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Ferns are well known for their shade-dwelling habits. Their ability
to thrive under low-light conditions has been linked to the evo-
lution of a novel chimeric photoreceptor—neochrome—that fuses
red-sensing phytochrome and blue-sensing phototropin modules
into a single gene, thereby optimizing phototropic responses. De-
spite being implicated in facilitating the diversification of modern
ferns, the origin of neochrome has remained a mystery. We pres-
ent evidence for neochrome in hornworts (a bryophyte lineage)
and demonstrate that ferns acquired neochrome from hornworts
via horizontal gene transfer (HGT). Fern neochromes are nested
within hornwort neochromes in our large-scale phylogenetic recon-
structions of phototropin and phytochrome gene families. Diver-
gence date estimates further support the HGT hypothesis, with
fern and hornwort neochromes diverging 179 Mya, long after the
split between the two plant lineages (at least 400 Mya). By analyz-
ing the draft genome of the hornwort Anthoceros punctatus, we
also discovered a previously unidentified phototropin gene that
likely represents the ancestral lineage of the neochrome phototro-
pin module. Thus, a neochrome originating in hornworts was trans-
ferred horizontally to ferns, where it may have played a significant
role in the diversification of modern ferns.

phototropism | chloroplast movement

lant growth and development are modulated by photore-

ceptor systems that provide information about the surround-
ing environment. Major peaks in the action spectra of these
informational photoreceptors lie either in the UV-blue (e.g.,
cryptochromes and phototropins) or red/far-red (phytochromes)
light regions (1). The chimeric photoreceptor neochrome is a
remarkable exception. It fuses red-sensing phytochrome and
blue-sensing phototropin modules into a single molecule (Fig. 14)
that mediates phototropic responses (1-4). Neochromes have a
restricted occurrence in the plant tree of life and are hypothe-
sized to have had two independent origins (5)—one in the green
alga Mougeotia scalaris and another in ferns. The possession of
neochrome may be evolutionarily advantageous, as evidenced by
the greatly enhanced phototropic responses in ferns with neo-
chrome (3, 4) and by its phylogenetic distribution within the fern
lineage. The early-diverging fern orders Osmundales and Schi-
zaeales do not possess neochrome (3). It has been reported only
in Cyatheales (6) and Polypodiales (3, 6), lineages that mostly
diversified following the Cretaceous/Tertiary establishment of
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low-light, angiosperm-dominated forest canopies (7, 8). As a re-
sult, it has been suggested that the evolution of neochrome was
a key innovation that conferred a phototropic advantage on ferns
growing under low-light conditions, facilitating their modern di-
versification in the “shadow of angiosperms” (3, 7, 8). Although
potentially significant from an evolutionary standpoint, the ori-
gin of fern neochrome has remained a mystery.

In this study we investigated the origin of neochrome by
searching for homologous sequences in 434 transcriptomes, and
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Despite being one of the oldest groups of land plants, the
majority of living ferns resulted from a relatively recent di-
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“see the light” better, was likely part of the solution. Surpris-
ingly, we discovered that fern neochrome was derived from
a bryophyte lineage via horizontal gene transfer (HGT). This
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HGT can have a profound evolutionary impact but also has
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Fig. 1. The origin of fern neochrome. (A) Neochrome is a chimeric photo-

receptor in which the N terminus consists of a phytochrome sensory module
fused to an almost complete phototropin sequence at the C terminus. Thick
and thin lines represent exons and introns, respectively (length not to scale).
(B) Dated phylogeny of phototropin and neochrome, showing neochrome
HGT from hornworts to ferns (details are given in SI Appendix, Fig. S5). The
blue, brown, and yellow branches represent hornwort phototropin, horn-
wort neochrome, and fern neochrome, respectively. (C) Portion of the
phototropin phylogeny showing relationships of fern neochrome (Fern
NEO), hornwort phototropin (Hornwort PHOT), and hornwort neochrome
(Hornwort NEO), with highly supported branches thickened (details are
shown in S/ Appendix, Figs. S1 and S2). (D) A schematic depicting the origin
of fern neochrome involving retrotransposition of a phototropin gene (and
hence the loss of introns), its fusion with a phytochrome, and HGT from
hornworts to ferns.

40 whole or draft genomes of plants and algae (SI Appendix,
Table S1) and surprisingly discovered neochrome homologs from
hornworts (Fig. 1B and SI Appendix, Figs. S1-S3). Analyses of
the hornwort draft genome (Anthoceros punctatus) suggest that
neochrome originated in hornworts, independent from the green
algae. Large-scale phylogenetic analyses and divergence time
estimates further demonstrate that ferns acquired neochrome
from hornworts via horizontal gene transfer (HGT).

Results and Discussion

Algal Neochrome. The only published algal neochrome is from a
single species, Mougeotia scalaris (5). We identified homologs of
neochrome in the transcriptomes of all 10 sampled members
of the Zygnemataceae (9), including Mougeotia, Mesotaenium,
Gylindrocystis, and Zygnemopsis, but in no other algal transcriptomes
surveyed (SI Appendix, Table S1 and Fig. S1).

Neochrome in Hornworts. Among land plants, we documented the
occurrence of neochrome in 25 additional fern species (SI Ap-
pendix, Figs. S1-S3). Surprisingly, we also discovered neo-
chrome in hornworts, a small bryophyte lineage that diverged
early in the history of land plants. The exact branching order
among the three bryophyte lineages (hornworts, mosses, and
liverworts) is not resolved with certainty; previous analyses
have suggested that hornworts are sister to vascular plants (lyco-
phytes, ferns, and seed plants) (10), but this relationship was
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challenged recently, and the monophyly of all bryophytes was
proposed (11). We confirmed the presence of neochrome in
hornworts through PCR and cloning, and isolated neochrome
sequences from the genera Nothoceros, Megaceros, Phymatoceros,
Phaeoceros, Paraphymatoceros, and Anthoceros, representing four
of the five hornwort orders (namely, Dendrocerotales, Phyma-
tocerotales, Notothyladales, and Anthocerotales). We were un-
able to obtain adequate material of the monotypic hornwort
Leiosporoceros to test for the presence of neochrome in Leio-
sporocerotales. To confirm that our hornwort neochrome se-
quence data were indeed derived from the hornwort nuclear ge-
nome and not from contaminant algae or ferns, we performed
genome-walking in Nothoceros aenigmaticus to obtain flanking
genomic sequences. Downstream of neochrome we found a
pseudogene for imidazoleglycerol-phosphate dehydratase (IGPD)
and, because its sequence is most closely related to other hornwort
IGPD genes (SI Appendix, Fig. S4), we are confident that neo-
chrome is present in the hornwort genome.

Neochrome HGT from Hornworts to Ferns. The phylogenetic distri-
bution of neochrome in land plants (present only in hornworts
and ferns) could be explained by (i) an ancient origin along the
branch that unites hornworts and tracheophytes, followed by
losses from lycophytes and seed plants, (i) independent origins
in ferns and hornworts, or (iii) one or more instances of HGT
between hornworts and ferns. To distinguish among these three
possible scenarios, we compiled comprehensive sequence align-
ments of phototropin and phytochrome from across all land
plants and algae, which included the corresponding domains
from hornwort and fern neochromes, and evaluated the resultant
gene phylogenies. Maximum likelihood and Bayesian estimates
of phototropin and phytochrome phylogenies revealed that fern
neochromes are embedded within hornwort neochromes with
very strong branch support (Fig. 1 B and C and SI Appendix, Figs.
S1-S3). This nested relationship indicates that neochrome was
transferred horizontally from hornworts to ferns, along the stem
lineage leading to Phymatoceros + Nothoceros + Megaceros (Fig.
1C, arrow, and SI Appendix, Figs. S1-S3). The alternative pos-
sibilities, suggesting either an ancient vertical transfer of neo-
chrome (i.e., fern and hornwort neochromes were reciprocally
monophyletic) or an independent origin of neochrome (i.e., fern
neochromes were monophyletic with either fern phototropins or
phytochromes) were both rejected (P < 107°") and were never
observed in the Bayesian posterior tree samples.

We used estimates of divergence time to assess our HGT
hypothesis further, reasoning that in a case of HGT the split
between hornwort and fern neochrome should be younger than
the split between the hornwort and fern lineages themselves. By
integrating fossil calibrations (SI Appendix, Table S2) with
a Bayesian relaxed molecular clock analysis, we estimated the
divergence date between hornwort and fern neochrome to be
~179 Mya with a 95% highest posterior density interval of 133
and 229 Mya (Fig. 1B and SI Appendix, Fig. S5). This date is far
more recent than published divergence estimates between ferns
and hornworts (at least 400 Mya) (12) but is congruent with
the date estimates for the stem branch leading to Phymatoceros
+ Nothoceros + Megaceros (85-244 Mya) (13). The disparity in
divergence times rejects the hypothesis invoking multiple
neochrome origins or losses and reinforces the HGT scenario.

The origin of land plant neochrome within the hornwort lin-
eage is supported by its relationship to hornwort phototropin.
The single hornwort phototropin gene in the Anthoceros punc-
tatus draft genome completely lacks introns (Fig. 1D) and thus
closely resembles the C-terminal end of both fern and hornwort
neochromes. We found this intron-free phototropin in all horn-
worts examined by using PCR on genomic DNA (S Appendix, Fig.
S2 and Table S3). All other phototropins characterized to date,
including those of ferns, contain more than 20 introns. We
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explored whether this gene might be a partial neochrome mas-
querading as a phototropin by using inverse PCR to obtain the 5’
upstream genomic region in N. aenigmaticus. Multiple stop codons
were encountered upstream of the Nothoceros phototropin gene,
and there was no indication of nearby phytochrome domains.
These data suggest that hornworts might not have a canonical
phototropin gene. Instead, hornwort phototropins are most
closely related to fern and hornwort neochromes (Fig. 1 B and
C and SI Appendix, Fig. S2), implying that they likely represent
the ancestral, retrotransposed phototropin lineage that gave rise
to neochrome through fusion with the phytochrome module
(Fig. 1D). On the other hand, in the phytochrome phylogeny,
hornwort phytochromes are not resolved as sister to hornwort
and fern neochromes (SI Appendix, Fig. S3), although there is no
branch support for this nonmonophyletic relationship. The phy-
tochrome progenitor of neochrome therefore remains unclear.

Recurrent Fern-to-Fern HGT. We detected an extraordinary in-
congruence between our fern neochrome gene tree and the
published phylogeny of ferns (SI Appendix, Fig. S6) (14). By
examining the entire Bayesian posterior tree sample, we found
that none of the trees resolved neochromes from the same fern
family as being monophyletic. This conflicting pattern is not
observed in other fern phylogenies based on nuclear genes (15)
and is not seen in the hornwort neochrome tree (Fig. 1C), which
perfectly mirrors the published phylogeny of hornworts (13).
Here we investigate and discuss the possible causes of the in-
congruent gene tree/species tree in ferns.

Incomplete sampling of extant neochrome homologs is not
likely to be the explanation, because neochrome has been shown
by Southern blotting to be a single-copy gene in Adiantum capillus-
veneris (2). This result was corroborated by the cloning efforts that
produced most of our sequence data (SI Appendix, Table S3).
Except for Deparia spp., in which two divergent sequences were
found (SI Appendix, Fig. S6, arrowheads), we were able to isolate
only a single neochrome from each fern species.

Next, we investigated whether an aberrant nucleotide substi-
tution process may have misled the phylogenetic reconstruction.
For example, pervasive positive selection or variation in guanine/
cytosine (GC) content can obscure true phylogenetic signal (16—
18), thereby causing a gene tree to be incongruent with the
species tree. Using codon models for tree inference potentially
can accommodate complex selection profiles by allowing differ-
ent nonsynonymous/synonymous substitution rate ratios to fall
into distinct classes (19). However, we found that incorporating
codon models did not improve the incongruence between the
gene tree and species tree; the resultant tree largely matches that
from the nucleotide substitution model, with comparable branch
support values (SI Appendix, Figs. S6 and S7). Similarly, infer-
ences based on first + second-codon positions or only on third-
codon positions also yielded topologies discordant with the
species tree (SI Appendix, Fig. S7).

We then used a random effects branch-site model to infer the
dynamics of positive selection across the neochrome tree (20).
Only five fern branches were identified as having experienced
significant episodic positive selection (SI Appendix, Fig. S7D),
and the proportion of positively selected codon sites along each
of these five branches is very low (<3%). These results suggest
that positive selection operated on very few codons over a lim-
ited number of branches. Similarly, a sliding window analysis of
GC content found none of the fern sequences to be deviant in
base composition (SI Appendix, Fig. STE). Taken together, the
nucleotide substitution processes among fern neochromes ap-
pear to be unexceptional and are not likely to explain the in-
congruence between the gene tree and species tree.

We therefore hypothesized that the incongruent tree could
be the result of (i) multiple fern-to-fern HGT events, (ii) an
elevated gene turnover rate that may have been selected for after
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HGT (21, 22), or (iii) a combination of both factors. We have
some evidence suggesting recurring fern-to-fern HGT might
have been involved. For example, we discovered neochrome
genes from two early-diverging fern orders [Gleicheniales (Dip-
teris conjugata) and Cyatheales (Alsophila podophylla and Pla-
giogyria spp.)] that likely were derived from secondary HGT
events (SI Appendix, Fig. S6, arrows). These neochromes are not
phylogenetically resolved, as would be predicted based on pub-
lished fern species relationships (14), but instead are nested
among Polypodiales (SI Appendix, Fig. S6). Furthermore, the
split between these and other fern neochromes (81 Mya, 95%
highest posterior density interval: 59-106 Mya; SI Appendix, Fig.
S5) occurred long after the estimated organismal divergence
dates for Gleicheniales (276 Mya) and Cyatheales (223 Mya) (8),
a pattern that may be explained best by fern-to-fern HGT.

Our hypothesis of potentially recurrent HGT events within
ferns is not unprecedented. In angiosperms, rampant HGTs have
been documented for the mitochondrial cox! homing intron.
This intron is believed to have experienced one initial “seed
transfer” from fungi that was followed by at least 80 incidents
of plant-to-plant HGT among 833 diverse angiosperm species
(23-25). Perhaps neochrome is similarly associated with mo-
bile elements that may have facilitated its movement across
species boundaries.

Evolutionary and Physiological Implications of Neochrome in Hornworts.
Our discovery of neochrome in hornworts is an important step
toward understanding the evolution of photosensory systems
in plants. In the moss Physcomitrella patens, both red and blue
light can elicit directional chloroplast movements, and these
movements are mediated by molecular interactions between
physically separate phytochrome and phototropin proteins (26).
The hornwort neochrome represents a strikingly different strat-
egy for integrating these two photosensory systems, combining
them into a single, chimeric gene. Light-induced directional
chloroplast movement has not yet been observed in hornworts,
probably because their epidermal cells usually contain only one
chloroplast that occupies most of the cellular space. However,
nearly 50 y ago, Burr (27) documented an unusual chloroplast
photoresponse in Megaceros hornworts; she discovered that the
large chloroplasts “contract” to form compact shapes under
strong light. Although we confirmed this phenomenon in horn-
worts (SI Appendix, Fig. S8), future studies are needed to ex-
amine if neochrome is responsible for the contraction response
and to explore other possible physiological roles.

Evolutionary Significance of Plant-to-Plant HGT. This study pinpoints
the origin of land plant neochrome within the hornwort lineage
and demonstrates that neochrome was transferred horizontally
from hornworts to ferns. The life history of ferns may help ex-
plain their hypothesized susceptibility to HGT. Most land plants
share a common sexual life cycle that alternates between a dip-
loid sporophyte and a haploid gametophyte; only in ferns and
lycophytes are the sporophytic and gametophytic phases both
free-living and fully independent. Seed plants insulate their
gametophytes from outside interactions with relatively impervi-
ous cell walls in microgametophytes and by embedding mega-
gametophytes within protective sporophyte tissues. In contrast,
almost all fern gametophytes are not enclosed and grow in direct,
intimate contact with other fern and bryophyte gametophytes
(including those of hornworts). These characteristics may facili-
tate the entrance of foreign genetic elements into fern germ lines
(i.e., via the gamete-producing structures, the antheridia and
archegonia, that are exposed to the environment) (28).

To date, most documented examples of plant-to-plant HGT
involve mitochondrial DNA and/or parasite-host transfers (29—
36); only a handful of cases include functional nuclear genes
(34, 37, 38), and even fewer have possible adaptive implications
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(39). Consequently, plant-to-plant HGT generally has been over-
looked as a potentially significant factor in plant evolution.
Given that neochrome may have played a major role in pro-
moting the diversification of ferns under the Cretaceous/Tertiary
angiosperm canopy (3, 7, 8), our study has important impli-
cations for the macroevolutionary significance of plant-to-
plant HGT.

Materials and Methods

Mining Transcriptomes and Whole-Genome Sequences for Homologs of Neochrome,
Phototropin, and Phytochrome. All but one of the 434 transcriptomes used
were generated by the One Thousand Plants Project (1KP; www.onekp.com);
these transcriptomes were derived from a diverse selection of brown algae,
red algae, green algae, bryophytes, lycophytes, ferns, and seed plants (S/
Appendix, Table S1). Details on RNA extraction, sequencing, and assembly
for 1KP can be found in Johnson et al. (40). Additionally, a whole-plant
normalized Illumina transcriptome library was constructed and sequenced
for Pteridium aquilinum using pooled RNA from six sporophyte tissues
(young sporeling leaf, rhizome tip, fiddlehead, mature sterile pinnae, and
pinnae with developing and mature sporangia). The Pteridium tran-
scriptome was assembled using default parameters in the Trinity RNA-seq
pipeline version r2012-01-25p1 (41). The sequencing reads were deposited in
National Center for Biotechnology Information (NCBI) Sequence Read Ar-
chive (SRA) under experiment SRX423244.

For the 1KP transcriptomes, we used both Short Oligonucleotide Assembly
Package (SOAP) de novo and SOAP de novo trans assemblies. For each as-
sembly, a BLAST database was constructed using the BLAST+ package (42).
Neochrome, phototropin, and phytochrome sequences were queried sepa-
rately (by tBLASTn for 1KP and by BLASTn for Pteridium assemblies), and the
significant hits to transcriptome scaffolds were extracted (e-value threshold
of <107%). For each scaffold, the best ORF was identified, the sequence was
translated into amino acids, and then BLASTp queried against the NCBI
nonredundant protein database (nr). The scaffolds were discarded if they
did not match neochrome, phototropin, or phytochrome homologs in the nr
database with an e-value threshold of <0.001. For 1KP transcriptomes, the
filtered scaffolds from SOAP de novo and SOAP de novo trans assemblies
were merged using CAP3 (43). We carried out the above procedures using
our Python pipeline BlueDevil (see http://dx.doi.org/10.5061/dryad.fn2rg).
We also searched for and obtained photoreceptor homologs from 39 plant
and algae whole-genome sequences through Phytozome (44) and the
Amborella Genome Database (www.amborella.org) (45).

Assembling and Mining an Anthoceros punctatus Draft Genome for Homologs
of Neochrome, Phototropin, and Phytochrome. To generate a draft genome for
Anthoceros punctatus, genomic DNA was sheared into ~400-bp fragments
and sequenced using Illumina HiSeq2000, giving a total of 25 million 90-bp
paired-end reads (about 20x genome coverage). The reads were subjected
to two cycles of read error correction using the ALLPATHS-LG FindError
program (46) before being assembled using Velvet (47). Assemblies were
generated for a range of kmer values (k = 21, 31, 41, 51, and 61) and then
were combined. The redundant scaffolds were removed using Usearch (48),
and overlapping contigs were subject to additional assembly using CAP3 to
produce a draft genome assembly. The final assembly contains 29,582 con-
tigs with a total combined assembly length of 99.5 Mb and the N50 contig
length of 4,955 bp. The contig length ranges from 919 bp to 76.5 kb, with
1,643 contigs over 10 kb. The median and mean assembled contig coverage
is 18.1x and 44x, respectively. The raw reads were deposited in NCBI
under SRA096687.

This assembly was searched for homologs of neochrome, phototropin, and
phytochrome using tBLASTn. Although phototropin and phytochrome genes
were readily identified, no contig was found containing a putative neo-
chrome sequence. To search for any A. punctatus neochrome gene that
perhaps failed to be assembled, all sequencing reads were searched against
a library of neochrome protein sequences using BLASTx. Reads obtaining an
e-value of <107'° were isolated and assembled using Velvet with liberal
assembly parameters (-cov_cutoff 1 -min_pair_count 1 -edgeFractionCutoff
0.1 -scaffolding yes -min_contig_lgth 90) at five different values for kmer
length (21, 31, 41, 51, and 61). The resulting assemblies were combined,
redundant contigs were discarded using Usearch, and overlapping contigs
were merged using CAP3. All sequencing reads then were mapped to these
seed contigs using Bowtie2 (49) with the very-sensitive-local option. Paired-
end reads where at least one read mapped to the seed contigs were se-
lected. All the selected reads then were reassembled as above. This mapping
and assembly process was repeated until no further reads could be identified
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and contigs could no longer be extended. The final assembly contained
a single contig comprising a 797-bp fragment of neochrome. This fragment
then was extended to include almost the entire ORF using a combination of
PCR (see below) and additional read mapping and assembly.

Cloning of Neochrome, Phototropin, and Phytochrome. To verify empirically
the presence of the hornwort photoreceptor genes found in the tran-
scriptomes and to obtain intron/exon information, we cloned the genes from
genomic DNA from five hornwort species (S/ Appendix, Table S3). In addition,
neochrome sequences were obtained from 25 fern species by PCR and
cloning (S/ Appendix, Table S3). Genomic DNA was extracted using the
Qiagen DNAeasy Plant Mini Kit (Qiagen). The gene fragments were ampli-
fied using Phusion DNA polymerase (New England Biolabs) or Denville
Choice Taq (Denville). The primers and detailed PCR conditions are sum-
marized in SI Appendix, Tables S3 and S4. The amplified products were
cloned into Promega pGEM-T (Promega) and sequenced.

Genome-Walking In Hornwort Phototropin and Neochrome. To rule out the
possibility that the phototropin gene found in hornworts might be a partial
neochrome, we used inverse PCR (50) to obtain the flanking genomic region.
Genomic DNA of N. aenigmaticus was digested by apol (New England
Biolabs) and self-ligated using T4 DNA ligase (New England Biolabs). Then
nested PCRs were conducted on the circularized DNA. The amplicons were
cloned using Promega pGEM-T and sequenced. To search for the genes
flanking neochrome in N. aenigmaticus, we used the Clontech GenomeWalker
kit (Clontech) and followed the manufacturer’s manual. The resulting PCR
amplicons were cloned and sequenced. In total, we obtained 3,291-bp and
4,578-bp regions up- and down-stream, respectively, of neochrome. The
primers for the above PCR reactions are listed in S/ Appendix, Table S4.

Sequence Alignment for Neochrome, Phototropin, and Phytochrome. We built
two large alignments for phototropin and phytochrome, with each align-
ment including the corresponding domains from hornwort and fern neo-
chrome. The phototropin dataset contains 163 sequences from 106 species,
and the phytochrome dataset includes 139 sequences from 76 species. To
reduce ambiguities in sequence alignment, we included only the conserved
domains (i.e., LOV1, LOV2, and STK for phototropins; PAS, GAF, PHY, PAS
repeats, HisKA, and HATPase for phytochromes). The domain boundaries
were identified by querying each scaffold against the NCBI Conserved Do-
main Database (51). Each domain was aligned separately (based on the
amino acid sequences) using Muscle (52) and then was concatenated. We
developed a Python script, DomainDivider (see http://dx.doi.org/10.5061/
dryad.fn2rg), to automate these processes. We also generated a separate
alignment for hornwort and fern neochromes. This alignment was based on
entire neochrome sequences rather than on domains. All alignments were
inspected manually, and ambiguously aligned regions were excluded before
phylogenetic analyses. The phototropin, phytochrome, and neochrome
alignments contain 1,716, 2,802, and 4,002 bp, respectively. The GenBank
accession numbers are listed in S/ Appendix, Figs. S1-S3.

Phylogenetic Analyses of Phototropin and Neochrome. Phototropin and neo-
chrome phylogenies were inferred based on their nucleotide alignments. We
used PartitionFinder (53) to identify the optimal data partition schemes and
nucleotide substitution models under the Akaike Information Criterion.
Based on this analysis, each codon position was treated as a distinct parti-
tion. For phototropin, the first, second, and third positions were assigned
GTR+I'+l substitution models; for neochrome, GTR+I'+l, GTR+I'+l, GTR+I
models were applied to each codon position respectively. We used Garli (54)
to obtain the maximum likelihood tree under the aforementioned models,
with genthreshfortopoterm set to 1,000,000 and eight independent runs.
Multiparametric bootstrapping was done using RAXML (55) with 1,000
replicates. For the neochrome alignment, we also carried out the same
maximum likelihood analyses on the first + second-codon positions and on
the third-codon positions separately. We used MrBayes (56) to conduct
Bayesian tree inference under the same models, with two independent
Markov chain Monte Carlo (MCMC) runs, four chains each, and trees sam-
pled every 1,000 generations. Substitution parameters were unlinked, and
the rate prior was set to vary among partitions. The MrBayes output was
inspected using Tracer (57) to ensure proper convergence and mixing (ef-
fective sample sizes all >200), and 25% of the total generations were dis-
carded as burn-in before making the 50% majority consensus tree. Because
the stationary, homogeneous assumptions of GTR might be violated in cases
associated with HGT and deep divergence (58), we also used a nonsta-
tionary, heterogeneous nucleotide substitution model implemented in
nhPhyML (59) to infer the phototropin tree. The analysis was carried out
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with 10 discrete categories of GC equilibrium frequencies, and the required
starting tree was the best tree from the Garli analysis. To conduct boot-
strapping in nhPhyML, we created a Python wrapper, and for each replicate,
RAXML was used to input the starting tree. In addition to the nucleotide
substitution model, we also used codon models to infer phylogenies, which
were carried out in CodonPhyML (19) under a maximum likelihood frame-
work. We used the Goldman-Yang (60) model with four categories of
nonsynonymous/synonymous substitution rate ratios drawn from the dis-
crete gamma distribution, and codon frequencies were estimated from the
data under the F3 x 4 model (19). The tree topology search was done using
the nearest neighbor interchange approach, and branch support was esti-
mated using the SH-like aLRT (61, 62) method.

Phylogenetic Analyses of Phytochrome. For the phytochrome phylogeny, we
used the protein alignment following the analytical strategy of Mathews
et al. (63). Using ProtTest (64), JTT + F was found to be the best empirical
substitution model under the Akaike Information Criterion. For the maximum
likelihood analyses, we used Garli to search for the maximum likelihood tree,
with genthreshfortopoterm set to 1,000,000 and eight independent runs, and
RAXML to conduct the multiparametric bootstrapping with 1,000 replicates.
For Bayesian tree inference, we used MrBayes with two independent MCMC
runs, four chains each, and trees sampled every 1,000 generations. After
25% of the total generations were removed, the 50% majority consensus
tree was calculated. Codon-based tree inference also was carried out as
described above.

Topology Test. We used the Swofford-Olsen-Waddell-Hillis test (65) to
compare the inferred HGT tree topology (i.e., fern neochromes embedded
within hornworts) against the alternative topologies suggestive of vertical
inheritance or independent origin, using the program sowhat (66) with
RAXML and Seg-Gen (67). For testing the vertical inheritance topology, to-
pological constraints forcing fern and hornwort neochromes to be re-
ciprocally monophyletic were used; for independent origin, constraints were
placed to have all fern genes to be monophyletic (i.e., monophyly either as
neochrome + phototropin or neochrome + phytochrome). To calculate the
posterior probability of the vertical transfer and independent origin topol-
ogies, we filtered the posterior tree samples from MrBayes and calculated
the frequency of trees given the monophyly constraints. The filtering was
done by PAUP* (68). We applied this same approach to examine the pos-
terior distribution of fern neochrome gene trees. We searched for to-
pologies that exhibited better congruence with the published species
relationships (compared with the inferred gene tree). The constraint for
tree filtering required that neochromes from the same fern family be
monophyletic.

Phylogenetic Analysis of the IGPD Gene. As a result of genome-walking in
N. aenigmaticus, we discovered an IGPD pseudogene downstream from
neochrome. To place this pseudogene in phylogenetic context, we resolved
an IGPD phylogeny for land plants. A subset of the transcriptomes and
whole-genome sequences was mined for IGPD homologs (S/ Appendix, Fig.
S4) using BlueDevil, and an alignment of IGPD (624 bp in length) was con-
structed manually. We partitioned the data by codon position, with each
partition given a GTR+I'+I model as suggested by PartitionFinder under the
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Akaike Information Criterion. Maximum likelihood analyses were carried out
in RAXML with 100 random starting trees, and multiparametric bootstrapping
was done with 1,000 replicates.

Divergence Time Estimation of the Phototropin Gene Family. We used BEAST
(69) to infer simultaneously the divergence times and phylogeny of the
phototropin gene family. As recommended by PartitionFinder, the photo-
tropin dataset was partitioned by codon position, each with the GTR+I'+|
substitution model. A total of 15 calibration priors were used (see S/ Ap-
pendix, Table S2 for details) (8, 13, 70-77), and a birth-death speciation prior
was used as the tree prior. We used the uncorrelated relaxed-clock model
with rates drawn from a lognormal distribution. A starting tree was first
estimated by r8s (78) and was provided to BEAST to initiate the run. Two
independent MCMC runs were carried out, and the output was inspected in
Tracer to ensure convergence and mixing (effective sample sizes all >200).
The trees from the two runs were combined in LogCombiner (69) with a 25%
burn-in and were summarized in TreeAnnotator (69). It should be noted that
the stationary, homogeneous GTR model used here could be violated, es-
pecially in the case of HGT, and might affect the divergence estimates.
However, there is no nonstationary, heterogeneous model that is currently
implemented in divergence time analyses, and our results should be revisited
in the future when more sophisticated methods are available.

Inferring Episodic Selection and GC Content Variation in Neochrome Evolution.
To investigate whether fern neochromes had experienced pervasive episodic
positive selection, we used the unrestricted, random effects branch-site
model (20) implemented in the HyPhy package (20, 79). Branches with epi-
sodic positive selection were identified by the sequential likelihood ratio test
(20). The neochrome alignment and the best maximum likelihood tree were
used as the input data. The analyses were carried out on the Datamonkey
server (79, 80). A GC content sliding window was constructed using a custom
Python script; each window is 400 bp in size, and the window slides every
50 bp.
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Fig. S1. Phylogenetic relationships of land plant and algal phototropin (PHOT) and the corresponding domains from hornwort, fern, and algal
neochrome (NEO). Topology derived from the best maximum likelihood tree. The five support values associated with branches are maximum likelihood
bootstrap values (BS) from Garli / BS from nhPhyML / aLRT supports under codon model (aLRT) / Bayesian posterior probabilities (PP) from MrBayes /
PP from BEAST, these are only displayed (along with thickened branches) when BS > 70, aLRT > 70 and PP > 0.95. “+” denotes BS = 100, aLRT = 100
or PP = 1.00; thickened branches without numbers are “+/+/+/+/+”. Alphanumeric codes following species names are the four-letter 1KP transcriptome
identifiers, or Genbank accessions, or both; “t” indicates the sequence came from genome sequence data, and “}” from Pteridium aquilinum
transcriptome. The blue, orange and yellow branches represent hornwort phototropin, hornwort neochrome and fern neochrome, respectively.
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Fig. $3. Phylogenetic relationships of land plant and algal phytochrome (PHY) and the corresponding domains from hornwort and fern neochrome
(NEO). Topology derived from the best maximum likelihood tree. The three support values associated with branches are maximum likelihood bootstrap
values (BS) / aLRT supports under codon model (aLRT) / Bayesian posterior probabilities (PP) from MrBayes; these are only displayed (along with
thickened branches) if BS > 70, aLRT > 0.95 and PP > 0.95. “+” denotes BS = 100, aLRT = 100 or PP = 1.00; thickened branches without numbers
are “+/+/+”. Alphanumeric codes following species names are the four-letter 1KP transcriptome identifiers, or Genbank accessions, or both; “t”
indicates the sequence came from whole genome sequence data, and “}” from Pteridium aquilinum transcriptome. For space considerations, the
dashed line artificially extends the NEO clade and does not reflect true branch length. The orange and yellow branches represent hornwort neochrome
and fern neochrome, respectively.
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Fig. S4. Phylogenetic relationships of land plant imidazoleglycerol-phosphate dehydratase (IGPD). In the hornwort Nothoceros aenigmaticus, we
conducted genome-walking downstream of neochrome and found a IGPD pseudogene (denoted by y). In a land plant phylogeny of IGPD our N.
aenigmaticus pseudogene is most closely related to other hornwort IGPD. This relationship confirms that our hornwort neochrome sequence data
were indeed derived from the hornwort genome, and not from symbiotic algae or fungi. Numbers associated with branches are maximum likelihood
bootstrap support values. Alphanumeric codes following species names are the four-letter 1KP transcriptome identifiers, or Genbank accessions, or
both; “t” indicates the sequence came from whole genome sequence data.



thalana

I lea i
gﬁ#ég%éc‘nﬁ%w - Angiosperm PHOT I

Oym‘gmw
Tuapita
m\ngwam \ancedam(lJOI
Cepraies ramgiong WYA
Wehitieha miabiis TOXE Gymnosperm PHOTI
Getum menanum GTEK

Starvgera eﬂopus KAWQ

%dops\s thal\ana
Manhot esculeanta
Vitis vm\fera

m lycopersiaum .
éegg\'eag&céwea Angiosperm PHOT2
Sorehum bicolor
Arhborella richopoda
Cumi \ancedam ouol
Thuja plicata VFYZ
Oepmmxus s o WYA

WE“NJ/rwsch\amnng—'XE GymnOSPerm PHOT2
tangem opus KA

Po}ypod\umlﬁespeu %
reevesana RICC

Plerv jlum aqu\hnum Fern PHOTI
P\\u\ana é\obulvfera K\IX

e \
en Ium aquil |num
Solietl Fern PHOT2

i éwobunfé?s RIX

Selaginel ana ZFGK
R Selag neHa moel\endor'ﬁl
Jsoetes e ZPF(KJOX

%%&?‘Mﬁﬁ‘%éﬁ Lycophyte PHOT

1 — F’g ddycopod\eﬂa camhmana &gsj
Hedwlgla cidta YWV

ohm corpnarlsrf\e 2G Moss PHOTA
eur

n msnaw
'FE\nmm\a anursértlaaca ZQRI
VR Gt YVWNE . Moss PHOTB
4. demdwmnmmne SAYG
Sphiagnum lesaun GOWD
Scapania nemorosa [RBN
Sisechias [GOW
Porela pnnata UUHD.
5. Metzgena crassi hs NRWZ

Pcﬂﬁ’&%arfn] AL % Liverwort PHOT
R

M
R e

mWAG
Onodea sgnbgﬁb\s

h

T
Deparia agrosts
Macvuthe\yptens torres;anaOCZL

me intermeda
Pronephrium lakhimpurense
Alsophila podophylla.
Bagm rlgU distin %g“%

ennstaedtia
lensam%urensws Fern NEO

AH ilatata
\p\azum vwchurae UFN

179 MYA

Hennidi natum
Hypo\epws Ienuwar%‘a
fantim radidanum BMR

lothoceros aenigmatiaus
Megaceros fagelaris UCRN
Phaeoceros carolinianus WCZB Hornwort NEO
ciocercs i A
Anthoceros pur

e T,
%mphgngstocs%%s@m V@E By Hornwort PHOT
Anthoceros punctatus

Ceoueteiregiars %PDY

Coleochaetophyceae PHOT

gﬂmdmo/shs breb\/isggu YOXI

issp, MFZO Zygnemataceae PHOT

Desmidaceae PHOT

enium im AEKF
— Planctaenium oftani SNOX
g ndroosts bm\?\&s%m YOXI
C;ngroo/sns breb\ssonu YOXI
1IN
Z
| indrooysts cLehledee JOIQ Zygnemataceae NEO
lougeotia scalans
Mo eotia scalari

enium bramu O
Mactamum braunii

‘!V\ﬁ:ataemum brauri vaJO Zygnemataceae PHOT
Interflum
Pl e o Klebsormidiophyceae PHOT

Entransia fimbriata BFK
e
— ‘olvox carte
sz ‘Ommonas wghwl\ens UTRE Chlorophyceae PHOT
Bo!ryococcus te%m\s QYXY Treb: ioph PHOT
— B ey rebouxiophyceae
P percusa OAEZ
— T S pleum ST Ulvophyceae PHOT
G XM
[\Wmeaﬁm ?au ivacea MMKU
IS taun
T Micromonas pusila

e e szzw | Mesostigmatophyceae PHOT

Prasinophyte PHOT

| 1 1 | |
1250 1000 750 500 250 0 MYA

Fig. S5. Chronogram of land plant and algal phototropin (PHOT) and the corresponding domains from hornwort, fern, and algal neochrome (NEO). A
simplified version of this figure is shown in Fig. 1B. Grey bars represent 95% highest posterior density intervals of the age estimates. Italicized
numbers adjacent to nodes refer to the fossil or secondary time calibrations detailed in Table S2. Two divergence time estimates are highlighted: one
marks the HGT event (179 MYA) and the other marks the split of Gleicheniales (blue taxon), Cyatheales (green taxa) and other neochromes (81 MYA).
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Fig. S6. Phylogenetic incongruence between fern neochrome gene tree and fern species tree. The gene tree topology is derived from the best
maximum likelihood tree based on the nucleotide dataset, and the species tree summarized from Schuettpelz and Pryer (1), Kuo et al (2), Rothfels
and Schuettpelz (3), and Rothfels et al (4). Tree inference based on codon models, 1st + 2nd and 3rd codon positions yielded similar topologies
(Fig. S7). Closely related species/genera are coded with the same color. The neochrome gene tree is rooted with hornwort neochromes (not
shown). Numbers above branches are maximum likelihood bootstrap values (BS) / aLRT supports under codon model (aLRT) / Bayesian posterior
probabilities from MrBayes (PP), and are only displayed (along with thickened branches) if BS > 70, aLRT > 70 and PP > 0.95. “+” denotes BS =
100, aLRT = 100 or PP = 1.00; thickened branches without numbers are “+/+/+”. Arrowheads point to the two divergent neochrome copies found in
Deparia spp. Arrows point to neochromes from Gleicheniales and Cyatheales that appear nested among Polypodiales neochromes.
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4. Rothfels CJ et al. (2013) Transcriptome-mining for single-copy nuclear markers in ferns. PLoS ONE 8:e76957.
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Fig. S7. Phylogeny, selection profile and GC content of fern neochromes. Maximum likelihood reconstructions of gene phylogeny based on (A)
codon model, (B) first and second codon positions, and (C) third codon position. Thickened branches indicate aLRT supports (in A) or bootstrap
supports (in B, C) > 70. (D) Selection profile displayed along phylogenetic branches for fern and hornwort neochromes. Tree topology derived from
the best maximum likelihood tree (Fig. S6). The width of each color along a branch is proportional to the number of codon sites in the corresponding
selection class. Thickened branches have experienced significant episodic positive selection (P < 0.05). (E) Sliding window analysis of GC content
for fern neochrome. Each line displays the GC content for each neochrome sequence. None of the ferns in our study were deviant in base

composition for neochrome. Each window is 400bp in size and the window slides every 50bp.



Fig. S8. Hornwort chloroplasts (arrowhead) contract under strong light. (A) Before irradiation, chloroplasts of Nothoceros aenigmaticus occupy most
of the cellular space. (B) After irradiation of blue light (57 umol m™ s™) for 2 hours, chloroplasts evidently reduced in size. Scale bar = 40 pym.



Table S1. List of transcriptomes and genome sequences screened for neochrome, phototropin and phytochrome genes. All the transcriptomes were from 1KP (www.onekp.com), except for Pteridium aquilium. The four letter codes following species names are the 1KP
transcriptome identifiers. Details of transcriptome tissue type and specimen voucher can be found at www.onekp.com. "*" denotes whole or draft genome sequences.

Angiosperms
Amborella trichopoda*
Aquilegia coerulea*
Arabidopsis lyrata*
Arabidopsis thaliana*
Brachypodium distachyon*
Capsella rubella*
Carica papaya*
Citrus clementina*
Citrus sinensis*
Cucumis sativus*
Eucalyptus grandis*
Fragaria vesca*
Glycine max*
Gossypium raimondii*
Linum usitatissimum*
Malus domestica*
Manihot esculenta*
Medicago truncatula*
Mimulus guttatus*
Oryza sativa*
Panicum virgatum*
Phaseolus vulgaris*
Populus trichocarpa*
Prunus persica*
Ricinus communis*
Setaria italica*
Solanum lycopersicum*
Solanum tuberosum*
Sorghum bicolor*
Theobroma cacao*
Vitis vinifera*
Zea mays*

Gymnosperms
Austrotaxus spicata BTTS
Callitris macleayana RMMV
Cathaya agryrophylla NPRL
Cedrus libani GGEA
Cephalotaxus harringtonia WYAJ
Cryptomeria japonica DSXO
Cunninghamia lanceolata OUOI
Cupressus dupreziana QNGJ
Cycas micholitzii XZUY
Dioon edule WLIC
Encephalartos barteri GNQG
Ephedra sinica VDAO
Ginkgo biloba SGTW
Glyptostrobus pensilis OXGJ
Gnetum montanum GTHK
Juniperus scopulorum XMGP
Keteleeria evelyniana JUWL
Larix speciosa WVWN
Nothotsuga longibracteata AREG
Phyllocladus hypohyllus JRNA
Picea engelmanii AWQB
Pinus jeffreyi MFTM
Pinus parviflora l1OL
Pinus ponderosa JBND
Pinus radiata DZQM
Podocarpus coriaceus SCEB
Podocarpus rubens XLGK
Pseudolarix amabilis AQFM
Pseudotaxus chienii YLPM
Pseudotsuga menziesii IOVS
Sciadopitys verticillata YFZK
Stangeria eriopus KAWQ
Taiwania cryptomerioides QSNJ
Taxus baccata WWSS
Taxus cuspidata ZYAX
Thuja plicata VFYZ
Thujopsis dolabrata NKIN
Torreya nucifera HQOM
Torreya taxifolia EFMS
Tsuga heterophylla GAMH
Welwitschia mirabilis TOXE
Widdringtonia cedarbergensis AUDE
Wollemia nobilis RSCE

Ferns
Adiantum aleuticum WCLG
Adiantum raddianum BMJR
Anemia tomentosa CQPW
Angiopteris evecta NHCM
Argyrochosma nivea XDDT
Asplenium nidus PSKY
Asplenium platyneuron KJZG
Azolla caroliniana CVEG
Athyrium filix-femina URCP
Athyrium filix-femina AFPO
Blechnum spicant VITX
Bolbitis repanda JBLI
Botrypus virginianus BEGM
Cibotium glaucum ORIJE
Crepidomanes venosum TWFZ

Cryptogramma acrostichoides WQML

Culcita macrocarpa PNZO
Cyathea spinulosa GANB
Cystopteris fragilis XXHP
Cystopteris fragilis LHLE
Cystopteris protrusa YOWV
Cystopteris reevesiana RICC
Cystopteris utahensis HNDZ
Davallia fejeensis OQWW
Dennstaedtia davallioides MTGC
Deparia lobato-crenata FCHS
Didymochlaena truncatula RFRB
Diplazium wichurae UFJN
Dipteris conjugata MEKP
Equisetum diffusum CAPN
Equisetum hyemale JVSZ

Gaga arizonica DCDT
Gymnocarpium dryopteris HEGQ
Hemionitis arifolia ZXJO
Homalosorus pycnocarpos OCZL
Hymenophyllum bivalve QIAD
Hymenophyllum cupressiforme TRPJ
Leucostegia immersa WGTU
Lindsaea linearis NOKI

Lindsaea microphylla YIXP
Lygodium japonicum PBUU
Marattia sp. UXCS

Myriopteris eatonii GSXD
Nephrolepis exaltata NWWI
Notholaena montieliae YCKE
Onoclea sensibilis HTFH
Ophioglossum petiolatum QHVS
Ophioglossum petiolatum WTJG
Osmunda javanica VIBO
Osmunda regalis YKSS

Osmunda regalis UOMY
Osmundastrum cinnamomeum BIVQ
Pilularia globulifera KIIX
Pityrogramma trifoliata UJTT
Plagiogyria japonica UWOD
Pleopeltis polypodioides UJWU
Polypodium amorphum YLIA
Polypodium glycyrrhiza CINT
Polypodium hesperium GYFU
Polypodium hesperium IXLH
Phlebodium pseudoaureum ZQYU
Polystichum acrostichoides FQGQ
Psilotum nudum QVMR
Pteridium aquilinum®

Pteris ensiformis FLTD

Pteris vittata POPJ

Sceptridium dissectum EEAQ
Sticherus lobatus XDVM
Thelypteris acuminata MROH
Thyrsopteris elegans EWXK
Tmesipteris parva ALVQ

Vittaria appalachiana NDUV
Vittaria lineata SKYV

Woodsia ilvensis YQEC

Woodsia scopulina YJJY

Lycophytes
Dendrolycopodium obscurum XNXF
Diphasiastrum digitatum WAFT
Huperzia lucidula GKAG
Huperzia myrisinites CBAE
Huperzia selago GTUO
Huperzia selago NYBX
Huperzia squarrosa GAON
Lycopodiella apressa ULKT
Lycopodium annotinum ENQF
Lycopodium deuterodensum PQTO
Phylloglossum drummondii ZZEI
Pseudolycopodiella caroliniana UPMJ
Selaginella moellendorffii*
Selaginella acanthonota ZYCD
Selaginella apoda LGDQ
Selaginella kraussiana ZFGK
Selaginella lepidophylla ABIJ
Selaginella selaginoides KUXM
Selaginella stauntoniana ZZOL
Selaginella wallacei JKAA
Selaginella willdenowii KJYC
Isoetes sp. PYHZ
Isoetes sp. FITN
Isoetes tegetiformans PKOX
Hornworts
Anthoceros punctatus*?
Megaceros flagellaris UCRN
Nothoceros vincentianus TCBC
Nothoceros aenigmaticus DXOU
Paraphymatoceros hallii FAJB
Phaeoceros carolinianus WCZB
Liverworts
Bazzania trilobata WZYK
Blasia sp. AEXY
Calypogeia fissa RTMU
Conocephalum conicum ILBQ.
Frullania sp. CHJJ
Frullania sp. TGKW
Lunularia cruciata TXVB
Marchantia emarginata TFY|
Marchantia paleacea IHWO
Marchantia paleacea HMHL
Marchantia polymorpha JPYU
Metzgeria crassipilis NRWZ
Odontoschisma prostratum YBAON
Pallavicinia lyellii YFGP
Pellia epiphylla PIUF
Pellia neesiana JHFI
Plagiochila asplenioides NwWQC
Porella navicularis KRUQ
Porella pinnata UUHD
Radula lindenbergia BNCU
Riccia berychiana WJLO
Scapania nemorosa IRBN
Schistochila sp. LGOW
Sphaerocarpos texanus HERT
Mosses
Anomodon attenuatus QMWB
Anomodon rostratus VBMM
Atrichum angustatum ZTHV
Aulacomnium heterostichum WNGH
Bryum argenteum JMXW
Buxbaumia aphylla HRWG
Ceratodon purpureus FFPD
Dicranum scoparium NGTD
Funaria sp. X\WHK
Hedwigia ciliata YWNF
Hypnum subimponens LNSF
Leucobryum albidum VMXJ
Leucobryum glaucum RGKI
Leucodon sciuroides ZACW
Neckera douglasii TMAJ
Orthotrichum lyellii CMEQ
Philonotis fontana ORKS
Physcomitrella patens*
Physcomitrium pyrimorfe YEPO
Plagiomnium insigne BGXB
Polytrichum commune SZYG
Pseudotaxiphyllum elegans QKQO
Racomitrium varium RDOO
Rhynchostegium serrulatum JADL
Rhytidiadelphus loreus WSPM
Scouleria aquatica BPSG
Schwetschkeopsis fabronia IGUH
Sphagnum lescurii GOWD
Sphagnum palustre RCBT
Sphagnum recurvatum UHLI
Syntrichia princeps GRKU
Takakia lepidozioides SKQD
Thuidium delicatulum EEMJ
Timmia austriaca ZQRI

Charophytes

Bambusina borreri QWFV
Chaetosphaeridium globosum DRGY
Chara vulgaris MWXT
Chlorokybus atmophyticus AZZW
Closterium lunula DRFX
Coleochaete irregularis QPDY
Coleochaete scutata VQBJ
Cosmarium broomei HIDG
Cosmarium granatum MNNM
Cosmarium ochthodes HIVM
Cosmarium ochthodes STKJ
Cosmarium subtumidum WDGV
Cosmarium tinctum BHBK
Cosmocladium cf. constrictum RQFE
Cylindrocystis brebissonii YOXI
Cylindrocystis brebissonii RPGL
Cylindrocystis cushleckae JOJQ
Cylindrocystis sp. VAZE
Desmidium aptogonum DFDS
Entransia fimbriata BFIK
Euastrum affine GYRP
Gonatozygon kinahanii KEYW
Interfilum paradoxum FPCO
Klebsormidium subtile FQLP
Mesostigma viride KYIO
Mesotaenium braunii WSJO
Mesotaenium caldariorum HKZW
Mesotaenium endlicherianum WDCW
Mesotaenium kramstei NBYP
Micrasterias fimbriata MCH)J
Mougeotia sp. ZRMT

Netrium digitus FFGR
Nucleotaenium eifelense KMNX
Onychonema laeve GGWH
Penium exiguum YSQT

Penium margaritaceum AEKF
Phymatodocis nordstedtiana RPQV
Planotaenium ohtanii SNOX
Pleurotaenium trabecula MOYY
Roya obtusa XRTZ

Spirogyra sp. HAOX

Spirotaenia minuta NNHQ.
Spirotaenia sp. TPHT
Staurastrum sebaldi ISHC
Staurodesmus convergens WCQU
Staurodesmus omearii RPRU
Xanthidium antilopaeum GBGT
Zygnemopsis sp. MFZO

Trebouxiophyceae

Botryococcus braunii ETGN
Botryococcus sudeticus VIDZ
Botryococcus terribilis QYXY
Chlorella minutissima MWAN
Coccomyxa pringsheimii GXBM
Eremosphaera viridis MNCB
Geminella sp. PFUD

Leptosira obovata ZNUM
Microthamnion kuetzigianum DXNY
Nannochloris atomus MFYC
Parachlorella kessleri AKCR
Pedinomonas minor RRSV
Pedinomonas tuberculata PUAN
Prasiola crispa WCLV
Prototheca wickerhamii BILC
Stichococcus bacillaris WXRI
Trebouxia arboricola NKXU

Chlorophyceae

Ankistrodesmus sp. OTQG
Aphanochaete repens JIMT
Asteromonas gracilis NTLE
Brachiomonas submarina GUBD
Carteria crucifera VIAU

Carteria obtusa RUIF
Chaetopeltis orbicularis BAZF
Chlamydomonas reinhardtii*
Chlamydomonas bilatus MULF
Chlamydomonas cribrum BCYF
Chlamydomonas moewusii JRGZ
Chlamydomonas noctigama VALZ
Chlamydomonas sp. TSBQ
Chlamydomonas sp. AOUJ
Chloromonas oogama IHOI
Chloromonas perforata QRTH
Chloromonas reticulata LBRP
Chloromonas rosae AJUW
Chloromonas subdivisa GFUR
Chloromonas tughillensis UTRE
Chlorosarcinopsis halophila KSFK
Dunaliella salina RHVC
Dunaliella tertiolecta ZDIZ
Eudorina elegans RNAT
Fritschiella tuberosa VFIV
Golenkinia longispicula BZSH
Gonium pectorale KUJU
Haematococcus pluvialis ODXI
Haematococcus pluvialis AGIO
Hafniomonas reticulata FXHG
Helicodictyon planctonicum AJAU
Heterochlamydomonas inaequalis IRYH
Lobochlamys segnis OFUE
Lobomonas rostrata JKKI
Microspora cf. tumidula FOYQ
Neochloris oleoabundans EEJO
Neochloris sp. GJIY
Neochlorosarcina sp. USIX
Oedogonium cardiacum DVYE
Oedogonium foveolatum SDPC
Oogamochlamys gigantea XDLL
Pandorina morum RYJX
Pediastrum duplex XKwQ,
Pediastrum duplex XTON
Phacotus lenticularis ZIVZ

Pirula salina NQYP

Pleurastrum insigne PRIQ
Pteromonas angulosa LNIL
Pteromonas sp. ACRY
Scenedesmus dimorphus PZIF
Scourfieldia sp. EGNB
Spermatozopsis exsultans MXDS
Spermatozopsis similis ENAU
Stephanosphaera pluvialis ZLQE
Stigeoclonium helveticum JMUI
Uronema sp. ISGT

Uronema belkae RAWF
Vitreochlamys sp. QWRA
Volvox carteri*

Volvox aureus JWGT

Volvox aureus WRSL

Volvox globator ISPU

Ulvophyceae

Acrosiphonia sp. JIWJ
Blastophysa cf. rhizopus VHI
Bolbocoleon piliferum LSHT
Bryopsis plumosa JTIG
Cephaleuros virescens YDCQ
Cladophora glomerata VBLH
Codium fragile GYBH
Cylindrocapsa geminella DZPJ
Entocladia endozoica OQON
Halochlorococcum marinum ALZF
Ignatius tetrasporus KADG
Ochlochaete sp. CQQP
Oltmannsiellopsis viridis PZBH
Oltmannsiellopsis viridis QJYX
Percursaria percursa OAEZ
Planophila laetevirens CBNG
Planophila terrestris LETF
Trentepohlia annulata NATT

Prasinophytes
Bathycoccus prasinos MCPK
Cymbomonas sp. XIVI
Dolichomastix tenuilepis XOAL
Mantoniella squamata QXSZ
Micromonas pusilla*
Monomastix opisthostigma BTFM
Nephroselmis olivacea MMKU
Nephroselmis pyriformis ISIM
Ostreococcus tauri*
Ostreococcus lucimarinus*
Picocystis salinarum TGNL
Prasinococcus capsulatus XMCL
Prasinoderma coloniale HYHN
Pseudoscourfieldia marina JMTE
Pycnococcus provasolii MXEZ
Pyramimonas parkeae TNAW
Scherffelia dubia FMVB
Tetraselmis chui HYNO
Tetraselmis cordiformis DUMA
Tetraselmis striata HHXJ
coccoid prasinophyte XJIGM

Glaucophyta
Cyanophora paradoxa QFND
Cyanophora paradoxa YTYU
Cyanoptyche gloeocystis JKHA

Glaucocystis cf. nostochinearum POOW

Gloeochaete wittrockiana PQED
Red Algae
Betaphycus gelatinae BWVJ
Ceramium kondoi VZWX
Chondrus crispus UGPM
Chroodactylon ornatum LLXJ
Dumontia simplex IEHF
Eucheuma denticulatum JEBK
Glaucosphaera vacuolata RSOF
Gloeopeltis furcata SBLT
Gracilaria asiatica VNAL
Gracilaria blodgettii IPN
Gracilaria chouae FTRP
Gracilaria lemaneiformi IKWM
Grateloupia filicina ZJOJ
Grateloupia livida IKIZ
Grateloupia turuturu URSB
Grateloupia chiangii PWKQ
Gymnogongrus ftabelliformis CKXF
Heterosiphonia pulchra YSBD
Kappaphycus alvarezii IH)Y
Mazzaella japonica WEIN
Polysiphonia japonica XAXW
Porphyra yezoensis ZULJ
Porphyridium cruentum OBUY
Porphyridium purpureum PVGP
Rhodella violacea RTLC
Rhodochaete parvula JJZR

Sinotubimorpha guangdongensis PYDB

Chromista
Chroomonas sp. ROZZ
Colpomenia sinuosa QLMZ
Cryptomonas curvata BAKF
Desmarestia viridis FSQE
Dictyopteris undulata LIRF
Hemiselmis virescens MIMQ
Ishige okamurai APTP
Isochrysis sp. BAIW
Kjellmaniella crassifolia RAPY
Laminaria japonica OGZM
Laminaria japonica QDTV
Mallomonas sp. BOGT
Nannochloropsis oculata JQFK
Ochromonas sp. EBWI
Pavlova lutheri LLEN
Pavlova lutheri NMAK
Pavlova lutheri RFAD
Petalonia fascia VRGZ
Prorocentrum micans T2JQ
Proteomonas sulcata IRZA
Prymnesium parvum LXRN
Punctaria latifolia ASZK
Rhodomonas sp. IAYV
Sargassum horneri RWXW
Sargassum thunbergii YRMA
Sargassum vachellianum HFIK
Sargassum fusiforme LDRY
Sargassum hemiphyllum VYER
Sargassum henslowianum FIKG
Sargassum integerrimum FOMH
Sargassum muticum JGGD
Scytosiphon lomentaria JCXF
Scytosiphon dotyo ULXR
Symphyocladia latiuscula UYFR
Synura petersenii DBYD
Synura sp. VKVG
Undaria pinnatifida FIDQ

Excavata
Euglena sp. UNBZ

P.G. Wolf 923 (UTC); Norwich, UK.
2D.G. Long s.n. (OXF); Edinburgh, UK



Table S2. The calibrations used in dating the divergences within the phototropin gene family.

No. Clade Calibration Date (MYA) Prior Reference Justification
1  Tracheophyta Zosterophyllum sp. 416 lognormal (mean: 3.5, STD: 70,74  Oldest unequivocal record of total group of lycoposid; see Ref. 72 for detailed justifications
2 Euphyllophyta Ibyka sp. 388.2 lognormal (mean: 3.5, STD: . 70,75 Oldest unequivocal record of monilophyte based on protoxylem morphology; see Ref. 72 for detailed justifications
3 Bryophyta PHOTA "type IlI" fragment 330.9-346.7 lognormal (mean: 1.5, STD: 1, offset: 330.9) 71 Oldest unequivocal record of crown Bryophyta; the fibrils and pores similar to those of Sphagnum water-storage cells
4 Bryophyta PHOTB "type IlI" fragment 330.9-346.7 lognormal (mean: 1.5, STD: 1, offset: 330.9) 71 Oldest unequivocal record of crown Bryophyta; the fibrils and pores similar to those of Sphagnum water-storage cells
5 Jungermanniopsida Riccardiothallus devonicus 407-411  lognormal (mean: 1.5, STD: 1, offset: 407) 72 Oldest unequivocal record of crown Jungermanniopsida; gross morphology similar to the extant Riccardia species
6  Polypodiopsida PHOT1 Rastropteris pirtgquanensis 296 lognormal (mean: 1.5, STD: 1, offset: 296) 8,76  Oldest unequivocal record of Osmundaceae stem; see Ref. 8 for detailed justifications
7  Polypodiopsida PHOT2 Rastropteris pirtgquanensis 296 lognormal (mean: 1.5, STD: 1, offset: 296) 8,76  Oldest unequivocal record of Osmundaceae stem; see Ref. 8 for detailed justifications
8  Eupolypod PHOT1 imported secondary date 116.7 Normal (mean: 116.7, STD: 35.01) 8 A well-established time estimate for the divergence of Eupolypods
9  Eupolypod PHOT2 imported secondary date 116.7 Normal (mean: 116.7, STD: 35.01) 8 A well-established time estimate for the divergence of Eupolypods
10 Spermatophyta PHOT1 Cordaixylon iowensis 306.2 lognormal (mean: 2.5, STD: 1, offset: 306.2) 70,77  Oldest unequivocal record of Acrogymnospermae; see Ref. 72 for detailed justifications
11 Spermatophyta PHOT2 Cordaixylon iowensis 306.2 lognormal (mean: 2.5, STD: 1, offset: 306.2) 70,77  Oldest unequivocal record of Acrogymnospermae; see Ref. 72 for detailed justifications
12 Grass PHOT1 phytoliths in dinosaur coprolites 65-67 lognormal (mean: 1.5, STD: 1, offset: 65) 73 Oldest unequivocal record of PACMAD or BEP of grass; phytoliths morphology similar to subclades in PACMAD or in BEP
13 Grass PHOT2 phytoliths in dinosaur coprolites 65-67 lognormal (mean: 1.5, STD: 1, offset: 65) 73 Oldest unequivocal record of PACMAD or BEP of grass; phytoliths morphology similar to subclades in PACMAD or in BEP
14  Coniferae PHOT1 Araucaria mirabilis 147 lognormal (mean: 1.5, STD: 1, offset: 147) 70 Oldest unequivocal record of Cupressophyta crown; see Ref. 72 for detailed justifications
15 Coniferae PHOT2 Araucaria mirabilis 147 lognormal (mean: 1.5, STD: 1, offset: 147) 70 Oldest unequivocal record of Cupressophyta crown; see Ref. 72 for detailed justifications




Table S3. The primers and PCR protocols used in this study. See Table S4 for primer sequences.

Taxa Gene Primary PCR primers Secondary PCR primers'  PCR program’ Specimen voucher
Hornworts:
Phymatoceros phymatodes neochrome neoF65 + neoR2818 neoF430 + neoR2776 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes neochrome neoF65 + neoR4110 neoF2367 + neoR3456 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes neochrome neoF65 + neoR4110 neoF3230 + neoR4110 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin neoF65 + neoR4110 neoF2367 + neoR3456 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin photF1856 + photR2508 photF1970 + photR2245 a/a J. Pittermann s.n. (DUKE)
Phymatoceros phymatodes  phototropin photF2774 + photR4339 - a J. Pittermann s.n. (DUKE)
Megaceros flagellaris neochrome neoF65 + neoR902 - b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF649 + neoR1950 - b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF1844 + neoR2361 - c B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF2239 + neoR3300 - b B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris neochrome neoF2361 + neoR4110 - c B. Crandall-Stotler s.n. (ABSH)
Megaceros flagellaris phototropin photF1856 + photR4339 photF1970 + photR4339 a/a B. Crandall-Stotler s.n. (ABSH)
Nothoceros aenigmaticus neochrome F5+R1_T1 F565+R1_T1 d/d F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus neochrome? neoF4018 + AP1 neoF4110 + AP2 e/f F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus neochrome? neoR429 + AP1 R3re_phyN + AP2 e/f F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus neochrome? NaNEO_3-1_GM1 + AP1 NaNEO_3-1_GM2 + AP2 e/f F.W. Li 1569 (DUKE)
Nothoceros aenigmaticus phototropin SupFl +R7 SupF2 +R7 c/g F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus phototropin* F565 + |_R1 I_F2+1_R2 d/d F.W. Li 1291 (DUKE)
Nothoceros aenigmaticus phytochrome F-200_Maphy + R4850_Maphy F-3_Maphy + R4450_Maphy h/h F.W. Li 1291 (DUKE)
Phaeoceros carolinianus neochrome neoF65 + neoR877 - c B. Crandall-Stotler s.n. (ABSH)
Phaeoceros carolinianus neochrome neoF649 + neoR1950 - b B. Crandall-Stotler s.n. (ABSH)
Phaeoceros carolinianus neochrome neoF1576 + neoR4104 - a B. Crandall-Stotler s.n. (ABSH)
Anthoceros punctatus neochrome neoF67 + neoR832 - c D. Chamberlain s.n. (E)
Anthoceros punctatus neochrome neoF428 + neoR3049 neoF812 + neoR2938 a/g D. Chamberlain s.n. (E)
Anthoceros punctatus neochrome neoF2938 + neoR4104-2 neoF3049 + neoR4104-2 a/a D. Chamberlain s.n. (E)
Ferns:
Adiantum andicola neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J. Rothfels 2641, DB5549° (DUKE)
Adiantum hispidulum neochrome neoF58 + neoR4238 neoF651 + neoR3718 c/c L. Huiet s.n., DB9529 (DUKE)
Adiantum hispidulum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c L. Huiet s.n., DB9529 (DUKE)
Adiantum pedatum neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J.Rothfels 3839, DB7517 (DUKE)
Adiantum pedatum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J.Rothfels 3839, DB7517 (DUKE)
Adiantum tetraphyllum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c L. Huiet 105, DB2505 (UC)
Adiantum tetraphyllum neochrome neoF20 + neoR4242 neoF20 + neoR2236 i/c L. Huiet 105, DB2505 (UC)
Adiantum tetraphyllum neochrome neoF1108 + neoR3065 - k L. Huiet 105, DB2505 (UC)
Alsophila podophylla neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Alsophila podophylla neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Alsophila podophylla neochrome neoF20 + neoR4242 neoF538 + neoR4000 i/l E. Schuettpelz 1201A, DB4948 (DUKE)
Bolbitis auriculata neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c F. Rakotondrainibe, DB3504 (P)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J. Rothfels 4167, DB8975 (DUKE)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/l C.). Rothfels 4167, DB8975 (DUKE)
Dennstaedtia punctilobula neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l C.J. Rothfels 4167, DB8975 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c C.J. Rothfels 3894, DB7797 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c C.J. Rothfels 3894, DB7797 (DUKE)
Deparia acrostichoides neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c C.J. Rothfels 3894, DB7797 (DUKE)
Deparia lancea neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 298, DB2558 (DUKE)
Deparia lancea neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 298, DB2558 (DUKE)
Didymochlaena truncatula neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 267, DB2435 (DULE)
Diplazium bombonasae neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c R.C. Moran 7493, DB3764 (DUKE)
Doodia media neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 295, DB2555 (DUKE)
Dryopteris amurensis neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c A. Uchida 1392, DB7982 (TNS)
Dryopteris amurensis neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c A. Uchida 1392, DB7982 (TNS)
Dryopteris expansa neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c A. Ebihara TH2007-507, DB7977 (TNS)
Dryopteris expansa neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c A. Ebihara TH2007-507, DB7977 (TNS)
Hemidictyum marginatum neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/j M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/j M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/j M. Christenhusz 2476, DB3054 (CAY)
Hemidictyum marginatum neochrome neoF1108 + neoR3065 - k M. Christenhusz 2476, DB3054 (CAY)
Hypolepis tenuifolia neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 286, DB2574 (DUKE)
Macrothelypteris torresiana  neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c Schuettpelz 335, DB2980 (DUKE)
Macrothelypteris torresiana  neochrome neoF20 + neoR4242 neoF20 + neoR2336 i/c Schuettpelz 335, DB2980 (DUKE)
Macrothelypteris torresiana  neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c Schuettpelz 335, DB2980 (DUKE)
Matteuccia struthiopteris neochrome neoF20 + neoR786 - b A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF649 + neoR1950 - b A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF1530 + neoR2300 - m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF2239 + neoR3300 - m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF2935 + neoR3720 - m A. Larsson 258, DB7946 (DUKE)
Matteuccia struthiopteris neochrome neoF58 + neoR4238 neoF651 + neoR3718 c/c A. Larsson 258, DB7946 (DUKE)
Onoclea sensilibis neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c E. Schuettpelz 353, DB2998 (DUKE)
Onoclea sensilibis neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c E. Schuettpelz 353, DB2998 (DUKE)
Phegopteris hexagonoptera  neochrome neoF20 + neoR4242 neoF651 + neoR3718 i/c M. Christenhusz 3844, DB2731 (TUR)
Phegopteris hexagonoptera  neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/c M. Christenhusz 3844, DB2731 (TUR)
Plagiogyria formosana neochrome neoF20 + neoR786 - b E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome neoF649 + neoR1950 - b E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome neoF1530 + neoR2300 - m E. Schuettpelz 1083A, DB4826 (DUKE)
Plagiogyria formosana neochrome neoF2935 + neoR3720 - m E. Schuettpelz 1083A, DB4826 (DUKE)
Tectaria zeylanica neochrome neoF20 + neoR4242 - i E. Schuettpelz 514, DB3569 (GOET)
Thelypteris noveboracensis neochrome neoF20 + neoR4242 neoF2115 + neoR4242 i/l C.J. Rothfels 4164, DB8972 (DUKE)

“The primer pair for secondary PCR in nested PCR reaction.
The PCR program used (primary PCR/secondary PCR, if nested PCR was used).

3Genome walking using Clontech Genome Walker kit.
“Genome walking using Inverse PCR.
°Fern DNA Database number (http://fernlab.biology.duke.edu).

indicates no nested PCR was conducted.

a98:30s, (98:10s, 70:30s,72:90s)x35, 72:600s

b 98:30s, (98:10s, 60:30s,72:90s)x35, 72:600s

€ 98:30s, (98:10s, 72:120s)x35, 72:600s

d 98:30s, (98:10s, 72:180s)x35, 72:600s

e (94:25s, 72:180s)x7, (94:25s, 67:180s)x32, 67:420s
(94:25s, 72:180s)x5, (94:25s, 67:180s)x20, 67:420s
g 98:30s, (98:10s, 67:30s,72:90s)x35, 72:600s

h 98:30s, (98:10s, 67:30s,72:150s)x35, 72:600s
98:30s, (98:10s, 68:30s,72:120s)x35, 72:600s

j 94:300s, (94:60s, 60:60,72:120s)x35, 72:600s

k 94:300s, (94:60s, 56:60,72:240s)x35, 72:600s
198:30s, (98:10s, 70:30s,72:120s)x35, 72:600s

m 98:30s, (98:10s, 55:30s,72:90s)x35, 72:600s



Table S4. The primer sequences.

Primer Sequence (5'-3')

SupF1 ATTCACAAATGTTGCCCGATGTGC
SupF2 CTGCACTCCTACTCGTTACCG

AP1 GTAATACGACTCACTATAGGGC
AP2 ACTATAGGGCACGCGTGGT
F-200_Maphy AGCGTGTAGCCTTGTCCTGTAC
F-3_Maphy GCGACAGCGGCAAAGTTGAAG

F5 GCGGCAGGCTGCTCAACTACAG
F565 TACACCGAAGGCTACAAGGCTAATG
I_F2 CAAGTGCAATCCAATGATGCCGC
I_R1 TTCTGTAGTTGAGCAGCCTGCC
I_R2 GAGGAGTAGCCGGTCATGGTGAAG

NaNEO_3-1_GM1
NaNEO_3-1_GM2
neoF1108
neoF1530
neoF1576
neoF1844
neoF20
neoF2115
neoF2239
neoF2300
neoF2361
neoF2367
neoF2935
neoF2938
neoF3049
neoF3230
neoF4018
neoF4110
neoF428
neoF430
neoF58
neoF649
neoF649
neoF65
neoF651
neoF67
neoF812
neoR1950
neoR2236
neoR2361
neoR2776
neoR2818
neoR2938
neoR3049
neoR3065
neoR3300
neoR3456
neoR3718
neoR3720
neoR4104
neoR4104-2
neoR4110
neoR4238
neoR4242
neoR429
neoR786
neoR832
neoR877
neoR902
photF1856
photF1970
photF2645
photF2774
photR2508
photR2901
photR4102
photR4339
R1_T1
R3re
R4450_Maphy
R4850_Maphy
R7

TGTGGAACAAAGGCAACTTGGGACGAA
ATGTGAAGCCTCAAGCAAATGTTACAAGT
GTGCAGCTCAACATKGAGCTGGA
TCBTRTTTTGGTTYAGGTCRCAYACTGC
CTGGACAGGGACGACGACTCTCG
CATTGAGGGACAAGGAGGAGTTACCAGG
CCAAGACGAAGCACAGCGTG
GGAGGTGATTGGAGSCAACTGC
AGGAAAGATGGYAGCWRYTTYTGGAA
GCTRGAGGTDASCAAGTACACDGAGGG
CGGCACCAGGACAAGGTTTCTG
CAGTCSCTCATCAAGTACGAYGT
GTKCAGCTYATCCGAGATGCAGT
CTGTCCCTGGAGATCGTGAACTACACC
CAACAGAAGGTGGCGGATTATGTTCC
CAGACCATCTATGGGTGCGGCATTC
ATCTTGCTCTACGAGATGCTCTATGGC
TACATTCCCAACCAGCATCCCAGTGAG
GYACGGATSTGCGGATGCTCTTCAC
ACGGATSTGCGGATGCTCTTCAC
AGBGCNGATGCMAGRCTYCATGC
GATCGDGTGATGGCBTACAARTTYCA
GATCGDGTGATGGCBTACAARTTYCA
ATGCGAGGCTKAATGCGGCGTTTGAG
TCGGGTGATGGCCTACAAGTTCCA
GCGAGGCTGMATGCGGYGTTYGAG
ACAAGTTYCAYGAGGACGAGCACG
CCYCGAAYNGCYTCCATCCAYTCCTG
AGAAGYTGCTGCCRTCTTTCCTGTA
CRGAAACCTTGTCCTGGTGCCG
GCGAAGATGATGGGGTTGTCCG
GCACCTCCTCCCTGCTGTACTCTGTCAG
GGTGTAGTTCACGATCTCCAGGGACAG
GGAACATAATCCGCCACCTTCTGTTG
CTGHACTCCGATGAAGTACTGGA
GYARCCTSGGATCTGWGATCAC
AGCATCATSGCCTTGTCCATG
TGACVCCCATGCAGTGGAGGTACTC
GTTCTCBGGCTTSAGRTCBCGGTAGATG
ATGCTGGTKGGGAATGTRAGCTCCTTG
AYGCTGSTSGGGAAKGTGAGCTCCTTG
AGGCTCACTGGGATGCTGGTTGGG
CGGATRAGAGGCCAGTYGATKYCTYGGA
CGGATGAGAGGCCAGTCGATKYCT
GAGTGAACAGCATCCGCACATCCGTG
GGTARTGCARGCCVAGRTAHGGCTCC
GAGGCTGATCGGCTGGTGGAGC
ATGTACTGCGTGTGGCAACCGTGC
GACGAGACGGAGCCCATGTTGC
CTGGTGSTCAAGGAGGAGCTGG
GCTCTCCWCCTTCCAGCAGACG
CTTCGCCTCYGACCAYTTCCTGG
GGAGAGACGGGACATCACTGTGC
AGCAGCGACAGAAATCCCGAGGAC
GCTCGTACTCGCTSCCRTCCAG
ATGCTGSTSGGRAATGTGAGCTCCTTGTT
TCYKCCTCGTCCCACTCCAGRTC
ACCCAGGATCAAAACACATCGCTG
GACGCATTCTCGCTCATTGCCAGGAT
CCATCCACCACAGGTTCTGAACAC
AAAATGTCCAGGACCGTCAGGTTC
AGAGTGGTGGCCAAGTCAATTCC




