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Diverse Peptide Hormones Affecting Root
Growth Ildentified in the Medicago truncatula

Secreted Peptidome™*s
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Multigene families encoding diverse secreted peptide
hormones play important roles in plant development. A
need exists to efficiently elucidate the structures and
post-translational-modifications of these difficult-to-iso-
late peptide hormones in planta so that their biological
functions can be determined. A mass spectrometry and
bioinformatics approach was developed to comprehen-
sively analyze the secreted peptidome of Medicago hairy
root cultures and xylem sap. We identified 759 spectra
corresponding to the secreted products of twelve peptide
hormones including four CEP (C-TERMINALLY ENCODED
PEPTIDE), two CLE (CLV3/ENDOSPERM SURROUNDING
REGION RELATED) and six XAP (XYLEM SAP ASSOCI-
ATED PEPTIDE) peptides. The MtCEP1, MtCEP2, MtCEP5
and MtCEPS8 peptides identified differed in post-transila-
tional-modifications. Most were hydroxylated at con-
served proline residues but some MtCEP1 derivatives
were tri-arabinosylated. In addition, many CEP peptides
possessed unexpected N- and C-terminal extensions. The
pattern of these extensions suggested roles for endo- and
exoproteases in CEP peptide maturation. Longer than
expected, hydroxylated and homogeneously modified
mono- and tri-arabinosylated CEP peptides correspond-
ing to their in vivo structures were chemically synthesized
to probe the effect of these post-translational-modifica-
tions on function. The ability of CEP peptides to elevate
root nodule number was increased by hydroxylation at
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key positions. MtCEP1 peptides with N-terminal exten-
sions or with tri-arabinosylation modification, however,
were unable to impart increased nodulation. The MtCLE5
and MtCLE17 peptides identified were of precise size, and
inhibited main root growth and increased lateral root
number. Six XAP peptides, each beginning with a con-
served DY sulfation motif, were identified including
MtXAP1a, MtXAP1b, MtXAP1c, MtXAP3, MtXAP5 and
MtXAP7. MtXAP1a and MtXAP5 inhibited lateral root
emergence. Transcriptional analyses demonstrated pep-
tide hormone gene expression in the root vasculature and
tip. Since hairy roots can be induced on many plants, their
corresponding root cultures may represent ideal source
materials to efficiently identify diverse peptide hormones
in vivo in a broad range of species. Molecular & Cellular
Proteomics 17: 10.1074/mcp.RA117.000168, 160-174,
2018.

A diversity of secreted plant peptides derived from over 15
multi-gene families play crucial roles as short and long range
signaling molecules. These peptide hormones influence many
important aspects of plant growth and development (1). Of
these, CLE and CEP peptides affect the deployment pattern
of the root system and root nodule formation through sys-
temic and local interactions with their corresponding recep-
tors (2-5), whereas the biological activity of XAP peptides (6)
has not yet been elucidated.

To date, only a few laboratories have isolated and charac-
terized a handful of secreted peptide hormones from plant
materials and validated their in vivo forms and post-transla-
tional-modifications (PTMs)' (5, 7-14). Notably, this repre-
sents only a small fraction of the ~1000 predicted small
peptide-encoding genes (15). Plant tissue cultures, xylem
sap, and submerged seedlings, whole roots and hairy root
cultures overexpressing peptide-hormone encoding genes
have been used as source materials to isolate peptide hor-

" The abbreviations used are: PTMs, post-translational-modifica-
tions; Mt, Medicago truncatula; D1, domain 1; D2, domain 2; Gm,
Glycine max; MS, mass spectrometry.
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mones (5, 6, 9, 12, 14). Without knowledge of the in vivo forms
of peptide hormones, the precise nature of the interaction of
these putative ligands with their receptors cannot be deter-
mined. For example, IDA (INFLORESCENCE DEFICIENT IN
ABSCISSION) peptides varying in length and hydroxyl modi-
fications have substantial differences in binding affinity to their
receptors and biological activity (16-18).

The very low native concentration of these peptides makes
their isolation and proteomic identification difficult. The iden-
tification of peptide hormones in planta and the characteri-
zation of their structure and function requires (1) optimizing
the natural production of peptides in the source tissue, (2)
selecting a starting material that is most enriched in native
peptide hormones, and (3) effective concentration and purifi-
cation of the diversity of peptides from the sample. In addi-
tion, sensitive and accurate mass spectrometry (MS) detec-
tion and an effective bioinformatics strategy is required
because peptide hormones are derived from undefined, na-
tive proteolytic processing activity. The ability to synthesize
molecules identical to native peptide hormones is also nec-
essary, particularly if some peptide PTMs are not amenable to
synthesis through commercial facilities. Finally, the character-
ization of the phenotypic effect of the peptide on plants needs
to be defined and, ideally, the strategy employed should be
applicable to a wide range of plants. Therefore, there is a need
to optimize methods and approaches to isolate peptide hor-
mone so that they can be applied to a wide range of plants.

Thus far, the quantitative assessment of the natural abun-
dance of peptide hormones, combined with the use of titration
bioassays, has shown that the CEP and CLE peptides in
planta are present in the mid pm to low nm range (9, 14). To
identify in vivo peptides and/or boost low production, gene
overexpression (12, 13), data-dependent MS (5) and the use
of materials thought to be enriched in certain peptide hor-
mones, such as xylem sap (6), have assisted the detection of
several low abundance peptide hormones. An effective bioin-
formatics approach is also required to identify PTMs that are
known to occur in plant peptide hormones in vivo (e.g. proline
hydroxylation, tyrosine sulfation and glycosylation of hydroxy-
Iproline). In addition, bioinformatics settings need to be re-
laxed so that peptides of unexpected lengths can be detected
and potential information on peptide maturation can be gath-
ered. This approach enables a fuller appreciation of the diver-
sity of peptide hormones to be determined.

Chemical purification combined with MS was used recently
to identify several putative mobile peptide species in soybean
xylem sap including CLE, CEP, and XAP peptides, but their
biological activity was not assessed (6). Soybeans were also
found to be a suitable host for overexpressing the Lotus RS2
gene in transgenic roots and this enabled identification of its
tri-arabinosylated CLE product in the xylem sap collected
from the shoot. The presence, however, of the corresponding
RS2 CLE peptide in the xylem sap of Lotus, from which the
gene was derived, was not demonstrated (13). Therefore, the

broader utility of methods using xylem sap as the source
material for isolating peptide hormones has, to date, not been
established. Nevertheless, the fractionation of crude Arabi-
dopsis xylem sap on a C18 trap column followed by nanoflow
separation and targeted Orbitrap MS in multiple reaction
monitoring mode was used recently to detect several CEP
peptides (5). Recently, we used a similar targeted MS ap-
proach to identify and quantify nine different 15 amino acid
variants of the MtCEP1 peptide in the culture medium of
Agrobacterium rhizogenes transformed hairy roots overex-
pressing MtCEP1 (9). The MtCEP1 variants containing a 412
Da glycosylation modification of proline on position 11 (P11)
were detected in very small amounts in MtCEP1 overexpress-
ing Medicago hairy root cultures and this mass corresponds
to that of tri-arabinose (9). Tri-arabinosylation is required for
the maximal biological activity of CLE peptides (13, 19), but
the significance of this modification is still unknown for CEP
peptides, because glycosylated peptide standards are diffi-
cult to access synthetically.

Herein, we comprehensively characterized the secreted
peptidome of M. truncatula to identify a plethora of native
peptides that are secreted into hairy root cultures and the
xylem sap. To maximize the ability to identify the full diversity
of peptide hormones, we developed a tandem MS (MS/MS)
and bioinformatics strategy that accommodated variations in
the length of the secreted peptides as well as several PTMs.
This generated 759 spectra that corresponded to peptides
from the CEP, CLE and XAP gene families that varied in length
and PTM, as well as the breakdown fragments of high mo-
lecular weight xylem sap proteins. The effect of these diverse
CEP peptides on root architecture was tested to determine
the biological relevance of the N- and C-terminal extensions
as well as hydroxylation and tri-arabinosylation PTMs. The
tri-arabinosylated derivative was prepared by solid phase
peptide synthesis (SPPS) using a specially synthesized tri-
arabinosylated hydroxyproline ‘building block’ (20) as this
Fmoc-protected glycosylamino acid is not commercially avail-
able for peptide synthesis. The results indicated that MtCEP1
derivatives with N-terminal extensions or tri-arabinosylation
had reduced or abolished biological activity especially in re-
lation to promoting root nodule formation. Phylogenetics
was used to classify XAP and XAP-like peptides into 5
distinct families, one of which was homologous to Arabidop-
sis (CASPARIAN STRIP INTEGRITY FACTOR) CIF peptides
(21). Given the ease at which hairy roots can be induced on a
multitude of plants (22), we propose that hairy root cultures
combined with the methodologies used here will have wide
utility in the simultaneous identification and characterization
of multiple plant hormones in a broad range of species. In
addition, the identification of typical xylem sap proteins in the
secreted fraction of hairy root cultures suggest that this ma-
terial partially reflects the composition of xylem sap, and the
peptide hormones therein are, therefore, candidates for being
long distance signals. This was supported by the localization
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of peptide hormone expression in root vascular cells where
proximity to the xylem vessels would enable these secreted
peptides to join the xylem stream. Finally, the diversity of
peptides with different lengths in the exudate material pro-
vided information about the possible maturation process by
which peptide hormones are derived and the results implicate
roles for endo- as well as exoproteases.

EXPERIMENTAL PROCEDURES

Establishing Axenic Medicago Root Cultures—Axenic cultures of
Medicago roots transformed with A. rhizogenes ARqual containing
the empty vector (pK7WG2D.1) or pK7WG2D.1 with 35S:MtCEP1
were established (9, 23). Root cultures were grown in 150 ml liquid
Fahraeus medium containing 5 mm KNO; and 1% sucrose in the dark
for 14 days (9).

Xylem Sap Extraction—Medicago plants grown for 6 weeks on a
potting mix were decapitated and xylem sap (~600 pl/plant) was
collected under normal root pressure for 8 h on ice (24). Sap was
stored at —20 °C and the 20 ml cumulative volume was centrifuged to
remove debris before processing. Seeds of Glycine max cultivar
Williams 82 were germinated, and xylem sap was extracted from
8-10 week old plants (24).

Peptides Extraction and Isolation—In planta peptides in root cul-
tures and xylem sap were concentrated for MS analysis using
o-chlorophenol/acetone precipitation followed by size exclusion
chromatography and concentration/desalting by reversed-phase
chromatography using C18 micro-pipette tips (9). After lyophilization,
samples were resuspended in 400 wl of 3% acetonitrile with 0.1%
formic acid prior to nano-liquid chromatography-electrospray ioniza-
tion (LC-ESI)-MS/MS analysis.

Nano-LC-ESI-MS/MS and Data Analysis —A comprehensive de-
scription of the strategy employed for MS is given in supplemental
Methods. The raw files generated by nano-LC-ESI-MS/MS were
analyzed with Proteome Discoverer 2.1 (Thermo Scientific) using
SEQUEST against three different databases. The Medicago peptide
databases contained about 225 sequences from known members of
the peptide families for CLE, CEP, RGF, IDA, PSK, PSY, CEP-like,
CIF, EPF, and XAP which were identified from a phylogenetic
examination of the M. truncatula genome using the domain se-
quence and a BLAST approach (essentially as outlined in 26). The
sequences for all the peptides were obtained from jcvi.org and
NCBI. The raw files were also run against CEP database containing
about 940 CEP peptide sequences from all the species (26) and
Medicago truncatula whole protein database containing 57477
sequences (www.medicagogenome.org; Mt4.0v1_GenesProteinSeq_
20130731_1800 released on 31-07-2013). The bioinformatics strat-
egy screened for spectra corresponding to in planta peptides (se-
lecting no enzyme cleavage) ranging in length from 6 to 150 amino
acids to ensure that all possible larger than expected species were
identified. The fragmentation type used was high energy collision
dissociation (HCD), and the precursor and fragment mass tolerance
were set at 10 ppm and 0.08 Da, respectively. The bioinformatics
approach is detailed in Supplemental Methods and the stepwise
flowchart of the strategy employed for in planta peptide identifica-
tion is shown in supplemental Fig. S1. A maximum of 3 equal
dynamic modifications were allowed per peptide for oxidation (i.e.
hydroxylation) at M and P (mass shift of + 15.995 Da), sulfation
of S, T and Y (mass shift of + 79.957 Da), pentosylation of P
(mass shift of + 132.11 Da), tri-arabinosylation of P (mass shift
of + 412.127 Da) and deamidation at N and Q (mass shift of +
0.984 Da).

Experimental Design and Statistical Rationale—The samples de-
rived from root cultures containing vector control or 35S:MtCEP1 or

xylem sap were subjected to nano-LC-MS/MS (Q Exactive™ Hybrid
Quadrupole-Orbitrap™ Mass Spectrometer, Thermo Fisher Scientific,
San Jose, CA) using 7 ul of sample per technical repeat (9). Two
independent biological and two technical replicates were used for
each sample and two blank runs were included among each sample
to minimize carryover. Acceptable peptide spectrum matches had a
delta Cn better than or equal to 0.05, and a target false discovery rate
(FDR) equal to or less than 0.01. For the discovery of in planta
peptides, unambiguous matches also satisfy the following criteria:
m/z of the precursor and fragment ions within the specified precision
range, a near continuous series of fragment ion annotations in the
spectra and significant g-value as generated by the Sequest HT
search algorithm. Representative unedited annotated spectra with a
minimum of 30% MS/MS assignments are presented as a proof of
identity. Further details on search settings are provided in supple-
mental Methods.

Synthetic peptides —All hydroxylated peptides used in the study
were synthesized by GL BioChem Ltd., Shanghai, China at > 95%
purity. Peptides were validated qualitatively and quantitatively by
HPLC (CXTH LC3000, Beijing) and MS (SHIMADZU LCMS-2010EV
and SHIMADZU LCMS-2020, Japan) prior to use. MtCEP1-D1 vari-
ants (HyP4,11, HyP4, MaP11 and TaP11) were synthesized through
Fmoc-strategy SPPS as described in the supplemental Methods.
Mono- and tri-arabinosylated MtCEP1-D1 peptides (MaP11 and
TaP11) were produced using N-Fmoc-protected and per-O-acety-
lated B-L-arabinofuranosyl and B1,2-tri-L-arabinofuranosyl-hydroxy-
proline building blocks as described in the Supplemental Methods
and outlined in supplemental Fig. S2. The glycosyl-hydroxyproline
building blocks were prepared according to a method from Corcilius
et al. (20). Peptides were purified by reversed-phase HPLC and vali-
dated by analytical HPLC, low-resolution ESI-MS and high-resolution
ESI-MS (See supplemental Methods for detailed conditions and an-
alytical data). Peptides were verified to be the bis(trifluoroacetate)
salts through a combination of 'H and '°F quantitative NMR (QNMR)
using an internal standard of «,a,a-trifluorotoluene (See supplemental
Methods and supplemental Fig. S3-S5 for details).

Biological Activity of Peptides—Three-day-old M. truncatula A17
seedlings were transferred to N-free or 5 mm KNO4 Féhraeus medium
plates (25) with or without synthetic peptides (1 um). Plants were
scored for primary root length, lateral root growth and nodule forma-
tion (23) at day 7 and 14. Plants were grown at 25 °C with a 16 h
photoperiod and a photon flux density of 100 umol m~2 s~ (26) in a
Thermoline growth chamber (Climatron, Australia). All root measure-
ments were repeated independently in triplicate.

Phylogenetic analysis of XAP genes—XAP genes in Medicago,
Glycine max and Arabidopsis were identified by generating a repre-
sentative domain motif and then scanning for that motif across pro-
teome databases (27). Due to the variable lengths of XAP domains,
initial XAP motifs were generated in the motif discovery tool GLAM2
(28) based on previously identified XAP sequences (6). GLAM2SCAN
was used to search the generated XAP motif against protein data-
bases for each species (28). Different XAP type motifs were refined
once gene groups had been established using the genes identified in
the initial database searches. The genetic distance among all identi-
fied XAP genes was estimated using the maximume-likelihood algo-
rithm RAxML v8.0.0 (27, 29). A phylogenetic tree of identified XAP
genes was generated using Dendroscope (30) to group XAP genes.

Transcript Expression Analysis—The expression profiles of MtCEP,
MtCLE and MtXAP in different zones of the root tissue was done
using gRT-PCR (25). The root tip (1 mm), the young root (next 1 mm)
and the mature root (next 10 mm) were harvested from 8-day-old
plants and RNA was Trizol-extracted and purified using the RNeasy
Plant Miniprep kit (Qiagen, Melbourne, Australia). First strand cDNA
was synthesized using oligo (dT) and Superscript Ill Reverse Tran-
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scriptase kit (Invitrogen, CA) (23). The gene-specific primers used are
listed in supplemental Table S1. The reactions and data analysis were
carried out as described previously (25) and the Ct values of the target
genes were normalized to the Ct values of MtUBQ10 (MtGl accession
no. TC161574). Three biological and three technical replicates were
used for each root region.

Reporter Gene Assays—Promoter sequences (2-2.5 kb) derived
from MtCEP5, MtCEP8, MtCLES5, or MtCLE17 were cloned, fused
upstream to the GUS reporter gene, transformed into the pKGWFS7
destination vector and introduced into A. rhizogenes K599 (23). The
gene-specific primers used for making the GUS-fusions are listed in
supplemental Table S1. Medicago roots were transformed with K599
harboring the vectors. GUS staining was performed and vibratome
root sections were prepared (1000 Plus; Vibratome Company, St
Louis, MO) (31). Tissues and sections were imaged using a stereo-
microscope (Leica Microsystems Inc., Deerfield, IL). Staining and
sectioning were performed three times, each with five independently
transformed plants.

RESULTS

The Medicago Peptidome Contains Several Peptide Hor-
mones and Xylem Sap Protein Breakdown Products —MS/MS
analysis of the culture exudates of Medicago hairy roots dem-
onstrated unequivocal matches to peptide sequences that in
all cases included the predicted regulatory peptide domains
of specific members of the CEP, CLE, or XAP gene families
(Table 1). Analysis of the 104 peptide groups showed un-
ambiguous matches to the peptide domains encoded by
MtCEP1, MtCEP2, MtCEP5, MtCEP8, MtCLE5, MtCLE17,
MtXAP1a, MtXAP1b, and MtXAP5 (Fig. 1-3; summarized in
Table I). All the confident matches were identified with mass
precision of 2 ppm and highly significant g-values (supple-
mental File S1). By contrast, MS/MS analysis of Medicago
xylem sap identified several XAP1b, XAP1c, XAP3 and XAP7
peptides (Table |, supplemental File S1). Members of other
peptide families were not detected. In addition, hairy root
cultures and xylem sap both contained peptides that corre-
sponded to typical high molecular weight xylem sap proteins
(e.9. peroxidases, endoglycanases/chitinases and B-glucosi-
dases; supplemental File S2), that are known to be secreted
into xylem sap of a diversity of plants (24). As expected,
SDS-PAGE confirmed the presence of a suite of typical high
molecular weight proteins in Medicago xylem sap (supple-
mental Fig. S6) (24). To benchmark the sensitivity of our
procedures and techniques, soybean xylem sap was isolated
and analyzed. Twelve CEP, CLE, and XAP peptide species
were identified in as little as 5 ml of xylem sap which included
domain 1 of GmCEP3 and GmCEP21, domain 2 of GmCEP13,
GmXAP1a, and GmXAP1b, which have not been described
previously (supplemental Table S2).

Peptides Identified in Root Cultures Possess Highly Variable
PTM Patterns and Length—Hydroxylation of proline residues
was the most common PTM found in CEP, CLE and XAP
peptides (Table I). In addition, some MtCEP1 spectra showed
evidence of the presence of a glycosyl PTM consistent with
the mass of tri-arabinose (412 Da). XAP peptides were also
deduced to be modified at tyrosine by sulfation (Table I) as the

N-terminal DY motif is a common sulfation signal in plants (32,
33). Thirteen spectra of the 759 examined (i.e. two corre-
sponding to D1 and eight corresponding to D2 of MtCEP1,
and three corresponding to MtCLE17) contained no PTMs
(Table ). GmMCEP/CLE/XAP peptides were also identified with
hydroxylprolination, tri-arabinosylation and sulfation PTMs
(supplemental Table S2). The length of MtCEP1, MtCEP2 and
MtCEP5 peptides was highly variable, whereas MtCEP8 and
the two MtCLE peptides corresponded precisely to the ex-
pected 15 and 12 amino acid domains, respectively (Table I;
Fig. 1, 2). Similarly, the length of MtXAP1 and MtXAP1b
ranged from 16 to 19 amino acids, whereas MtXAP5 con-
sisted of 18 amino acids only (Table I; Fig. 3). Variability in the
termini of most GmCEP/CLE/XAP peptides was also found
(supplemental Table S2).

CEP Peptide Maturation Involves N- and C-terminal Trim-
ming—The majority of the MtCEP1 peptides identified (79 of
D1; Fig. 4A, 4B and 46 of D2; Table I; Fig. 4A, 4C) corre-
sponded to the conserved 15 amino acid CEP domain size
(27). The hairy root cultures, however, contained peptide vari-
ants of different lengths that were larger than the expected 15
amino acid CEP domain size that extended to the N- and
C-terminal flanking sequences of the predicted domains (Fig.
4A; Fig. 5). These longer peptides collectively spanned 60%
of the MtCEP1 propeptide (Fig. 4A). The largest MtCEP1-D1
fragment possessed 41 amino acids that extended from a
dibasic (KK) site in the MtCEP1 propeptide to an R residue
flanking the D1 right border (Fig. 4A; Fig. 5A). A 35 amino acid
variant appeared to be a predominant intermediate in MtCEP1
maturation as it triggered 63 individual MS/MS spectra (Fig.
4A, 4B). This pattern of N-terminal extensions (Fig. 4A) is
consistent with exoprotease-like trimming activities. Interest-
ingly, no fragment was detected that encompassed both do-
mains of MtCEP1 (Fig. 4A). No peptide that matched solely to
the variable region of any peptide encoding gene was found
(Fig. 4A). Larger than expected variants of MtCEP2 and Mt-
CEP5 were also found (Fig. 1).

Biological Activity of MtCEP1-D1 is Influenced by N- or
C-terminal Extensions, PTM, and Amino Acid Substitution— It
is known from studies of INFLORESCENCE DEFICIENT IN
ABSCISSION (IDA) peptides that N-terminal extensions
greatly affect biological activity and receptor binding effi-
ciency (16-18). Therefore, the biological effects of longer
MtCEP1 variants on the formation of lateral roots and nodules
were assessed by synthesizing four MtCEP1-D1 peptides
with identical hydroxyproline residues at P4 and 11, but with
different N- or C-terminal amino acid extensions (Fig. 6A). The
structure of these synthesized peptides mirrored those found
in vivo. The peptides with N-terminal extensions were unable
to increase root nodule number but retained the ability to
decrease the number of emerged lateral roots (Fig. 6B). The
variant with one amino acid C-terminal extension did not
affect biological activity (Fig. 68).
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TABLE |

Secreted peptides found in M. truncatula root cultures and/or xylem sap. MtCEP1, MtCEP2, MtCEP5, MtCEP8, MtCLE5, MtCLE17, MtXAP1a,
and MtXAP5 were present in root cultures only. MtXAP1c, MtXAP 3, and MtXAP 7 were present in xylem sap only, whereas MtXAP1b was
present in both root cultures and xylem sap. D1 = domain 1; D2 = domain 2; Nm = no modification. "The verified or ®predicted domain
sequences of the peptide species. *Peptides present only in Medicago root cultures expressing 35S:MtCEP1. *Peptide present only in
Medicago root cultures expressing empty vector. HyP: hydroxylated proline (numbering indicates the position of PTM in the proposed final

domain); TaP: tri-arabinosylation at proline; Y2S: sulfation at tyrosine at position 2

Accession number

Peptide and proposed

Type and position Size of peptide Unique peptides

(% coverage) final domain of PTMs variants found (Number of spectra)
Medtr5g030490.1 MtCEP1-D1 Nm 10-41 43 (446)
XP_003612914.2 (64) AFQPTTPGNSPGVGH' HyP11

HyP4,11
HyP7,11
Hy4,7,11
TaP11
HyP4,TaP11
HyP7,TaP11
HyP4,7,TaP11
MtCEP1-D2 Nm 9-27
EFQKTNPGHSPGVGH' HyP11
HyP7,11
AFK45165.1 (24) MtCEP2 HyP7,11 15-20 2 (13)
AFRPTTPGHSPGIGH HyP4,7,11
Medtr5g017710.1 MtCEP5 HyP11 14-21 4 (84)
XP_003611775.1 (25) AFRPTTPGHSPGVGH' HyP7,11
HyP4,7,11
AC233112_1014.1 (15) MtCEP8* HyP11 15 1)
AFRPTTPGNSPGVGH' HyP4,11
HyP7,11
HyP4,7,11
Medtr1g100733.1 MtCLE5 HyP4,7 12 1(10)
XP_013469691.1 (14) HVVPSGPNPLHN'
Medtr5g085990.1 MtCLE17* Nm 12 1
XP_003616944.1 (17) RKVPTGSNPLHN'
Medtr7g086770.1 MtXAP1a* HyP16 16-17 2 (25)
XP_003624724.1 (18) DYGGTGANTDHEPKPPR? Y2S,HyP16
Medtr6g027480.1 MtXAP1b HyP16 17-19 3(119)
XP_013451515.1 (22) DYEGPGANKEHNPKSPGNG? Y2S
Y2S,HyP16
Y2S,HyP5,13
Medtr6g027470.1 MtXAP1c Y2S,HyP16 17-21 2 (44)
XP_013451514.1 (24) DYPGTGPNHHHDPKSPG?
Medtr8g037800.1 MtXAP3 HyP9 15 3 (6)
XP_003627749.1 (29) DYGRYDPSPTFSKPP?
Medtr3g491850.1 MtXAP5* Y2S 18 12
XP_013461431.1 (23) DYDEAGPNPKHSKKPGKG?
Medtr4g108700.1 MtXAP7 Y2S,HyP4,13 13 1(3)
XP_013457905.1 (16) DYAPSGANGRHTP?

The spectra of four MtCEP1-D1 variants in the 35S:Mt-
CEP1 root cultures indicated that these 15 amino acid pep-
tides were modified by tri-arabinose at P11 (Table I). There-
fore, to assess the significance of this modification,
derivatives of MtCEP1 containing either hydroxylation at P4
(HyP4) or hydroxylation at P4 and 11 (HyP4,11) or mono-
arabinose at P11 (MaP11) or tri-arabinose at P11 (TaP11)
were synthesized using SPPS (Fig. 6C) and tested for bio-
logical activity. These derivatives were identical in structure
except for the modifications at P11. Surprisingly, tri-arabi-
nosylation abolished the biological activity of the peptide,

whereas peptides lacking hydroxylation at P11 or possess-
ing mono-arabinose at P11 retained biological activity
(Fig. 6D).

The 15 amino acid MtCEP8, MtCEP5 and MtCEP2 domain
sequences differed from MtCEP1-D1 by one (Q to R), two (Q
to R, N to H) and three amino acids (Qto R, Nto Hand V to
), respectively (Fig. 7A), and they either contained identical or
differing hydroxylation patterns to MtCEP1-D1 (Table I). These
amino acid substitutions represent natural variation at these
three positions and the biological significance of these mod-
ifications is not known. To test the influence of these amino
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Fic. 1. MS/MS spectra of MtCEP peptides identified in M. truncatula hairy root cultures. A, MtCEP2 peptide with a 5-amino acid
N-terminal extension and hydroxylation at P12, 16 was identified at 19.93 min (m/z 698.32532). B, MtCEP5 peptide with a 5-amino acid
N-terminal, 1-amino acid C-terminal extension and hydroxylation at P9, 12, 16, was identified at 15.27 min (m/z 718.66510). C, A MtCEP8
peptide domain hydroxylated at P4, 7, 11 was identified at 10.69 min (m/z 772.36017).

acid residues and differing PTM patterns on biological activ-
ity, we synthesized the peptide domains corresponding to the
MtCEP2, MtCEP5 and MtCEP8 species found in the root
cultures. In addition, the biological activity of synthesized
MtCEP2, MtCEP5, and MtCEP8 derivatives with fixed hy-
droxylations at P4 and P11 were compared with MtCEP1-D1
with hydroxylation at P4 and P11, which is the most biologi-
cally active variant of MtCEP1 (9). For root nodule formation,
the results showed that MtCEP1-D1, MtCEP5, and MtCEPS8
hydroxylations at P4 and 11, and MtCEP8 hydroxylation at

P4, 7, and 11 increased nodule number (Fig. 7B). No other
derivatives positively affect nodule number. For lateral roots,
all derivatives considerably decreased lateral root number
except MtCEP2 hydroxylated at P4, 7 and 11, and MtCEP8
hydroxylated at P11 (Fig. 7C).

MtCLE5 is Homologous to Tracheary Element Differentia-
tion Inhibitory Factor (TDIF) but Inhibits Main Root Growth—
The biological activity of MtCLES and MtCLE17 peptides was
assessed on Medicago roots. MtCLES resembles AtCLE41
and AtCLE42 peptides in amino acid sequence at key resi-
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Fic. 2. MS/MS spectra of MtCLE peptides identified in M. truncatula hairy root cultures. A, MtCLE5 peptide domain identified at 17.03
min (m/z 433.88617) was hydroxylated at P4, 7. B, MtCLE17 peptide domain was identified at 12.86 min (m/z 440.57791).

dues (34) (Fig. 8A). AtCLE41 and AtCLE42 are TDIF CLE
peptides and have not been shown to affect main or lateral
root growth in any plant tested so far (14, 35). MtCLE5,
however, conferred classic non-TDIF CLE peptide biological
activities (36) by inhibiting primary root length and promoting
lateral root number. Given the sequence similarity of MtCLE17
to AtCLE20 (37) and OsCLE302 (38), this peptide inhibited
main root growth and promoted lateral root number, as ex-
pected (Fig. 8A, 8B).

MtXAP1a and MtXAP5 Decrease Lateral Root Number—
MtXAP1a and MtXAP5 affected the lateral roots negatively
but induced no other root phenotype, whereas MtXAP1b did
not influence root architecture (Fig. 8C). Since many small
peptides are 12-15 amino acids in length and terminate at H
or N and these terminal amino acids have been shown to
enhance interactions with conserved RxR motifs in the cor-
responding receptor (32), we synthesized shorter MtXAP
peptide derivatives terminating in either N or H. All these
XAP derivatives were biologically inactive (supplemental
Fig. S7).

XAP and XAP-like Peptides Form Five Groups—The phylo-
genetic relationship between XAP and XAP-like peptides that

begin with the DY sulfation motif are unclear as is the length
of the final biologically active peptide. Therefore, a consensus
XAP motif was generated and used to identify other XAP
peptides in Medicago, soybean and Arabidopsis (supplemen-
tal Fig. S8A). A total of 46 XAP peptide hormones starting with
a DY motif were identified across the three species and their
phylogenetic relatedness was determined (supplemental Fig.
S9). The N-termini of XAP peptides were highly consistent as
there was no evidence for any N-terminal extension, whereas
their C-termini were variable. The predicted RGF, XAP, CIF,
PSY and PSK gene products share homology both within the
regulatory motif (supplemental Fig. S8B-S8F) as well as to the
N-terminal side of the conserved DY motif, suggesting a
common origin. There was evidence for sequence conserva-
tion to the N-terminal side of the common DY motif (under-
lined sequences in supplemental Fig. S8). The phylogenetic
analysis also shows that MtXAP3 is a CIF peptide as these
clearly form one family.

Transcript Analysis and Reporter Gene Assays Show Pref-
erence for Root Vascular Expression—To determine the in situ
expression pattern of the peptide hormone genes, gRT-PCR
of MtCEP, MtCLE and MtXAP was examined in root tissues
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Fic. 3. MS/MS spectra of MtXAP peptides identified in M. truncatula hairy root cultures. A, MtXAP1a peptide identified at 15.50 min
(m/z 636.59821) was sulfated and hydroxylated at Y2 and P16, respectively. B, MtXAP1b peptide identified at 12.78 min (m/z 1032.41846) was
sulfated and hydroxylated at Y2 and P16, respectively. C, MtXAP5 peptide identified at 9.17 min (m/z 501.98227) was sulfated at Y2.

and in the root tip region. The expression in young root and
root tip was normalized against the mature root. MtCEP1 and
MtCEP8 show maximum expression in young roots whereas
MtCEP2 and MtCEP5 express more prominently in root tips
(Fig. 9A). GUS fusions to the promoter regions of MtCEP5 and
MtCEP8 showed that they express in root vasculature and
in the tip (supplemental Fig. S10). MtCLE5 mainly expressed

in mature root whereas MtCLE17 expressed predominantly in
the root tip (Fig. 9B). Reporter gene assays showed that
MtCLE5 and MtCEP17 are expressed in the vasculature, root
epidermal cells and the root tip (supplemental Fig. S10). Tran-
script expression of MtXAP1a, MtXAP1b, and MtXAP5 are
higher in mature root and young root, and lowest in the root tip
(Fig. 9B).
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Fic. 4. Diversity of MtCEP1-D1 and D2 peptides isolated from Medicago hairy root cultures. A, Twenty-eight MtCEP1-D1 and 19
MtCEP1-D2 peptide variants ranging in length from 10-41 and 9-27 amino acids were identified, respectively. Black bar represents signal
peptide and white bars represent variable region (VR). The dashed line depicts the overall coverage of the propeptide by the longest peptide
variants of D1 and D2. B and C, The number of spectra relative to peptide length is shown for D1 (B) and D2 (C), respectively. The gold, magenta
and green sequences in (A), and bars in (B) and (C) represent some of the longer peptide variants with low abundance; representative spectra
shown in Fig. 5. Red and blue bars and amino acid sequences represent the predominant 15 amino acid D1 and D2 peptide domains,

respectively.

DISCUSSION

Here, we provide the precise methodology and bioinformat-
ics approach necessary to enrich, purify and characterize the
peptidome of secreted plant fluids and identify a plethora of
peptide hormones. From an analysis of 759 matching spectra,
we identified the mature secreted products of twelve M. trun-
catula peptide hormone genes (MtCEP1, MtCEP2, MtCEP5,
MtCEP8, MtCLE5, MtCLE17, MtXAP1a, MtXAP1b, MtXAP1c,
MtXAP3, MtXAP5, and MtXAP7), and defined their PTMs. A
minimum of 30% assignment of the predicted MS/MS cleav-
ages along with identification of the parental ion within 2 ppm
of the expected mass, combined with iterative spectra and
significant g-values found in multiple samples enabled con-
fident identifications to be made. The comprehensive bioin-
formatic approach identified in vivo peptide hormones with
a wide variation in length. In addition, from an analysis of as
little as 5 ml of soybean xylem sap from cv. Williams 82, we
identified twelve G. max peptide hormones. These G. max
peptides overlapped with the seven species found in cv.
Enrei (6).

We also found that hairy root culture medium and the xylem
fluids of M. truncatula and G. max contained peptide break-
down products corresponding to well-characterized high mo-
lecular weight xylem sap proteins (24). This suggests that
hairy root culture fluid is enriched in xylem sap proteins and

peptide hormones. This is consistent with the expression of
several genes in the root vascular tissue where peptide hor-
mone secretion in proximity to the xylem vessels would en-
able them to join the xylem stream and be potential long
distance signals. There is evidence for the long-distance
movement of CLE, CEP, and XAP peptides (7, 21). The initial
circa 10 mm root seeded into the hairy root culture medium is
severed from existing transgenic roots and therefore, as the
root system branches from this piece to form an extensive
root mass, any xylem fluid in the proliferating roots would be
free to leak from the severed end into the medium on a
continuous basis. Given the relative ease at which axenic
hairy roots can be established and continuously cultured us-
ing A. rhizogenes mediated transformation of diverse plants,
the strategy for peptide hormone extraction, identification and
characterization outlined here should find wide utility. For
example, hairy roots can form on multiple members of the
Solanaceae, Rosaceae, Fabaceae, Crassulaceae, Caesalpini-
aceae, Brassicaceae, Polygonaceae, and Asteraceae families
(22).

There was considerable variation in the PTMs of the peptide
hormones identified. The proline moieties of CEP, CLE and
XAP peptides identified in M. truncatula were variously hy-
droxylated. GmCLE32 and some MtCEP1 derivatives were
glycosylated in a manner consistent with tri-arabinosylation.
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Fic. 5. MS/MS spectra of the extended MtCEP1 peptides. A, The D1 extended peptide consisting of 41 amino acids (D1-41).
Nano-LC-MS/MS spectrum at 26.96 min (m/z 867.61340) showed a signature ion fragment at y6 indicating hydroxylation at P36. B,
Identification of the D1 extended peptide consisting of 23 amino acids (D1-23). Nano-MS/MS spectrum at 13.55 min (m/z 799.69806) showed
signature ion fragments peaks at y6, y10, and y13 indicating hydroxylation at P11, 14, 18. C, Identification of the D2 extended peptide
consisting of 20 amino acids (D2-20). MS/MS spectrum at 15.73 min (m/z 1063.48047) showed signature ion peak y6 indicating hydroxylation

at P15.
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Fig. 6. Biological activity of the extended and modified
MtCEP1-D1 peptides. A and C, Sequence of extended and modified
MtCEP1-D1 variants, respectively (red = hydroxylated P, green =
mono-arabinosylated P; Blue = tri-arabinosylated P). B and D, The
number of lateral roots (LR) and nodules were scored on plants at 14
days (n = 21) for extended (B) and modified (D) MtCEP1-D1 variants.
To assess root nodule number, plants were grown on N-free medium
containing 1 um peptide, and inoculated with S. meliloti WSM 1022.
Lateral roots were scored on plants grown on 1 um peptide supple-
mented N-rich medium. Statistically significant differences indicated
by letters were determined with ANOVA, followed by Tukey’s test, p <
0.05. Error bars = standard error.

Since the conserved DY amino acids at the N-terminus is a
well-recognized sulfation signal (32, 33), we concluded that
the tyrosine moieties of MtXAPs were sulfated, and the sul-
fated versions of XAP1a and MtXAPS5 that we synthesized had
biological activity.

We also found natural variation in the length of N- and
C-terminal sequences flanking the CEP domains in both M.
truncatula and G. max. By contrast, the four related groups of
MtXAP peptides identified in M. truncatula and G. max
(XAP1/2, XAP3, XAP5 and XAP7) had defined N-termini but
mostly variable C-termini, whereas CLE peptides appeared
to be more accurately excised from the propeptide in M.
truncatula.
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Fic. 7. Biological activity of synthetic MtCEP peptides. A, Amino
acid sequences of MtCEP1, 2, 5, and 8. The red residues inside the
box represent different amino acids to MtCEP1-D1. B and C, The
effect of peptide structure and proline hydroxylation were assessed
on nodule number (B) and lateral root number (C). Plants were grown
identically to those in Fig. 6 (n = 21). Statistically significant differ-
ences indicated by letters were determined with ANOVA, followed by
Tukey’s test, p < 0.05. Error bars = standard error.

The pattern of secreted CEP products indicates that endo-
proteolytic activity occurs at some distance from the N-ter-
minal borders of the conserved domains. Since the MtCEP1
peptide has two domains and no peptide was found that
spanned MtCEP1-D1 and MtCEP1-D2, this implies that an
efficient endoproteolytic cleavage occurs between D1 and
D2. In case of XAP peptides, it is possible that the motifs
underlined in supplemental Fig. S5 could form part of an
endoproteolytic cleavage site that potentially would enable
the precise processing required to yield a product starting
with the DY motif.
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Fic. 8. Biological activity of synthetic MtCLE and MtXAP pep-
tides. A, Amino acid sequence homology of MtCLE5 with AtCLE41
and AtCLE42 (TDIF peptides in Arabidopsis), and MtCLE17 with
AtCLE20 and OsCLE302. AtCLE41 sequence is identical to MtCLEB5
(83) which is nomenclatured as MtCLEO6 at NCBI. The red residues
inside the box represent the dissimilar amino acids. B and C, Differ-
ential effects on lateral root and primary root (PR) length of MtCLE
peptides (B) and MtXAP peptides (C). Plants were grown on Fahraeus
medium containing 5 mm KNO5 and scored at day 14 (n = 21). 'p =
0.05, ™ p = 0.01, ** p = 0.001 (Two tail Student’s t test). Error bars =
standard error.

Control

A model for plant peptide hormone maturation is presented
in Fig. 10. The signal peptide cleavage triggers the propeptide
to enter the secretion pathway followed by endoproteolytic
and PTM activity. There is evidence for secretion pathway
localization of several PTM enzymes (39-41). In addition,
aminopeptidase-like and carboxypeptidase-like activity was
evident in CEP maturation, and carboxypeptidase-like activity
was implicated in XAP maturation. Carboxypeptidases appear
to have a more definitive role in peptide hormone maturation
(42), but it is not clear if this exoprotease activity is extracel-
lular or this occurs before CEP and XAP secretion to the
apoplast (Fig 10). There is some evidence for plant plasma
membrane located amino peptidase activity (43), but little
evidence for aminopeptidase secretion via the ER/Golgi path-
way (44). Some evidence for extracellular trimming of peptide
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FiG. 9. Transcript analysis of peptide encoding genes in differ-
ent root zones. A and B, Expression of MtCEP (A), MtCLE and
MtXAP (B) genes were studied in 8-day-old Medicago plants grown
on N-free media. (n = 9). Statistically significant differences indicated
by letters were determined with ANOVA, followed by Tukey’s test, p <
0.05. Error bars = standard error.

hormones has been reported (16, 24, 45, 46). Given that the
xylem protein breakdown peptides also appeared to be sub-
jected to aminopeptidase-like and carboxypeptidase-like ac-
tivity, this supports their locality in the extracellular fluid. Sim-
ilarly, these types of N- and C-terminal trimming activities are
also found in the maturation of animal peptide hormones such
as angiotensin and neuropeptides, which greatly affects their
activity (47-49). Recently, the length of N-terminal extensions
of IDA peptides has been shown to greatly affect the affinity
for its receptor and its biological activity (17, 18, 50), and
crystallography studies show specific interactions of peptide
ligands with precise sites in their corresponding receptor (32)
which would be affected by N- or C-terminal extensions. It is
possible that N- and C-terminal trimming may play an impor-
tant role in influencing peptide hormone maturation and/or
receptor affinity.

The biological activity of CEPs was distinct from CLE and
some XAP peptides. We synthesized CEP peptides identical
to those found in vivo and determined the effects of variations
in PTMs, length and amino acid composition on their ability to
influence M. truncatula root nodule and lateral root deploy-
ment and number. Surprisingly, only few CEP peptides were
able to promote nodule number, but most CEP peptides
negatively affected lateral root deployment. The implications
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Fic. 10. Model for peptide hormone maturation. Signal peptide
removal from the CEP, CLE and XAP prepropeptides enables their
entry into the ER/Golgi-dependent secretion pathway. Further endo-
protolytic processing and PTMs of proline and tyrosine would most
likely occur during the secretion process, with more than one endo-
protease being required for multidomain cleavages. Peptide hormone
gene expression in the vascular tissue in proximity to the xylem
vessels would enable the secreted product to join the xylem stream.
The N- and C-terminal trimming activity may occur in the apoplast or
on the cell surface or during secretion, and either trim larger less-
biologically-active secreted products to a more biologically active
size or be responsible for the turnover of secreted proteins. Evidence
for the N- and C-terminal trimming of the peptides resulting from
the breakdown of the high molecular weight xylem sap proteins (the
xylem sap protein “degradome”) supports the latter hypothesis.

Aminopeptidase-like ?

of this variable activity on lateral organ formation on the
interaction of CEPs with its putative receptor, CRA2 (51) is
unknown.

We had previously shown that MtCEP1-D1 is further glyco-
sylated with a three pentose oligosaccharide at P11 (9).
By analogy with known glycopeptide hormones (AtCLV3,
SICLV3, LjCLERS1/2 and PSY) and cell wall extensin glyco-
proteins, this glycan most likely corresponds to the B-O-
linked B1,2-tri-L-arabinofuranose oligomer (13, 19, 32, 52, 53).
To probe the effect of glycosylation, we generated suitably
protected derivatives of hydroxyproline containing B-O-linked
monoarabinofuranose and B1,2-triarabinofuranose modifica-
tions and used these to synthesize glycosylated MtCEP1-D1
variants (mono- and tri-arabinose at P11), which were subse-
quently bioassayed along with the nonglycosylated form. Un-
expectedly, tri-arabinosylation at P11 diminished activity,
whereas mono-arabinosylation did not inhibit biological activ-
ity. This contrasts with most structurally characterized CLE
peptide hormones where tri-arabinosylation appears essential
for maximal biological activity (13, 53, 54). The strong biolog-
ical activity of the dominant 15 amino acid MtCEP1-D1 pep-
tide hydroxylated at P4 and 11 strongly suggests that it cor-
responds to the most biologically active mature functional
peptide hormone.

The MtCLE17 peptide identified has the typical biological
activity of CLE peptides in Arabidopsis as it reduces apical
dominance and promotes lateral root formation in Medicago.

MtCLE5 appears orthologous to the TDIF-like peptides (34),
however, unlike TDIF-like peptides it also suppressed main
root growth and promoted lateral root growth. In this regard,
MtCLES5 is like a recently published synthetic hybrid CLE
peptide (36). Therefore, MtCLE5 could represent a naturally
occurring hybrid CLE peptide. lts expression was localized
primarily to the root vasculature. XAP peptides are of uncer-
tain mature size because of variability in their C-termini. We
tested the biological activity of short and longer versions of
the XAP peptides and showed that only the longer derivatives
inhibit root growth, thus concluding that these peptides are
indeed 17 or 18 amino acids long.

Transcript analysis suggested that several peptide hormone
genes express predominantly in the vasculature including
MtCEP5, MtCEP8, MtCLE5, and MtCLE17. Therefore, they
could be directed to the xylem stream and be potential long-
distance peptide hormones. The results of Tabata et al. and
Okamoto et al. (5, 6) are consistent with those presented here.
In addition, MtXAP1b/c, MtXAP3 (a member of the CIF family)
and MtXAP7 were identified in Medicago xylem sap, and
therefore are also candidates to be long distance peptides
(6, 21).

The role of plant peptides in controlling important aspects
of development is an exciting area of plant biology. Plants
encode circa 1000 genes predicted to generate small se-
creted signaling peptides, however, the lack of in vivo valida-
tion of small secreted signaling expression and knowledge of
the amino acid sequences of the mature peptide together with
their PTMs has hampered their analysis. These peptides will
most likely interact with a variety of uncharacterized surface
receptors to trigger a wide array of developmental and de-
fense responses through local and systemic circuits. The
efficient isolation and identification of these secreted peptides
from secreted fluids such as hairy root culture medium or
xylem sap is a necessary step to determine their structure and
biological activity, identify the receptor partner(s) and deci-
pher these signaling circuits. The use of hairy root cultures
combined with the detailed methods and approaches outlined
here offers a way to identify multiple root-derived peptides in
a single experiment in an axenic environment free of plant
hormones and free of any possible feedback inhibition on
peptide production that is controlled by the shoot. The lack of
feedback inhibition may enable some peptides to accumulate
to higher levels than in xylem fluid. In addition, hairy roots are
readily formed on a variety of plants and can be easily ex-
posed, for example, to different growth regimes or plant phy-
tohormones to identify condition-specific production of root
peptide hormones. In addition, the vast diversity of different
sized peptide hormones found and the variations in their
PTMs provides an insight into their processing and matura-
tion. In total, we identified twelve M. truncatula peptide hor-
mones from M. truncatula secreted fluids. The results suggest
that peptide maturation may be more complicated than pre-
viously thought and involve endo- and exoproteolytic activi-
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ties as well as other PTMs. Given that the hairy root culture
fluids are xylem-sap-like, new long distance signaling pep-
tides may be identified. These methods should enable multi-
ple endogenous peptide hormones at mid pm to low nwm levels
to be detected routinely in hairy root cultures and xylem fluids
in a wide variety of plants.
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