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Peptide signals mediate a variety of cell-to-cell communication crucial for plant
growth and development. During Arabidopsis thaliana vascular development, a CLE
(CLAVATAB/EMBRYO SURROUNDING REGION-related) family peptide hormone, TDIF
(tracheary element differentiation inhibitory factor), regulates procambial cell fate by
its inhibitory activity on xylem differentiation. To address if this activity is conserved
among vascular plants, we performed comparative analyses of TDIF signaling in
non-flowering vascular plants (gymnosperms, ferns and lycophytes). We identified
orthologs of TDIF/CLE as well as its receptor TDR/PXY (TDIF RECEPTOR/PHLOEM
INTERCALATED WITH XYLEM) in Ginkgo biloba, Adiantum aethiopicum, and Selaginella
kraussiana by RACE-PCR. The predicted TDIF peptide sequences in seed plants and
ferns were identical to that of A. thaliana TDIF. We examined the effects of exogenous
CLE peptide-motif sequences of TDIF in these species. We found that liquid culturing
of dissected leaves or shoots was useful for examining TDIF activity during vascular
development. TDIF treatment suppressed xylem/tracheary element differentiation of
procambial cells in G. biloba and A. aethiopicum leaves. In contrast, neither TDIF
nor putative endogenous TDIF inhibited xylem differentiation in developing shoots and
rhizophores of S. kraussiana. These data suggest that activity of TDIF in vascular
development is conserved among extant euphyllophytes. In addition to the conserved
function, via liquid culturing of its bulbils, we found a novel inhibitory activity on root growth
in the fern Asplenium x lucrosum suggesting lineage-specific co-option of peptide
signaling occurred during the evolution of vascular plant organs.

Keywords: CLE peptides, plant evo-devo, LRR-RLKSs, plant vascular development, vascular plants, non-model
organism

INTRODUCTION

Recent advances in biochemical, genetic and bioinformatic analyses have unveiled the
importance of peptide hormones in plant growth and development (Matsubayashi, 2014).
CLE (CLAVATA3/EMBBRYO SURROUNDING REGION-related) peptides are a class of
peptide hormones involved in an array of plant developmental processes including shoot
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apical meristem maintenance, vascular cell differentiation
and stem cell maintenance, root meristem maintenance,
development of embryo and endosperm, autoregulation of
nodulation, lateral root responses to nutrient conditions and
pollen viability (Fletcher et al., 1999; Brand et al., 2000; Hirakawa
et al., 2008; Okamoto et al., 2009; Kondo et al., 2011; Fiume
and Fletcher, 2012; Depuydt et al., 2013; Endo et al, 2013;
Araya et al, 2014). Typical CLE proteins contain an N-
terminal signal peptide and a CLE peptide motif near the
C-terminus which are intervened by non-conserved variable
region. The mature signaling peptides are produced from the
CLE peptide motif as 12-13 amino acid peptides containing
proline hydroxylation and glycosylation via post-translational
processing (Ito et al., 2006; Kondo et al., 2006; Ohyama et al.,
2009; Ogawa-Ohnishi et al., 2013). Secreted CLE peptides are
perceived by receptors residing in target cell membranes to
mediate intercellular signaling. Based on the bioactivity and
receptor specificity, two major subgroups can be recognized in
the CLE peptide family: here we call R-type CLE and H-type
CLE (Ito et al.,, 2006; Strabala et al., 2006; Kinoshita et al.,
2007; Whitford et al., 2008; Ohyama et al., 2009). Each has
a characteristic amino acid residue (arginine or histidine) at
the N-terminus of the peptide. The R-type CLE includes CLV3
(CLAVATA3), which plays a significant role in the maintenance
of shoot apical meristem in Arabidopsis thaliana, while the H-
type CLE includes TDIF, an important regulator of vascular
cell differentiation (Brand et al., 2000; Schoof et al., 2000;
Ito et al, 2006; Hirakawa et al, 2008). Peptides in each
subgroup are perceived through specific receptors of LRR-RLK
family, CLV1 (CLAVATA1)/BAM (BARELY ANY MEISTEM)
or TDR/PXY (TDIF RECEPTOR/PHLOEM INTERCALATED
WITH XYLEM,; Clark et al., 1995; Brand et al., 2000; DeYoung
et al., 2006; Fisher and Turner, 2007; Hirakawa et al., 2008;
Ogawa et al., 2008; Shinohara et al., 2012). The TDIF-TDR pair
mediates a phloem-derived signal that inhibits differentiation
of procambial cells into xylem cells, which is important during
secondary growth of vasculature in A. thaliana floral stems
(Hirakawa et al., 2008, 2010; Whitford et al., 2008; Etchells and
Turner, 2010).

The CLE family is conserved throughout land plants
although functional paralogs are not precisely characterized
except in angiosperms. Similar to many other gene families
of developmental regulators, the number of genes seems
lower in early diverging taxa such as the bryophytes and
lycophytes (1 and 15 sequences are reported for Physcomitrella
patens and Selaginella moellendorffii, respectively), compared
to the number found in flowering plant species such as A.
thaliana, which possesses 32 CLE genes (Jun et al, 2008;
Oelkers et al., 2008; Miwa et al., 2009). Thus, the expansion of
the CLE gene family and subsequent neofunctionalization
may have played important roles in the evolution of
land plant development, particularly in the vascular plant
lineages.

In this study, we performed evolutionary and functional
comparative analyses of TDIF/H-type CLE peptides among
major lineages in vascular plants—angiosperms, gymnosperms,
ferns and lycophytes.

MATERIALS AND METHODS

Database Search for Orthologs of TDIF and
TDR Genes

Nucleotide or protein sequences corresponding to the
CLE peptide motif of A. thaliana CLE41/At3g24770
(His*” to Asn”), the CLE peptide motif of P. patens
CLE1/CLE170/XM_001752838 (Arg'*® to Asn'¥’) and the
kinase domain of A. thaliana TDR/At5g61480 (Gly’?® to
Leu®”) were used as queries for database searches. BLAST
searches were performed against the SRA (Sequence Read
Archive) and oneKP (one thousand plants, http://www.onekp.
com/) databases, focusing on EST data for gymnosperms,
ferns and lycophytes, as well as Genbank transcript data (de
Vries et al., 2015; Vanneste et al., 2015). Each of the obtained
sequences was manually validated to determine whether
it encodes a complete protein containing an N-terminal
signal peptide by SignalP (http://www.cbs.dtu.dk/services/
SignalP/).

RNA Extraction and cDNA Synthesis

Total RNA was extracted from immature leaves/fronds of Ginkgo
biloba, Adiantum aethiopicum, and Selaginella kraussiana, using
the RNeasy Plant Mini Kit (Qiagen) with modifications:
adding 1% polyethylene glycol into the lysis buffer (RLC
buffer) and repeating an extra EtOH buffer (RPE buffer)
wash. Reverse-transcription (RT) reactions were performed
against the extracted total RNA wusing either the Super
Script IIT (Life Technologies) or the SMART RACE cDNA
Amplification Kit (Clontech) according to the manufacturers’
instructions.

Degenerate PCR and Smart-race PCR
Degenerate primers were designed based on the conserved
amino acid sequences within the CLE peptide motif for TDIF
or the kinase domain for TDR (Table S2). SMART-RACE
PCR was performed using SMART RACE cDNA Amplification
Kit (Clontech) with primers described in Table S2. Genbank
accession numbers for the obtained sequences are KT343281-
KT343287 as indicated in Table S2.

Phylogenetic Analysis

The sequences were first aligned in Clustal X. We excluded
ambiguously aligned sequence to produce an alignment of 253
amino acid characters. Phylogenetic analyses were performed
using MrBayes 3.2.1 (Huelsenbeck and Ronquist, 2001) and
analyses were run for 500,000 generations, which was sufficient
for convergence of the two simultaneous runs of each analysis.
Convergence was assessed by visual inspection of the plot of
the log likelihood scores of the two runs calculated by MrBayes
(Gelman and Rubin, 1992). Character matrix and command files
used to run the Bayesian phylogenetic analysis are provided in
Data Sheet S1.

Plant Culture and Peptide Treatment
Immature G. biloba leaves, immature A. aethiopicum fronds
and S. kraussiana shoots of 5mm in length were excised
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and surface sterilized in sterilization solution (1% sodium
hypochlorite and 0.1% TritonX-100) for 3-5min, then washed
4 times with water. For Asplenium x lucrosum bulbils, all
visible leaves were detached and the sterilization was performed
for 15min. All plant samples were cultured in half-strength
MS liquid medium containing 1% sucrose and 0.05% MES
(pH 5.8) at 22°C under continuous light without shaking.
The bulbils were transferred to new liquid culture medium
every 3 weeks. In the peptide treatment assays, plant samples
of similar size/developmental stage were collected for the
replicate of control and peptide-treatment samples. TDIF
(HEVHypSGHypNPISN), SkCLE1 (HSVHypSGHypNPVGN),
and SkCLEIL (HSVHypSGHypNPVGNSLPG) peptides
were chemically synthesized with >95% purity (Operon
Biotechnologies). All experiments were replicated at least three
times.

Observation of Vasculature

Leaves/fronds were fixed in a 1:3 mixture of acetic acid/ethanol,
washed with water and mounted in a mixture of chloral
hydrate/glycerol/water (8:1:2). For sectioning, samples were
fixed in FAA solution (50% ethanol: 10% formalin: 5% acetic
acid in water) and embedded using the JB-4 embedding kit
(Polysciences) according to the manufacturers instructions.
Blocks were sectioned at 3 um thick and the sections were
stained with 0.05% toluidine blue and observed with a Zeiss
Axioskop microscope.

RESULTS

TDIF Genes in Vascular Plants

TDIF genes in non-flowering vascular plants were identified by
searching the Genbank and 1 KP databases using the amino
acid sequence of TDIE HEVPSGPNPISN, as a query. This
revealed TDIF-like gene transcripts in many gymnosperms and
ferns. For example, CLE peptide motifs identical to TDIF
were found in Picea sitchensis, Pseudotsuga menziesii, Taxus
baccata, Sequoia sempervirens, Gnetum gnemon, G. biloba,
Equisetum giganteum (Table S1). In the transcript data for
the lycophyte Huperzia squarrosa, we found two H-type CLE
and an R-type CLE sequences although we could not find
CLE peptide motifs identical to TDIF in lycophyte data.
These sequences were also different from any of the five H-
CLE sequences of S. moellendorffii, encoded by SmCLE12-
15 (Miwa et al, 2009). In the moss P. patens, a CLE gene
has been reported and designated as CLE170/PpCLE1 (Oelkers
et al, 2008; Miwa et al, 2009). Using the CLE motifs of
PpCLE1 in addition to TDIF as queries, we found additional
5 CLE sequences in Genbank transcript database (designated
as PpCLE2 to PpCLE6; Table S1). However, all encode R-
type CLE genes and no additional H-type CLE gene was
detected.

We next isolated TDIF orthologs from cDNA of G. biloba, A.
aethiopicum, and S. kraussiana by degenerate PCR and RACE
PCR. For G. biloba TDIF genes (GbCLEI and GbCLE2), two
partial sequences obtained in the BLAST search were used to
design primers for RACE-PCR. GbCLEI and GbCLE2 sequences

exhibit a typical CLE protein organization: an N-terminal signal
peptide, a CLE peptide motif near or at the C-terminus and an
intervening non-specific region (Figure 1A). In A. aethiopicum
and S. kraussiana, amplification of CLE peptide sequences was
performed by degenerate SMART-RACE PCR with the primers
corresponding to the first several amino acids in the CLE peptide
motif and 3’-end universal primers for SMART-RACE PCR
(Table S2). We could detect single genes in the two species,
namely AaCLEI and SkCLEI. The SkCLE1 sequence was highly
similar to CLE14 of S. moellendorffii. Both AaCLE1 and SkCLEI
had the typical CLE protein configuration (Figure 1A).

The primary sequences of the CLE peptide motif of AtCLE41/-
44, GbCLEI, GbCLE2, and AaCLEl were identical while
SkCLEI has a few substitutions relative to the other sequences
(Figure 1A). As these substituted residues are reported to be not
essential for bioactivity in the xylem cell differentiation assay (Ito
et al., 2006), SkCLE1 peptide would be predicted to possess the
TDIF-like bioactivity in angiosperms. In A. thaliana, exogenous
TDIF suppresses xylem differentiation when plants are grown
in liquid culture medium (Figures 1B,C; Hirakawa et al., 2008),
and indeed, SkCLEI peptide (H-S-V-Hyp-S-G-Hyp-N-P-V-G-
N) exhibited a similar bioactivity (Figure 1D). A longer CLE
peptide, SKCLEIL (H-S-V-Hyp-S-G-Hyp-N-P-V-G-N-S-L-P-G),
was also examined since C-terminal cleavage of the SkCLE1
peptide might occur either at the homologous position (Asn®2-
Ser®3) or between the Gly3®and Lys¥, catalyzed by proteases like
the A. thaliana SOL1 carboxypeptidase (Tamaki et al., 2013). The
SkCLEIL peptide showed a similar bioactivity as SkCLE1 and
TDIF peptides in A. thaliana (Figure 1E).

TDR Genes in Vascular Plants

BLAST searches using the kinase domain of A. thaliana
TDR/PXY as a query, we found TDR sequences for gygmnosperm
and fern species from transcript databases. Sequences were
obtained from G. biloba, Azolla filiculoides, E. giganteum,
Pteridium aquilinum (Table S1). In addition, the Sellaginella
moellendorffii genome contained four sequences highly similar
to AtTDR, which are designated as SmTDRI-A,B and SmTDR2-
A,B (Table S1; the pairs are two alleles). However, in P. patens,
we could find no sequence highly similar to AtTDR, although
orthologs of AtCLV1, a CLV3 receptor of A. thaliana, are
encoded (PpCLLI and PpCLL2 in Table S1; Miwa et al., 2009).
CLL genes were also found in A. filiculoides, E. giganteum,
and S. moellendorffii (Table S1). In addition, We obtained
partial TDR sequences by application of degenerate PCR and
RACE PCR to ¢DNA isolated from G. biloba, A. aethiopicum
and Sellaginella kraussiana (Table S1). Kinase domains of
the obtained sequences were aligned with the kinase domain
sequences of the ERECTA, CLV1/BAM, TDR/PXY/PXL genes
of A. thaliana. The phylogeny of the genes was reconstructed
using a Bayesian method (Figure2). Rooting the tree with
the ERECTA/CLV1/BAM clade as an outgroup, vascular plant
TDR genes form a highly supported monophyletic clade sister
to a clade of land plant CLV1/BAM. The gene duplication
producing the TDR/PXY and PXL clades predated the divergence
of ferns from seed plants, with well-supported euphyllophyte
clades for each of these gene classes. It seems likely that the
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AtCLE4

GbCLET

GbCLE2

AaCLE1

SkCLE1

SmCLE14 M

AtCLE41 [PMTRHOSTSMYAPFKRVYLLESS

GbCLET ACRKKKHNTGGEG IPSSHYHWRSP

GbCLE2 ILVLLLL ART INACRT AKKORGMYYSTHVRRS

AaCLET TTROSTGGHHGYAY APQPSAGISESYTISDHHRYQOKTNS

SkCLE1 I | L15T158---ROAP

SmCLE14 ARIPYOGKHSFLF SFAADPSQNRPFYPRFDS - - -DENQ

AtCLE41  VPASSTMDLRPKA------------- STRRSRTSR--RREFG

GbCLE1  CRR---GLAGASN----------- OF VPKRGFRAGPPARRYN

GbCLEZ  QRDSNRRL IASNNNFHIPPNNQTARHRPTAPSTA---STRYN

BaCLE1  LNWHHTSRTDQAQ----------- LYRROKEVLKRGKRKRAK

SkCLET ~ LDAPSSNQYNPQH----------- VANVCKGPS---CTSMFQ

SmCLET4  AKVAVASESPYHH----------- FLRCKEGSSS--CGSDFQ

AtCLE4T  N-DAHEVPSGPNPISN-----------------------

GbCLE1  A-SDHEVPSGPNPISNR----------=-----------

GbCLE2  A-SDHEVPSGPNPISN----------====mmmmmmmemn

AaCLE1  TKLLHEYPSGPNPISNE IPTKLYDAQKLPTSMP------

SKCLET  SQQALHSYPSGPNPYGNSLPGKYL YSKRSPPHPPPPNGQY

SmCLE14  AEKLHSYPSGPNPYGNSLPGKFLYTRRSPPPFPEG IPHP
Yellow arrows indicate veins without visible xylem vessels. Scale bars: 100 um.

FIGURE 1 | TDIF/H-type CLE genes in land plants and the bioactivities of CLE peptides in Arabidopsis thaliana. (A) Alignment of deduced primary
sequences for TDIF genes identified in this study (Ginkgo biloba CLE1, Adiantum aethiopicum CLE1, Selaginella kraussiana CLE1) with A. thaliana CLE41 and
Selaginella moellendorffii CLE14. Gray and blue texts indicate signal peptide and the 12 amino-acid CLE peptide motifs, respectively. (B-E) Effects of peptides in A.
thaliana plants grown for 10 days in liquid medium containing no additional peptide (B), 5 wM TDIF (C), 5 uM SkCLE1 peptide (D), or 5 uM SKCLE1L peptide (E).

gene duplication producing TDR and PXL genes occurred prior
to the divergence of the lycophytes from the remainder of
vascular plants, with SmTDR2 being an ortholog of PXL and
SmTDRI an ortholog of TDR, but the ambiguous position
of SmTDRI precludes a definitive statement. Within the
euphyllophyte TDR/PXY clade, phylogenetic relationships of
the sequences largely mirror that of accepted euphyllophyte
phylogeny. All gymnosperm sequences we identified are TDR
orthologs, but broader sampling is required to determine whether
the PXL ortholog was lost in gymnosperms.That P. patens
genes are embedded, with high support, in the CLV1/BAM
clade suggest that a TDR homolog was likely lost in the moss
lineage.

Effects of TDIF on Vascular Development

in Vascular Plants

As demonstrated above, TDIF and TDR orthologs are found
throughout vascular plants. To investigate the function of
TDIF/H-type CLE in vascular plants, we examined the
bioactivity of peptide treatment in species from different taxa—
gymnosperms, ferns and lycophytes. In A. thaliana, bioactivity
of TDIF can be readily observed by liquid culturing of whole

plants, thus we applied a similar approach in other species.
Immature leaves on short shoots from a G. biloba tree were
excised and grown in liquid culture for 10 days. In the
vasculature, xylem differentiation occurs near the distal edge
of the leaf blade and continuous xylem strands are formed
along the veins (Figure 3A). TDIF treatment inhibited xylem
differentiation, leading to veins developing without visible
xylem tracheids even in the central region of the leaf blade
(Figures 3A-D). In the veins without tracheids, elongated
procambium-like cells are observed (Figures 3E,F). In cross-
section, the loss of tracheids, as determined by secondary
wall development (assessed by toluidine blue staining), in
TDIF treated leaves was observed while phloem differentiation
occurred normally, similar to the effects of exogenous bioactivity
of TDIF in A. thaliana (Figures 3G,H; Hirakawa et al., 2008).
The radius of the leaf blade grew from approximately 1.5-
7.5mm during this period (Figure 3I), and the overall growth
was not affected by addition of 10 M TDIF in the liquid
medium.

TDIF sensitivity of A. aethiopicum was examined in similar
experiments. Immature unfurled fronds were excised by cutting
at the petiole and were grown in liquid medium. TDIF treatment
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r AtPXL1

BgTDR1
AaTDR1
EgTDR1

AfCLL1

AtCLV1
AtBAMS3

AtBAM1
0.99
AtBAM2

AtER

0.2

B PpCLL1A
PpCLL1B

FIGURE 2 | Phylogenetic relationships of vascular plant TDR genes. The phylogram was generated with the kinase domain sequences based on a Bayesian
method. The posterior probabilities of trees are shown at the nodes. Using AtER as an outgroup, CLV and TDR genes each form monophyletic clades. Genes are
color coded by taxon: moss, purple; lycophyte, light blue; ferns, dark blue; gymnosperm, dark green; angiosperm, light green. Species abbreviations are as follows:
Pp, Physcomitrella patens; Sk, Selaginella kraussiana; Sm, Selaginella moellendorfii; Aa, Adiantum aethiopicum; Af, Azolla filiculoides; Eg, Equisetum giganteum, Paq,
Pteridium aquilinum,; Gb, Ginkgo biloba; Pab, Picea abies; Pg, Picea glauca; At, Arabidopsis thaliana. The paired S. moellendorfii sequences (A and B) are likely alleles.

reduced the formation of xylem strands in veins of fronds
cultured for 10 days (Figures 4A,B). Although the inhibitory
effect on xylem formation was not as strong as what was observed
in G. biloba or A. thaliana, the discontinuous xylem formation
indicates proper xylem cell differentiation was impeded by
TDIF (Figure 4B). We further examined the effects of TDIF
in Asplenium x lucrosum (A. bulbiferum x A. dimorphum)
because this species produces many bulbils on its fronds, and
bulbils can be cultured for a long period. All visible fronds were
detached from bulbils and they were grown in liquid culture.
A few fronds emerged in 17 days, after which the bulbils were
transferred to TDIF containing media or control media and
were further cultured for 34 days. In 51 day old plants treated
with 10 WM TDIE leaf veins without visible tracheids were
observed (Figures 4C,D). Altogether, TDIF inhibits xylem cell
differentiation in the two examined fern species.

In addition to the inhibitory activity on xylem strand
formation, TDIF had a strong inhibitory activity on overall
plant growth in A. x lucrosum. After 3 months in culture,

TDIF treatment reduced the growth in a dose dependent
manner (Figures 5A-D). Although the size and complexity of
fronds was reduced in TDIF treated plants, the number of
fronds formed was increased. Root growth was also inhibited
but the number of the roots formed increased. In addition,
while root length was reduced, the thickness of roots increased
(Figure 5E). In cross-section, roots grown with 1M TDIF
had an increased number of cortex cell layers and abnormally
shaped epidermal cells (Figures 5F,G). The size of the central
vascular cylinder was not affected but its cellular organization was
altered (Figures 5H,I). Under control conditions central vascular
tissues are surrounded by one or two layers of pericycle cells.
The vascular cylinder contains dipolar protoxylem tracheids,
small phloem-like cells at the periphery, and relatively large
cells near the center. In the peptide treatment central cylinders
had a smaller number of relatively large cells without clear
morphological features characteristic of differentiated vascular
cells, indicating inhibition of proper cell differentiation and cell
division.
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(E,F), 50 um in (G,H), and 0.5cm in (l).

FIGURE 3 | Effects of TDIF treatment in Ginkgo biloba leaf. (A-H) Veins of G. biloba leaves cultured for 10 days in liquid medium containing no additional

peptide (A,C,E,G) or 10 uM TDIF (B,D,F,H). (A-F) Images near the edge (A,B) or middle (C~F) of the leaf blade. Yellow arrows indicate veins without visible tracheids.
Mucilage canals are indicated as mc. (G,H) Cross section of the veins. Black and red arrowheads indicate phloem and xylem, respectively. (I) Overall leaf morphology
before (left) and after (right) 10-day culture. The dashed line illustrates the approximate position of sectioning plane for (G,H). Scale bars: 500 wm in (A-D), 100 um in

We used S. kraussiana as a model to examine TDIF sensitivity
in lycophytes. Excised shoots containing a pair of branched shoot
tips were cultured 3 weeks in liquid culture with or without
peptides. Near the shoot tips of control plants, two rows of xylem
strands are formed, which are connected to xylem strands in
leaves, following the pattern typical to the vascular development
in lycophyte shoot (Figure 6A; Steeves and Sussex, 1989). In
TDIF-treated shoots, the continuity of xylem strands as well as
their relative position was not altered significantly—it was not
affected by either SkCLE1 or SkCLE1L peptide (Figures 6A-D).
Examining tissues other than the vasculature, we could not
find any developmental defects by the peptides. We further
examined the effect of peptides in rhizophores emerged during
liquid culturing, but we did not see significant changes in
rhizophore formation and growth due to peptide treatment.
In cross-section of the S. kraussiana rhizophore the vascular
cylinder contains central xylem and surrounding phloem tissues
(Figure 6E). Tracheid differentiation was not suppressed in
plants grown in the presence of 5 WM of any of the three peptides
(Figures 6E-H). These data indicate that exogenously applied
TDIF or SKCLE1 peptides do not have inhibitory activities on

xylem cell differentiation in S. kraussiana although it is still not
clear if the SkKCLEI gene plays no role in xylem differentiation in
planta because the lack of responses could be due to limitations
of method as discussed later.

DISCUSSION

Molecular genetic studies have illustrated the importance of
peptide signaling in communication between cells and tissues,
which is essential for plant growth and development. An
important question is how these signals are integrated into
a specific developmental context, such as the formation of
vasculature, during plant evolution. Comparative analyses on
different plant taxa is one strategy to address this question.
However, the availability of molecular genetic techniques is still
limited to a small number of species. In this study, we analyzed
the evolution of TDIF/CLE genes and the bioactivity of TDIF to
examine their function in vascular development in taxa of the
major clades of vascular plants including gymnosperms, ferns
and lycophytes.
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FIGURE 4 | Effects of TDIF treatment in fern fronds. Adiantum aethiopicum (A,B) and Asplenium x lucrosum (C,D) fronds from plants cultured for 10 or 51 days
in liquid medium containing no additional peptide (A,C) or 10 uM TDIF (B,D). Yellow arrows indicate discontinued xylem strand in (B) and veins without visible
tracheids in (D). Scale bars: 200 pm.

FIGURE 5 | Effects of TDIF on the morphology of Asplenium x lucrosum. (A-D) Overall morphology of A. x lucrosum plants grown for 3 months in liquid
medium containing no additional peptide (A), 100nM TDIF (B), 1 uM TDIF (C), or 10 uM TDIF (D). (E) comparison of root morphology grown for 5 weeks in liquid
culture containing different concentration of TDIF peptides as indicated. (F-1) Cross sections at the middle of the roots grown in control (F,H) or 1 wM TDIF (G,l)
medium. Approximate positions for sectioning were illustrated in (E) by arrowheads. The images for (H,l) are magnification of central cylinder in (F,G). Arrows in (H)
indicate protoxylem poles. Scale bars: 2cm in (A-D), 1 cm in (E), 100 um in (F,G), and 50 wm in (H,1).

Frontiers in Plant Science | www.frontiersin.org 7 November 2015 | Volume 6 | Article 1048


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Hirakawa and Bowman

Conserved TDIF Function in Euphyllophytes

100 wm (A-D), 20 um (E-H).

FIGURE 6 | Effects of TDIF in Selaginella kraussiana. Cleared whole-mount images of shoot meristem region with xylem strands (A-D) and cross sections of
rhizophores (E-H) of S. kraussiana shoots grown for 3 weeks in liquid medium containing no additional peptide (A,E), 5 uM TDIF (B,F), 5 .M SKCLE1 peptide (C,G),
or 5 M SKCLE1L peptide (D,H). Yellow arrows in (A-D) indicate the termini of xylem strands (white lines in images) just below the shoot apical meristem. Scale bars:

Phylogenetic analyses of sequences obtained in this study
indicate that TDIF/H-type CLE genes and TDR receptor genes
are conserved among vascular plants, suggesting that this
signaling pathway may be active throughout the vascular plant
lineage. In contrast, the moss P. patens lacks both TDIF/H-
type CLE and TDR genes in its genome although it possesses
R-type CLE genes. Further analyses on CLE family genes in
other bryophytes, as well as charophycean algae, is necessary for
understanding the origin and evolution of CLE peptide signaling.

TDIF treatment assays that TDIF is bioactive in shoot
vascular tissues of gymnosperms and ferns. Inhibition of
xylem strand differentiation in gymnosperm and fern species
indicates conservation of the role for TDIF in tracheary
element differentiation in euphyllophytes. In A. thaliana, TDIF
signaling is implicated in the coordination of phloem and xylem
differentiation from intervening procambium (Miyashima et al.,
2013). As this type of vascular development, secondary xylem
and phloem formation, is not active in extant ferns (Gifford
and Foster, 1989; Spicer and Groover, 2010), the roles for
TDIF in vascular development are not restricted to secondary
vascular development. In the lycophyte S. kraussiana, we could
not detect effects of TDIF on xylem differentiation in either
shoots or rhizophores. Based on these observations, we propose
that TDIF was integrated into shoot xylem differentiation in
the euphyllophyte lineage after divergence from the lycophyte
lineage. In this model, lycophytes and euphyllopytes may
undergo a different process of xylem differentiation during
vascular development. Future comparative analysis on the timing
of xylem cell differentiation and the localization of TDIF

signaling among vascular plant lineages is necessary to address
if this model is valuable.

The peptide treatment assay in A. x lucrosum uncovered
a novel developmental role for TDIF/H-type CLE. The strong
growth inhibition observed by adding as low as 100nM of
TDIF was not observed in A. thaliana, rice or pine (Kinoshita
et al., 2007; Strabala et al., 2014). In addition, TDIF did not
merely reduce plant growth, but increased the production of
lateral organs, increased root cortex cell layers and suppressed
cell differentiation in the root vascular cylinder. Thus, TDIF
signaling may confer multiple bioactivities in different contexts
of tissue/organ development, which might reflect the different
origins of lateral organs between seed plants and ferns.

There still exist non-trivial problems in the application of
peptide treatment assays. Foremost, the gain-of-function effects
caused by peptide treatment provide an idea of the potential
for a peptide, which is not necessarily reflected in the role for
intrinsic peptide signaling in planta. Development of specific
agonist and antagonist is a future challenge to overcome this
problem. Another problem is the efficacy of peptides. In this
study, we did not see any alteration in vascular development of
S. kraussiana by TDIF treatment, however the peptides might
not be delivered to the vasculature, or alternatively, be degraded
before reaching cell types expressing an appropriate receptor.
In addition to the permeability problem, it is also possible
that the native peptides possess side chain modifications, and
thus the synthetic peptide does not represent the bioactivity
of intrinsic peptides (Okamoto et al., 2013). Finally, a lack of
a phenotype might reflect limited expression of the receptor.
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To overcome these problems, establishing experimental systems
such as transformation techniques or cell culture systems is also
important.
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