNEKLRIWYVPTRLRQLCHLEK-----
BAB41070.2 CRLFY2 [Ceratopteris richardii]         NVGAWRQACYFPLVDMA-RDNGWDIEGVFVRNEKLRIWYVPTKLRQLCHFEK-----
XP_002966714.2 FL1 [Selaginella moellendorffii]    NVGAWRQACYYPLVEMA-RNLNWDIEGVFSRNDKLRIWYVPTRLRQLCHLEK-----
PTQ31300.1 MARPO_0113s0034 [Marchantia polymorpha] NVGAWRGACYYPLVAMA-RDNNWDIEGLFNRNEKLRIWYVPTKLRQLCHVEK-----
BAD91043.1 FLO/LEAFY 1 [Physcomitrella patens]     NVGAWCQACYFPLVKLA-RQNEWDIDDLFNRNDKLRIWYVPTKLRQLCHIER-----
BAD91044.1 FLO/LEAFY 2 [Physcomitrella patens]     NVGAWCQACYFPLVTLA-RQNEWDIDDLFNQNDKLRIWYVPTKLRQLCHIER-----
AHJ90704.1 LFY [Nothoceros aenigmaticus]           NVGAWCQACYLPLIKMA-KEKSWDIEGLFNSHDKLKIWYVPKKLIQLCHQEK-----
AagrOXF_evm.TU.utg000049l.76                       NVGAWCQACYQPLVKMA-REKAWDIEGLFNSHEKLRIWYVPKKLIQLCHAEK-----
AHJ90706.1 CyLFY [Cylindrocystis sp. EM-2014]      NVGTWSDACYAPLVQMS-RDNNWDVDSLFENNEKLRIWYVPKK--------------
AHJ90707.1 KsLFY [Klebsormidium subtile]           TLQAWAECCYEPLLQMA-RVRGYNLESLFQLSPALAIWNVPKQLEKLCEEEK-----

Type I

Type II

Type III

E



PTQ42098 Marchantia polymorpha
XP_020593177 XP_020593180 Phalaenopsis equestris

XP_015629439 EEE58238 AAN74827 Oryza sativa Japonica923
NP_001324834 NP_001324835 NP_182204 NP_001324833 Arabidopsis thaliana AT2G46810

NP_850735 NP_567121 AAM67059 CAB71902 NP_001325696 NP_001325694 Arabidopsis thaliana AT3G61950922
NP_001329264 OAO98793 Arabidopsis thaliana AT4G01460840

XP_020532224 XP_020532223 XP_020532222 XP_020532221 XP_006829211 Amborella trichopoda
XP_006827950 Amborella trichopoda

NP_177366 NP_001320586 Arabidopsis thaliana AT1G72210 bHLH096
AAM65775 NP_564171 OAP19506 NP_001320744 Arabidopsis thaliana AT1G22490 bHLH094918

OAO91417 OAO91418 Arabidopsis thaliana
NP_201335 NP_001331318 Arabidopsis thaliana AT5G653201000

XP_020586708 Phalaenopsis equestris
XP_015629273 ABF94381 Oryza sativa Japonica

XP_015613301 Oryza sativa Japonica
XP_020593000 Phalaenopsis equestris

XP_015623907 Oryza sativa Japonica
XP_015612232 Oryza sativa Japonica

EAZ43119 XP_015649413 Oryza sativa Japonica
XP_020520136 Amborella trichopoda

AAM65023 NP_568666 NP_001331893 OAO92088 Arabidopsis thaliana bHLH071
XP_020572213 Phalaenopsis equestris

XP_015623756 Oryza sativa Japonica
XP_015637096 CAE04872 Oryza sativa Japonica584

XP_020587817 Phalaenopsis equestris
XP_006847338 XP_020524631 Amborella trichopoda

BAB09783 NP_200133 NP_001331493 Arabidopsis thaliana SPCH666
XP_025882342 BAS98035 Oryza sativa Japonica

EEE56657 XP_015624375 Oryza sativa Japonica987
521

912

XP_020586858 Phalaenopsis equestris
NP_187263 ABK28545 Arabidopsis thaliana MUTE782

994

XP_024530029 XP_024531481 EFJ29688 EFJ28194 Selaginella moellendorffii
NP_189056 NP_001326090 BAB01355 Arabidopsis thaliana FAMA

XP_006840140 Amborella trichopoda
EEE64858 BAS95575 XP_015638786 Oryza sativa Japonica703

681

XP_024521953 XP_024519722 EFJ06465 EFJ08722 Selaginella moellendorffii
XP_024360530 XP_024360529 Physcomitrella patens

AagrOXF_evm.model.utg000113l.42.1685

703

0.100 
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SPCH/MUTE/FAMAA

Supplementary Figure 9. Phylogeny of stomata-related genes. a, SPCH/MUTE/FAMA (SMF). b, Key SMF 
domain sequences are conserved in the hornwort homologs. c, ICE/SCRM. d, Key ICE/SCRM domain 
sequences are conserved in the hornwort homologs. e, ERECTA. f, TMM. g, EPF-like. Bootstrap values per 
1000 replication are indicated on branches with bootstrap value > 500. Red and blue arrowheads mark the 
hornwort and Arabidopsis orthologs, respectively. 
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Supplementary Figure 9. Phylogeny of stomata-related genes. continued.
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Supplementary Figure 9. Phylogeny of stomata-related genes. continued.
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Supplementary Figure 9. Phylogeny of stomata-related genes. continued. 
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Supplementary Figure 10. Phylogeny of jasmonate signaling components. a, COI1 (orthogroup 
OG0000273). b, JAZ (orthogroup OG0000262). c, MYC (orthogroup OG0000558). d, NINJA 
(orthogroup OG0000816). e, TPL (orthogroup OG0000602). Green colour indicates the Anthoceros 
sequences. 
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Supplementary Figure 10. Phylogeny of jasmonate signaling components. continued.
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Supplementary Figure 10. Phylogeny of jasmonate signaling components. continued.
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Supplementary Figure 10. Phylogeny of jasmonate signaling components. continued.
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Supplementary Figure 10. Phylogeny of jasmonate signaling components. continued.
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Supplementary Figure 11. Gibberellin-related genes. continued.
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Supplementary Figure 12. Salicylic acid (SA) biosynthesis and signaling in hornworts. continued.
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Supplementary Figure 12. Salicylic acid (SA) biosynthesis and signaling in hornworts. continued.
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Supplementary Figure 12. Salicylic acid (SA) biosynthesis and signaling in hornworts. continued.
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Supplementary Figure 12. Salicylic acid (SA) biosynthesis and signaling in hornworts. continued.
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Supplementary Figure 12. Salicylic acid (SA) biosynthesis and signaling in hornworts. continued.
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Supplementary Figure 13. Phylogeny of arbuscular mycorrhizal symbiosis genes. continued.
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Supplementary Figure 14. Phylogeny of SWEET. Hornwort SWEET homologs are marked by arrowheads. 
Cyanobacteria symbiosis-induced SWEET homologs are located in the SWEET 16/17 clade (red arrow-
head). The phylogeny is based on the orthogroup OG0000068.
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Supplementary Figure 15. Phylogeny of subtilases (SBT). Cyanobacteria symbiosis-induced SBT homo-
logs are marked by red arrowheads. SBT involved in rhizobial, mycorrhizal, and actinorhizal interactions are 
from the SBT1.10 and SBT1.13 clades (marked by blue arrowheads). The phylogeny is based on the 
orthogroup OG0000008 and clade designations followed Taylor and Qiu (2017; doi.org/10.1094/MP-
MI-10-16-0218-R).
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Supplementary Figure 16. Transcriptomic responses to 
different CO2 treatments in Anthoceros agrestis 
(Oxford). a, PCA plot and b heatmap showing the 
cluster-ing of the RNA-seq samples (n=8 biologically 
independent samples). c, No significant differential 
expression was found in LCIB (two-sided test for 
differential expression, false-discovery rate ≤ 0.05). d, 
Enriched gene ontolo-gies when comparing low and high 
CO2 levels to the ambient condition (chi-squared test for 
enrichment, false-discovery rate ≤ 0.05). 



present
KEY

absent

plastid

localization:

mitoch.

other

EP UDP

UDP

UDP

UDP

UDP

P
P

P
P

MurA

MurB

MurC

MurD

MurE

UDP

UDP

MurF

MraY

MurG

Pbp

Dac

Ddl

A. agrestis P. patens M. polymorpha
BONN OXF

A. punctatus

Supplementary Figure 17. Genes involved in the peptidoglycan (PG) biosynthesis. The Anthoceros 
genomes have the full homologous genetic chassis for PG biosynthesis, similar to Physcomitrella patens and 
Marchantia polymorpha. 



59
100
97

100

100
70100

79

50

59

77

100100
59

60

63

100

9154
87

93

9994

67

100

6099

90
47

100

80100

68

98

69

77100

69

74

72

98

100

100100

100

66
67

100

10060

99
83

67
98

63

51
96

75
65
56

66

93

72

100100
58

74
50

100

82100

96

9867
66

100

54100

57

72

52

10051

100

100

100

7293

96100
99

709799

100100

71

77100

99100
86

92

CYAME_CMO089C
AURAN_19162

ECTSI_Esi0215_0020
ECTSI_Esi0023_0187

PHATR_42361
THAPS_269655
THAPS_35728

PHATR_14995
AURAN_71923

ECTSI_Esi0003_0323
ECTSI_Esi0010_0177

THAPS_15398
PHATR_14426

BIGNA_92991
EMIHU_249675

BIGNA_39262
EMIHU_421687

CYAME_CMS004C
ANAVA_YP_322354.1
NOSSP_NP_487898.1
NOSPU_YP_001868096.1

SYNSP_YP_005382684.1
GLOVI_NP_923244.1

SYNEL_YP_401395.1
PROMA_NP_894152.1

CHLATtr_JO194009.1_1
MARPOtr_c39608_g2_i2_11_rc

MICMAtr_c7626_g1_i1_2
PTEAQtr_GASP01003474.1_1

MICMAtr_c7626_g2_i1_2
Azfi_s0157.g053808

Azfi_s0154.g053568
Sacu_v1.1_s0225.g026326

AETARV25_AA60G00172
ARATHwo_AT2G36250.1

ARATHwo_AT3G52750.1
EUCGRwo_Eucgr.A02664.1

EUCGRwo_Eucgr.K02046.1
FRAVE_gene30287

CITLA_Cla017695
CITLA_Cla018396

MEDTRwo_Medtr1g060010.1
MEDTRwo_Medtr7g104500.1
POPTRwo_Potri.006G083100.1

MIMGUwo_Migut.J01043.1.p
MIMGUwo_Migut.L01775.1.p

SOLLY_Solyc09g009430.2.1
SOLLY_Solyc10g083490.1.1

VITVI_GSVIVT01033836001
AMBTR_scaffold00031.4

AQUCO_004440m
AQUCO_004444m

NELNU_NNU_016914
ORYSA_Jwo_Os03g44420.1

SETIT_Si006376m
SORBIwo_Sb06g033640.1

PHODA_30s1042271g005
PHODA_30s909171g008

NELNU_NNU_002470
POPTRwo_Potri.004G203100.1

POPTRwo_Potri.009G164100.1
ORYSA_Jwo_Os05g37160.1
SETIT_Si021940m

SORBIwo_Sb09g021830.1
PICABHC_MA_21954g0010.1

CERPUR40tr_isotig08474_1
Pp3c11_17860V1.1
Pp3c7_11570V1.1

SELMO_e_gw1.6.36.1
COLORtr_GBSL01016865.1_7_rc

KLEFL_kfl00019_0360
OSTLU_eugene.0700010166

OSTTA_Ot07g01500
CHLRE_Cre02.g142186.t1.1

VOLCA_20013953m
VOLCA_20013954m

CYAPA_15777
CHABRwo_g44487.t1

KLEFL_kfl00151_0240
SELMO_e_gw1.21.19.1

AagrBONN_evm.model.Sc2ySwM_344.964.1
AagrOXF_evm.model.utg000012l.222.1
Apun_evm.model.utg000107l.199.2
Apun_evm.model.utg000107l.199.1

MARPOtr_c38702_g1_i1_7_rc
CERPUR40tr_isotig07539_1

Pp3c3_11140V1.1
CHABRwo_g22446.t1

COLORtr_GBSL01042231.1_4_rc
MARPOtr_c32410_g1_i1_14_rc

MICMAtr_c14907_g1_i1_1
PTEAQtr_GASP01007482.1_2

MICMAtr_c2178_g1_i1_6_rc
PTEAQtr_GASP01004655.1_1

MICMAtr_c17415_g1_i1_1
Azfi_s0388.g067617
Azfi_s0305.g063929

PENMAtr_JO216857.1_3_rc
NELNU_NNU_015747

AQUCO_005602m
NELNU_NNU_005122

CARPA_12.232
EUCGRwo_Eucgr.F03510.1

VITVI_GSVIVT01037738001
POPTRwo_Potri.001G359500.1

MEDTRwo_Medtr3g055590.1
MEDTRwo_Medtr5g094120.1

MIMGUwo_Migut.H01786.1.p
MIMGUwo_Migut.M01700.1.p

SOLLY_Solyc07g065050.2.1
SOLLY_Solyc12g014560.1.1

CITLA_Cla005359
FRAVE_gene03499
AETARV25_AA89G00018
ARATHwo_AT5G55280.1

AMBTR_scaffold00090.69
ORYSA_Jwo_Os04g56970.1

SETIT_Si022206m
SORBIwo_Sb06g031950.1

PHODA_30s690321g002
PHODA_30s1168041g002

AMBTR_scaffold00156.29
AQUCO_005603m

NELNU_NNU_003126
AagrBONN_evm.model.Sc2ySwM_344.2777.1
Apun_evm.model.utg000039l.147.4
Apun_evm.model.utg000039l.147.1
Apun_evm.model.utg000039l.147.2

AagrOXF_evm.model.utg000008l.136.1
AagrOXF_evm.model.utg000008l.136.3

Apun_evm.model.utg000039l.147.5
Apun_evm.model.utg000039l.147.3

AagrOXF_evm.model.utg000008l.136.2
CERPUR40tr_isotig09647_2

Pp3c22_4940V1.1
Pp3c19_2490V1.1

SELMO_estExt_Genewise1.C_640002
KLEFL_kfl00240_0070
CHLATtr_JO193518.1_3

CHLSP_IGS.gm_6_00154
CHLRE_Cre02.g118600.t1.2

VOLCA_20003595m
OSTTA_Ot08g02180

OSTLU_gwEuk.8.210.1
CYAME_CMT493C

CAUCR_NP_421343.1
ERYLI_YP_457254.1

SPHAL_YP_616920.1
RHOSP_YP_352170.1

MESLO_NP_103109.1
RHIET_YP_470335.2
SINME_NP_386274.1

MESLO_NP_107615.1
RHIET_YP_470125.1

SINME_NP_386157.1
CYAME_CMS361C

ECTSI_Esi0002_0034
THAPS_31759

PHYSO_156881
PHYSO_111575

DICPU_DPU1257343
COLPS_YP_271107.1
ESCCO_NP_414637.1
YERPE_YP_653448.1

BACHA_NP_243424.1
BACSU_NP_389412.2

GEOTH_YP_001125113.1
FRASP_YP_480524.1

STRAV_NP_827300.1
STRCO_NP_626341.1

0.5

bacterial and
mitochondrial
FtsZ

FtsZ1

FtsZ3

FtsZ2

cyanobacterial FtsZ

rhodophyte and
2º red FtsZ

Supplementary Figure 18. Phylogeny of FtsZ genes. The Anthoceros genomes lack the FtsZ2 homolog.




