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A growing number of small secreted peptides (SSPs) in plants are recognized as important regulatory molecules with roles in
processes such as growth, development, reproduction, stress tolerance, and pathogen defense. Recent discoveries further
implicate SSPs in regulating root nodule development, which is of particular significance for legumes. SSP-coding genes are
frequently overlooked, because genome annotation pipelines generally ignore small open reading frames, which are those most
likely to encode SSPs. Also, SSP-coding small open reading frames are often expressed at low levels or only under specific
conditions, and thus are underrepresented in non-tissue-targeted or non-condition-optimized RNA-sequencing projects. We
previously identified 4,439 SSP-encoding genes in the model legume Medicago truncatula. To support systematic characterization
and annotation of these putative SSP-encoding genes, we developed the M. truncatula Small Secreted Peptide Database
(MtSSPdb; https://mtsspdb.noble.org/). MtSSPdb currently hosts (1) a compendium of M. truncatula SSP candidates with putative
function and family annotations; (2) a large-scale M. truncatula RNA-sequencing-based gene expression atlas integrated with various
analytical tools, including differential expression, coexpression, and pathway enrichment analyses; (3) an online plant SSP prediction
tool capable of analyzing protein sequences at the genome scale using the same protocol as for the identification of SSP genes; and (4)
information about a library of synthetic peptides and root and nodule phenotyping data from synthetic peptide screens in planta.
These datasets and analytical tools make MtSSPdb a unique and valuable resource for the plant research community. MtSSPdb also
has the potential to become the most complete database of SSPs in plants.

Plant small secreted peptides (SSPs) are crucial in-
tercellular messenger molecules that regulate a multitude
of processes (Matsubayashi, 2014). SSPs are typically
encoded within preproteins of 100 to 250 amino acids,
that are subsequently processed into shorter bioactive
peptides of ;5 to 50 residues (Lease and Walker, 2006;
Breiden and Simon, 2016; de Bang et al., 2017) that act at
very low, often nanomolar physiological concentrations
(Murphy et al., 2012).
SSPs have emerged as an important class of regula-

tory molecules involved in plant growth, development,
plant-microbe interactions, and stress tolerance (Czyzewicz
et al., 2013; Nakaminami et al., 2018; Takahashi et al.,
2018). This is of particular significance for legumes,
since recent discoveries show that SSPs regulate sym-
biotic root nodulation (Djordjevic et al., 2015; Nishida
et al., 2018; Kereszt et al., 2018) and root development
(Araya et al., 2016; Patel et al., 2018). SSPs are also in-
volved in reproductive development, embryogenesis, and
pathogen interaction, among many other plant processes
(Matsubayashi, 2014; Breiden and Simon, 2016). Due to
their various effects in plants, SSPs are of interest as po-
tential tools to improve plant performance, including as
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supplements to improve fertilizer-use efficiency for
instance.

Legumes are key components of sustainable agri-
cultural systems, since they form symbioses with soil
bacteria that fix atmospheric nitrogen, reducing de-
pendency on synthetic nitrogen fertilizers, with clear
benefits to agricultural producers and the environment
(Graham and Vance, 2003; Valentine et al., 2017).
Medicago truncatula has been chosen as a premier model
legume because it is closely related to economically
important forage species such as alfalfa (Medicago sat-
iva; Young and Udvardi, 2009), and it is invaluable for
cross-legume genomic comparison studies (Tang et al.,
2014). The M. truncatula sequencing project began in
2003; its bacterial artificial chromosome (BAC)-based
genomic assembly was released in 2011 (Mt3.5; Young
et al., 2011), and an optical map-based assembly using
Illumina and 454 sequences was released in 2014
(Mt4.0; Tang et al., 2014). The Mt4.0 assembly has
50,894 genes (31,661 with high confidence and 19,233
with low confidence), with an ;82% overlap with the
previous genome annotation (Mt3.5), but there are still
gaps, unanchored scaffolds, and 13,367 genes anno-
tated as encoding hypothetical proteins (Tang et al.,
2014). More recently, a M. truncatula genome assem-
bly (MtrunA17r5.0-ANR) based on high-depth PacBio
sequencing, comprising a total of 51,316 gene models
that also includes a significant number of noncoding
genes, was published (Pecrix et al., 2018). However,
that assembly was not focused on SSP discovery, and
many SSP-coding genes are not included.

It is important to note that short open reading frames
(ORFs)were largely overlooked and omitted in both the
Mt3.5 and Mt4.0 annotations. Newly generated RNA-
sequencing (RNA-seq) data can provide expression
evidence for such omitted genes. With the intent to
mine for genes omitted from published versions of the
M. truncatula genome assembly, we reannotated theM.
truncatula genome (both Mt3.5v5 and Mt4.0v1 genome
assemblies) using 64 RNA-seq libraries (de Bang et al.,
2017). In addition, hidden Markov models (HMMs) of
known SSP families were used to scan both genome
assemblies for SSP genes. Relying on the improved
procedure, 4,439 SSP-coding genes were identified in
M. truncatula, including 2,455 novel SSPs not previ-
ously reported in the literature (de Bang et al., 2017).
The multistep analytical procedure employed in this
study (Boschiero et al., 2019) was particularly success-
ful in the prediction of new small ORFs that were
overlooked in standard genome annotation (Zhou et al.,
2013).

To host the reannotated genes, SSP families, and re-
lated knowledge (de Bang et al., 2017), we developed a
comprehensive database named theM. truncatula Small
Secreted Peptide Database (MtSSPdb). The main high-
lights and features ofMtSSPdb are (1) a compendium of
48 known SSP gene families and .200 putative SSP
families, which were curated from 4,439 potential or
confirmed SSP-coding genes from the above-mentioned
reannotation procedure; (2) an online prediction tool that

is able to predict SSPs for user-submitted large-scale
protein sequences using a protocol similar to that de-
scribed in de Bang et al. (2017); (3) a comprehensive
transcriptome database for SSP genes with analytical
tools; and (4) a catalog of trait information for a collection
of SSPs tested on roots and nodulated plants. MtSSPdb
also hosts all novel gene models in M. truncatula that
were identified by the reannotation procedure (de Bang
et al., 2017). MtSSPdb is an important resource for the
plant scientific community and has the potential to be-
come the most complete database of SSPs in plants.

RESULTS

Database Content
M. truncatula SSP Genes and Families

TheM. truncatula genome (bothMt3.5v5 andMt4.0v1
genome assemblies) was recently reannotated, and in
total, 70,094 nonredundant genes were predicted, in-
cluding 7,771 newly annotated gene loci (de Bang et al.,
2017). The reannotation corrected many previously
predicted gene models and helped to identify addi-
tional genes (de Bang et al., 2017). From the nonredun-
dant genes, 4,425 gene loci were flagged as candidate
SSP-coding genes based on different criteria, including
protein length, signal peptide prediction, and homology
with previously known SSPs or HMMs identified in pre-
viously known SSP families. A total of 1,970 of these SSP-
coding genes were homologs of 46 previously established
SSP gene families,while an additional 2,455 candidate SSP-
coding genes were classified under the “Focal List,”which
contained potential novel SSPs. Importantly, from the po-
tentially novel SSPs, 56% were found to have a putative
ortholog in at least one of 16 plant species, includingmany
that appear to be legume specific (de Bang et al., 2017).

Among the items on this Focal List, a new gene family
identified was called Peptide Suppressing Nodulation
(PSN), encompassing fourmembers (de Bang et al., 2017).
Moreover, 14 new SSPs inM. truncatulawere added from
the recently described IRON MAN (IMA) family (Grillet
et al., 2018), making a grand total of 4,439 putative SSP-
coding genes (1,988 SSP homologs and 2,451 putative
novel SSPs) and 48 SSP gene families (Fig. 1A).

MtSSPdb provides HMMs for most SSP families. All
4,439 SSP-coding genes belong to 262 SSP gene families
(48 known and 214 putative SSP families) that are well-
described in the MtSSPdb and include family HMM
models, profile logos for visualization, and gene family
members. The 48 known gene families include 1,988
genes, and the 214 putative SSP families include 2,451
potentially novel SSPs that were previously unreported in
the literature. The smallest SSP families are Plant Elicitor
Peptides (PEPs), Casparian Strip Integrity Factor (CIF),
and Subtilisin-embedded PEP (SUBPEP), with only one
M. truncatula gene; and the largest families are Nodule-
specific Cys Rich Group B (NCR-B) and NCR-A, with 428
and 361 genes, respectively, totaling 789 genes inMtSSPdb.

It is worth mentioning that the 24 known SSP gene
families that were searched for (de Bang et al., 2017) but

400 Plant Physiol. Vol. 183, 2020

Boschiero et al.

https://plantphysiol.orgDownloaded on February 16, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org


not identified in M. truncatula, were nonetheless in-
cluded in MtSSPdb. These families were discovered in
several other plant species, including Arabidopsis (Ara-
bidopsis thaliana), maize (Zea mays), or tobacco (Nicotiana
tabacum), and can be useful in the study of other species.

RNA-Seq Gene Expression Data

The SSP Gene Expression Atlas (SSP-GEA) currently
hosts 16 RNA-seq experiments (10 publicly available
datasets and six datasets from in-house experiments)
comprising 681 RNA-seq samples from 192 treatments
or plant organs (Fig. 1B) covering drought, plant hor-
mone treatments, macronutrient deficiencies, nodule/
root development, symbiotic interactions, salt stress,
and various plant organs for all genes (not just SSP-
coding genes). SSP-GEA will be updated twice a year
depending on newly available data and user suggestions.
Currently, no other gene atlas is available that curates
published RNA-seq data forM. truncatula. It is important
to mention that the previous M. truncatula Gene Expres-
sion Atlas (MtGEA) includes only microarray data (739
arrays from 274 experiments) and the last update of that
atlas was in 2015 (Benedito et al., 2008).

Synthetic Peptide Library Data

Another section in MtSSPdb is the peptide library
that currently lists 155 synthetic peptides derived from

104M. truncatula genes, including 95 SSP-coding genes
from 20 known SSP families, six putative SSPs from five
putative SSP families, and three non-SSPs. In this sec-
tion, users can find the peptides grouped by gene family
for ease of use. For each peptide, detailed information is
provided about chemical composition (e.g. Mr, pI, and
grand average of hydropathicity [GRAVY]) and pheno-
type description (Supplemental Fig. S1). The synthetic
peptides were tested on three different species (M. trun-
catula, Arabidopsis, and Panicum virgatum) for 24 root-
and nodule-related phenotypes based on five categories:
descriptive traits, primary root traits, lateral root traits,
total root traits, and nodule traits (Table 1). Images are
available that show root phenotypes from M. truncatula
plants treated with 91 different synthetic peptides com-
pared to untreated control roots. Metadata information
for eachpeptide are available for download, andusers can
request aliquots of available synthetic peptides for their
research via the provided contact form. Detailed infor-
mation about the synthetic peptides, SSP families, and
their annotations are shown in Supplemental Table S1.

User Interface and Utility

TheMtSSPdb structure is categorized into three main
sections: resources, Gene Expression Atlas, and tools
(Fig. 2). MtSSPdb provides three analytical tools—a

Figure 1. MtSSPdb content. A, Pro-
portion of M. truncatula reannotated
genes identified as known or putative
SSPs. B, List of RNA-seq datasets
available at Medicago SSP-GEA.
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search function for genes, representative transcripts,
functional annotations, or SSP gene families; a BLAST
search function; and an online plant SSP prediction tool
that identifies genes that potentially encode SSPs in the
precursor proteins. These sections are described below
in more detail to show their utility and usage.

Search Tool and Gene/Family Card Information

The search tool is a primary function to search M.
truncatula genes by gene or transcript identifier (ID),
keywords of annotation, or SSP gene family name
(Fig. 3). There is an option to preselect “only SSP-coding
genes”, which narrows down search results to SSP-
coding genes. For each gene, there is a Gene Card
page available with detailed information, including
genomic coordinates, SignalP D-score (discrimination
score.), protein length, SSP type, annotation, and se-
quences. Additionally, gene expression examples are
shown for different experiments (Fig. 3).

MtSSPdb contains SSP gene families divided into two
groups, i.e. known and putative SSPs. There are currently
48 known SSP gene families containing 1,988 SSP-coding
genes identified in M. truncatula with gene family card
information for each of these (Fig. 4A). An additional 24
SSP gene families are included, although they have not
yet been identified in M. truncatula. HMM profiles are

available for 37 known families and 59 putative families
with at least five members. HMM profiles can be down-
loaded or visualized by sequence logos (Fig. 4B). Users
can download FASTA or alignment files and an HMM
profile file for each family and visualize all gene family
members (Fig. 4C). Figure 4 presents an example of a gene
family card for the Clavata/Embryo Surrounding Region
(CLE) with 52 gene members.

MtrunA17r5.0-ANR gene IDs (Pecrix et al., 2018) are
also available on the Gene Card page. To facilitate
searching SSPs in the MtrunA17r5.0-ANR genome
assembly, we conducted gene mapping. The total of
44,623 MtrunA17r5.0-ANR transcripts were queried
against the 70,094 Noble genome reannotation tran-
scripts (de Bang et al., 2017). We successfully mapped
43,018 (96.4%) of the MtrunA17r5.0-ANR transcripts
to the Noble M. truncatula genome reannotation, in-
cluding ;39% of small genes (,200 amino acids) and
;77% of the SSP-coding genes (Supplemental Table
S2). We further conducted SSP gene prediction on the
remaining 1,605 MtrunA17r5.0-ANR genes that were
not mapped to the Noble genome reannotation using
our integrated online plant SSP prediction tool.
Among the 1,605MtrunA17r5.0-ANR genes, only five
definitely belong to known SSP families, 11 likely
belong to known SSP families, and 183 were identi-
fied as putative SSPs. These results show that the

Table 1. Root and nodule-related traits evaluated in M. truncatula, Arabidopsis, and P. virgatum for 155
synthetic peptides

At, Arabidopsis; Mt, M. truncatula; Pv, P. virgatum.

Trait Species Tested

Descriptive traits
Root phenotype Mt
Nodule phenotype Mt
Ca-Spike Assay Mt

Primary root traits
Primary root length (cm) Mt, At, Pv
Lateral root density (n/cm) Mt, At, Pv
Primary root mean diameter (cm) Mt, At, Pv
Primary root surface area (cm2) Mt, At, Pv
Primary root volume (cm3) Mt, At, Pv
Primary root straightness (vector length/total length) Mt, At, Pv

Lateral root traits
Total number of lateral roots Mt
Total lateral root length (cm) Mt, At
Number of secondary lateral roots Mt, At, Pv
Total length of secondary lateral roots Mt, At, Pv
Mean length of secondary lateral roots Mt, At, Pv
Mean diameter of secondary lateral roots (cm) Mt, At, Pv
Mean diameter of all lateral roots (cm) Mt
Secondary lateral roots surface area (cm2) Mt, At, Pv
Secondary lateral roots volume (cm3) Mt, At, Pv
Secondary lateral roots insertion angle (°) Mt, At, Pv

Total root traits
Total root length (cm) Mt, At, Pv
Total root surface area system (cm2) Mt, At, Pv
Total root volume system (cm3) Mt, At, Pv

Nodule traits
Nodule number Mt
Nodule density Mt
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Noble M. truncatula genome reannotation was opti-
mized for identification of small genes (de Bang et al.,
2017).

BLAST

ABLAST tool was implementedwith different search
options (BLASTN, BLASTP, BLASTX, TBLASTN, or
TBLASTX; Fig. 3). We developed a web interface for the
National Center for Biotechnology Information (NCBI)
program BLAST, which enables users to search their
sequences against hosted sequences (Camacho et al.,
2009). Users can select two different target libraries
(all M. truncatula genes or only SSP-coding genes) and
different output formats (Fig. 3). The BLAST tool allows
users to upload up to 500 MB of data per sequence

search. In the output, a link to the respective gene card
page is provided for each gene.

SSP Prediction Tool

Due to a lack of SSP prediction tools in the public
domain, we developed and implemented such a tool as
part of MtSSPdb. The tool predicts whether a given
protein sequence is likely to encompass an SSP based on
several criteria (de Bang et al., 2017), including (1)
protein length (#200, 230, or 250 amino acids; Lease
and Walker, 2006; Breiden and Simon, 2016; de Bang
et al., 2017); (2) the presence of a signal peptide cleavage
site (Petersen et al., 2011); (3) the presence of a sequence
pattern characteristic of HMMs of known SSP gene
families; (4) homology with known SSP-coding genes

Figure 2. Framework of the MtSSPdb showing the structure, available resources, and tools.

Figure 3. Workflow of the tools available on the MtSSPdb. the top row shows three different tools—Search, SSP Prediction, and
BLAST—available to search genes or analyze nucleotide/protein sequences. The bottom row shows the resulting gene search
displayed as a list and gene cards available for each gene. BLASToutput is provided. In addition, a table is displayed as a result of
the SSP Prediction tool with SSP classification from protein sequences.
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previously identified; and (5) absence of transmem-
brane (TM) helices. The prediction pipeline is suited to
the analysis of protein sequences from multiple plant
species, since its reference sequences and HMMs are
built based on sequences from 35 diverse plant species,
such as Arabidopsis, M. truncatula, soybean (Glycine
max), maize, rice (Oryza sativa), poplar (Populus tricho-
carpa), tobacco, Lotus japonicus, grapevine (Vitis vinif-
era), Amborella trichopoda, chickpea (Cicer arietinum),
common bean (Phaseolus vulgaris), tomato (Solanum
lycopersicum), clementine (Citrus clementina), and others
(Ghorbani et al., 2015; Grillet et al., 2018).

Preproteins comprising SSPs contain an N-terminal
signal peptide that directs the preprotein to the endo-
plasmic reticulum for cleavage, maturation, and sort-
ing. SignalP 4.1 has been shown to be an effective

predictor of N-terminal signal peptides of proteins from
a wide array of species, including prokaryotes and eu-
karyotes (Petersen et al., 2011). It relies on a D-score,
which is a combined value from signal peptide and
cleavage site prediction networks and is used to dis-
criminate signal peptides fromnon-signal peptides. The
default D-score cutoff for a signal peptide is 0.45 as
applied in SignalP 4.1 server (Petersen et al., 2011).

After homology analysis of the sequence, prediction
of TM helices is performed with putative SSP-coding
genes meeting the above criteria. Any gene predicted
to harbor at least one TMhelix is considered not to be an
SSP, since membrane anchoring is not characteristic of
SSPs that act in cell–cell signaling, but note that TM
predictions can vary depending on the tool used
(Ganapathiraju et al., 2008; Tsirigos et al., 2015).

Figure 4. MtSSPdb screenshot showing an overview of a gene family card for the Clavata/Embryo Surrounding Region (CLE)
family. A, Gene family summary information. B, A HMM profile logo showing the C-terminal region of the protein. C, Five of the
gene members and their associated information.
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The final output table (Fig. 3) presents the calculated
values of each of the five individual features plus a
cumulative prediction that places the protein within
one of three types of SSPs—“known,” “likely known,”
or “putative.” A known SSP has a protein length of
#200 amino acids, a SignalP D-score of .0.25, and
homology with previous SSPs, while a putative SSP has
a protein length of#230 amino acids, a SignalPD-score
of .0.45, no TM domains, and no significant homolo-
gies with known SSPs or hits with only one type of
homology. We included an additional SSP type defined
as “likely known SSPs,” with significant homologies to
known SSPs and a small protein length (#250 amino
acids). In this category, there are, for example, several
CLE peptides, including CLE2, CLE8, CLE19, CLE27,
CLE34, CLE36, CLE41, and CLE48. Details regarding
criteria were described in our previously published
article (de Bang et al., 2017). All details about input,
output, and criteria used are provided on the Help page
of MtSSPdb.
In the output result page, users can filter the results

by adjusting various cutoff thresholds (“protein
length,” “SignalPD-score,” “HMMhomology e-value,”
and “Smith-Waterman homology e-value”) using our
filter function. In addition, users can filter the results by
the SSP classification; for example, users can choose to
display only known, likely known, or putative SSPs.
When we analyzed all M. truncatula reannotated

genes (70,094) with our SSP prediction tool, our pre-
diction generated a 98.6% matching classification with
those previously produced by our group (de Bang et al.,
2017). The differences are primarily due to manual
curation. We recommend that SSPs predicted by our
tool be further confirmed by expression evidence and
subsequent experimental validation.

SSP-GEA

The SSP-GEA is a major component of MtSSPdb and
provides several tools to analyze and display (1) an
expression profile with gene search by keyword, ID,
and expression pattern over conditions, (2) differential
gene expression, (3) gene coexpression, (4) Gene On-
tology (GO) term, and (5) Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment for a se-
lected group of genes (Fig. 5). SSP-GEA allows users to
choose the RNA-seq dataset of interest, and all the
above analyses are performed “on the fly.”
SSP-GEA allows users to query expression levels of

anyM. truncatula gene or transcript of interest. Queries
can also be made using the SSP gene family name or
annotation keywords. Users begin by selecting experi-
ment(s) of interest (Fig. 1B) and the experimental con-
ditions. After submission, the raw read counts of
selected samples are extracted from the database and
normalized for further analysis, and users then can
search genes by keyword or expression patterns. A bar
chart or line chart is generated on the web page. Users
have the option to download a “.CSV” table with all
the expression values of the queried genes from the

expression profile, differential expression (DE), or
coexpression analyses.
Figure 5 shows the different outputs obtained from

the analytical tools. In SSP-GEA, the DE analysis tool
was designed for DE analysis of RNA-seq data from
different experiments. Users can select the desired ex-
periment, the two conditions to be compared (numer-
ator and denominator), and the P-value cutoff. Users
also have the option to filter out any gene with a low
number of normalized mean counts or to filter the re-
sults based on log2 fold changes or adjusted P-values.
For coexpression analysis, users select the relevant ex-
periments and conditions. Once the analysis is com-
plete, users can specify their genes of interest to extract
a list of coexpressed genes. GO enrichment and KEGG
pathway analyses are either available separately or are
integrated with expression profile, DE, and coex-
pression analyses, where the output results from these
upstream analyses can be directly imported into the
GO/KEGG analysis module to further identify
enriched GO terms or KEGG pathways in the list of
genes. Additional filters are available prior to the GO
and KEGG analyses, such as P- or q-value cutoff and
number of top terms or pathways.

Case Studies

The following case studies demonstrate the useful-
ness of MtSSPdb in identifying novel candidate pep-
tides and their biological functions.

Bioactivity of CEP9 Requires Pro Hydroxylation

The C-terminally Encoded Peptide 1 (CEP1) peptide
ofM. truncatulawas previously shown to inhibit lateral
root formation when applied exogenously to germi-
nated seedlings (Imin et al., 2013). The M. truncatula
genome encodes 17 CEP genes, 15 of which are repre-
sented in the Synthetic Peptide Library of MtSSPdb
(Fig. 6A). Like the CEP1 gene (MT35v5_contig_59554_1),
CEP9 (MT35v5_AC233112_1015) harbors two highly
similar CEP domains. Peptides representing both do-
mains are present in the peptide library, and these pep-
tides were synthesized with or without Hyp residues at
residues 4 and 11 (Fig. 6B), which have been shown to be
important for bioactivity in CEP1. The screening data
in the peptide library clearly show that both CEP9
peptides reduce lateral root density, like CEP1, and
that this activity depends on Hyp at residues 4 and
11 (Fig. 6C). These results indicate that the CEP9
and CEP1 peptides may have overlapping functions
within M. truncatula roots.

Identification of a Novel SSP Transcript with Support
from MtSSPdb

Visualization of RNA-seq data revealed that
Medtr6g027320 was incorrectly annotated in Mt v4.0
(Fig. 7A). Two transcripts with widely differing expression
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patterns can be seen. Both corrected transcripts within
this locus have ORFs with ;60% identity, strongly
predicted signal peptides, and Plant Peptide Con-
taining Sulfated Tyr (PSY) domains near the C termi-
nus. Accordingly, these transcripts were renamed as
PSY7 and PSY8. Extracting tissue expression plots
from the SSP GEA section of MtSSPdb, we found that
PSY7 is the dominantly expressed transcript and is
primarily expressed in aerial organs such as leaf and
petiole (Fig. 7B). In contrast, PSY8 is expressed at low
levels throughout much of the plant, including root,
nodule, and stem. DE analysis using the SSP-GEA
revealed that PSY7 transcript levels in leaves exceed
those in roots by .1,000-fold, while PSY8 transcript
levels were about 3-fold lower in shoots than in roots.
To test for activity of PSY7, the predicted 19-residue
peptide, including the expected sulfate group at Tyr-2
and Hyp at Pro-13 and Pro-16 (Amano et al., 2007),
was synthesized and employed in our root pheno-
typing screen. Compared to the mock-treated control,
the PSY7 peptide enhanced primary root growth
(Fig. 7C), consistent with the characterized role of
AtPSY in cell expansion (Amano et al., 2007). Addi-
tionally, a slight suppression of lateral root density is

also observed (Fig. 7C). The bioactivity found for this
synthetic peptide provides additional support for the
identification of this novel transcript.

SSPs Regulated during Mycorrhizal and Rhizobial Symbioses

The SSP-GEA contains expression data from symbi-
otic interactions with nitrogen-fixing bacteria known as
rhizobia and arbuscular mycorrhizal fungi (Luginbuehl
et al., 2017). In legumes, these two symbionts are
known to share signaling components during devel-
opment of nodules (root organs hosting the rhizobia)
and mycorrhizal colonization. To investigate whether
any SSP gene transcripts were commonly regulated
during both nodulation and mycorrhizal colonization,
DE analyses were performed in SSP-GEA based on
nodules at 4, 10, 14, and 28 d post rhizobia inoculation
(dpi) compared to controls (de Bang et al., 2017), and
mycorrhizal roots at 8, 14, and 27 dpi compared to
nonmycorrhizal control roots (Luginbuehl et al., 2017).
In total, 341 to 1,173DE SSPswere identified in nodules,
compared to 29 to 108 DE SSPs in mycorrhizal roots
(adjusted P-value ,0.1; Fig. 8A). Collectively, 1,292
individual SSPs were identified as DE during nodule

Figure 5. Available tools in the SSP-GEA showing different outputs. The top shows bar charts displaying the results of the ex-
pression profile analysis of Medtr4g117040.1 transcript for different nitrogen levels in shoots and roots (left) and the DE analysis
for nitrogen levels in roots (middle; low nitrogen levels and full nutrition control; adjusted P, 0.1). A line chart is displayed as a
result of the coexpression analysis of the gene Medtr6g452990 for nitrogen levels in shoots and roots (right; low nitrogen levels,
full nutrition control, and nitrogen resupply). The lower left shows a directed acyclic graph as a result of the GO enrichment
analysis from five top GO terms from genes differentially expressed for different nitrogen levels in roots. The lower right shows a
table with five top significantly (q , 0.05) enriched KEGG pathways from genes differentially expressed for nitrogen levels
in roots.
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development, whereas only 144 individual SSPs were
found to be DE in mycorrhizal roots. Despite this large
discrepancy in the number of DE SSPs between rhizo-
bial and mycorrhizal roots, 107 SSPs were found to be
shared, of which many showed a similar response to
nodulation and mycorrhization, while others respon-
ded in opposite directions (Fig. 8B). Hierarchical clus-
tering based on transcriptional changes of the 107
commonly regulated SSPs grouped the SSPs into four
different clusters (Fig. 8C). SSPs in Cluster I were highly
induced in nodules and during later stages of mycor-
rhizal symbiosis, and included 10 NCR peptides, five
leginsulins, five Nodule-specific Gly Rich Peptides
(NodGRPs), and three plant defensins (Supplemental
Table S3). The high expression of supposedly nodule-

specific NCRs and NodGRPs in mycorrhizal roots
could indicate that the analyzed roots were also
nodulated. However, the well-studied nodulation-
marker SSP transcripts CLE12 and CLE13 were not in-
duced, leading to the conclusion that the expression of
this subset of NCRs and NodGRPs is not nodule spe-
cific. Cluster II contained SSPs generally upregulated in
both mycorrhizal roots and nodules. A group of these,
including five plantacyanins (PCYs), was strongly
upregulated in mycorrhizal roots compared to nodules.
Cluster III constituted 13 SSP transcripts with reduced
abundance in nodules but moderately induced ex-
pression in mycorrhizal roots at 8 dpi. Six of these
belonged to the Root Cap (RC) family. SSPs moderately
upregulated bymycorrhiza and downregulated during

Figure 6. Surveying the peptide library data reveals the importance of Pro hydroxylation of CEP peptides. A, Hybrid screenshot of
the peptide library page of the MtSSPdb showing the four CEP9 peptides investigated here. B, CEP9 encodes a 151-amino acid
polypeptide encoding a signal peptide (hashed lines) and containing two CEP domains, designated CEP9_1 (red) and CEP9_2
(blue). The synthetic peptides used for screening are presented below, assuming the presence of Hyp. Peptides lacking Hyp held
standard Pro residues at both positions. C, Synthetic peptides from both the upstream and downstream domains strongly inhibit
lateral root formation, but only when Pro residues 4 and 11 are hydroxylated. Percentage values indicate the average number of
secondary lateral roots in the presence of the indicated peptide relative to the mock-treated control. Plots show the median value
(center lines), box limits indicate the 25th and 75th percentiles, and the bars indicate the maximum and minimum values among
the data points collected (Students t test). n 5 10 for peptide-treated plants and 20 for mock-treated plants.
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nodulation were grouped into Cluster IV-a, which
contained four SSPs from the Prorich Protein Group
669 (PRP669), and five from the subtilisin inhibitor
(SubIn) families, respectively. Cluster IV-b represented
30 SSPs with significant down-regulation (adjusted
P-value ,0.1) during nodulation but an inconsistent
response to mycorrhizal colonization. Nine of these
were PCYs and four were nonspecific lipid transfer
proteins.

CAPE16 Is Implicated in Rhizobial Persistence within Nodules

SSPs in the CAP-derived Peptide (CAPE) family are
derived from functional precursor proteins involved in
the pathogen defense pathway in leaves (Chen et al.,
2014). CAPE peptides are embedded at the C termi-
nus of larger Pathogenesis-Related Protein 1 proteins
and are cleaved into an 11-residue peptide prior to

secretion. Several CAPE peptides in Arabidopsis are
induced by salt treatment (Chien et al., 2015), but no
functional studies have been carried out. Analysis
with SSP-GEA in MtSSPdb revealed that several CAPE
gene transcripts are abundant in nodule tissue (Fig. 9A).
Investigation of the coexpression patterns of se-
lected CAPE gene transcripts revealed that CAPE16
(Medtr5g018770), in particular, was strongly enriched
for coexpression with other SSP-coding genes. Filtering
coexpressing genes with a .0.8 Pearson correlation
coefficient showed that 23% of CAPE16 coexpressed
gene transcripts were SSP-coding genes, compared to 5%
to 9% of four other CAPE gene transcripts (Fig. 9B). The
coexpressing SSPs were predominantly NCR, leginsulin,
and plant defensin genes (Fig. 9C). NCR genes in partic-
ular encode nodule-specific SSPs with roles in develop-
ment and maintenance of rhizobia within symbiotic
nodules in M. truncatula (Kereszt et al., 2018). Thus, the

Figure 7. Reannotation of a Plant Peptide Containing Sulfated Tyr (PSY) reveals a novel bioactive PSY SSP-coding gene. A, RNA-
seq evidence indicates that Medtr6g027320.1 is annotated incorrectly in Mt v4.0. RNA-seq reads mapped to each locus are
illustrated as a Sashimi plot representing the number of mapped reads at each nucleotide. Two distinct transcripts emerge when
RNA-seq mapped reads are separated by expression in shoots or roots. Reads from one representative biological replicate are
presented above. The new transcripts uncover an additional upstream PSY SSP-coding gene and have been renamed PSY7 and
PSY8 accordingly. B, A plot of tissue expression levels of the newly uncovered PSY7 and PSY8 genes. PSY7 is the dominantly
expressed transcript and ismostly expressed in leaves and shoots. In contrast, PSY8 demonstrates low-level expression throughout
roots, nodules, and stems/petioles. The inset shows how expression changes from shoot versus root highlight the DE of the two
PSY transcripts. RPKM, reads per kilobase of transcript per million mapped reads. C, Synthetic PSY7 peptide shows bioactivity
when tested in the root screening platform, leading to enhanced primary root length (consistent with its characterized role in cell
division/expansion), while also suppressing lateral root density. Plots show themedian value (center lines), box limits indicate the
25th and 75th percentiles, and the bars indicate the maximum and minimum values among the data points collected (Students
t test). n 5 10 for peptide-treated plants and 20 for mock-treated plants.
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expression patterns discerned from MtSSPdb may
indicate a role in nodulation for CAPE16, but further
experiments should be conducted to validate these
findings.

DISCUSSION

There are only three published databases dedicated
to plant small peptides (Table 2). PlantSSPdb hosts a
collection of small secretory peptides from 32 plant
species, including 820 M. truncatula SSP-coding genes
(Ghorbani et al., 2015). Besides PlantSSPdb, there is a
signal peptide database containing signal sequences of
archaea, prokaryotes, and eukaryotes, but it includes
only 17 SSPs described in M. truncatula (Choo et al.,
2005). Also, there is a database of SSPs predicted in
Arabidopsis with very limited and outdated informa-
tion (Lease and Walker, 2006).

In PlantSSPdb, it is possible to browse SSP genes and
download family HMMs and protein sequences for five
pillar species (Arabidopsis, rice, poplar, grapevine, and
maize). PlantSSPdb uses criteria similar to ours to
identify SSPs within their reference pillar species.
However, in additional species such as M. truncatula,
the SSP identification relies solely on automated, un-
supervised searches of each family’s HMM built from
the five pillar species. Because SSPs rapidly evolve and
can be species or genera specific, HMM-based searches
that rely on evidence from only the five pillar species
are of limited value for alternative species, in particular
M. truncatula and other legumes that are known to have
a number of legume-specific SSPs.
In contrast to PlantSSP, MtSSPdb relies on iterative

searches and extensive manual curation throughout the
M. truncatula genome (de Bang et al., 2017). These steps
have resulted in high-quality SSP gene models for
M. truncatula. The improved analytical procedures,

Figure 8. SSPs regulated by mycor-
rhiza colonization and nodulation. A,
Number of differentially expressed SSPs
during nodule development at 4, 10, 14,
and 28 dpi with rhizobia, and 8, 14, and
27 dpi with mycorrhizal fungi (adjusted
P , 0.1). B, Venn diagram illustrating
the number of commonly regulated SSPs
between mycorrhiza and nodulation.
SSPs were included if they were dif-
ferentially expressed in just one of the
treatments. C, Hierarchical clustering
of the 107 commonly regulated SSPs
from log2 fold changes were calculated
based on the respective control samples,
i.e. nonmycorrhizal or nonrhizobial.

Plant Physiol. Vol. 183, 2020 409

The Medicago truncatula Small Secreted Peptide Database

https://plantphysiol.orgDownloaded on February 16, 2021. - Published by 
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved. 

https://plantphysiol.org


described in de Bang et al. (2017), identified over 4,000
predicted SSPs, including almost 2,000 members of
known SSP families and a novel legume-specific SSP
family named PSN (de Bang et al., 2017). Most of the

820 M. truncatula SSP genes found in the PlantSSP da-
tabase (Ghorbani et al., 2015) are included in MtSSPdb,
but only ;30% of the SSP-coding genes could be asso-
ciated with the HMMs from the PlantSSP database

Figure 9. CAPE16 expression predominates in symbiotic nodules and coexpresses with many SSPs. A, RNA-seq data from the
MtSSPdb. Five CAPE peptides,which have been shown previously to be induced bymacronutrient deficiencies, were interrogated
for expression patterns across 12 different organs. Nod, Nodule; RPKM, reads per kilobase of transcript per millionmapped reads.
B, CAPE16 shows a strong enrichment in coexpressing SSP-coding genes. Coexpressing SSPswere defined as those with a Pearson
correlation coefficient.0.8 across 122 different experimental conditions. Thirty-five of a total 149 coexpressors of CAPE16 (23%)
were SSP genes, versus 5% to 9% of the other four CAPE genes. C, Pie chart showing the distribution of the CAPE16 coexpressing
SSP-coding genes, most of which are NCR peptides, leginsulins (Legin), or plant defensins (PDF). ENOD40, Early Nodulin 40; LP,
LEED.PEED; nsLTP, nonspecific lipid transfer protein; nodGRP, nodule-specific Gly-rich protein.

Table 2. List of available SSP and signaling peptide databases in plants

SPdb, a signal peptide database containing signal sequences of archaea, prokaryotes, and eukaryotes.

SSP Databases MtSSPdb PlantSSPdb SPdb

Arabidopsis

Unannotated

Secreted

Peptide Database

Last update 2019 2015 2008 2006
Species M. truncatula (to be expanded soon to

Arabidopsis and B. distachyon)
32 species, including M.

truncatula
Different species

including plants and
M. truncatula

Arabidopsis

M. truncatula SSPs
(genome
assembly)

4,439 (Mt3.5v5 and Mt4.0v1) 820 (Mt3.5v4) 17 Not available

Annotation Available Not available Not available Not available
Gene family 262 available with detailed information

(function, reference, HMM profile logos,
genes, etc.)

334 available for M.
truncatula with limited
information

Not available Not available

BLAST (input
sequence size)

Available (500 MB) Available (8 MB) Not available Not available

Expression data Available for 16 experiments and 192
conditions

Not available Not available Not available

Gene Expression
Atlas

Available with multiple analyses Not available Not available Not available

SSP Prediction tool Available across multiple plant species and
genome scale sequences

Not available Not available Not available

Synthetic Peptide
Library

Available with 155 peptides tested on 3
species for root and nodule-related traits,
and SSP order option available

Not available Not available Not available
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(de Bang et al., 2017). This is likely a reflection of the
extensive manual curation underlying MtSSPdb, and it
highlights the greatly improved identification of puta-
tive M. truncatula SSPs.
Furthermore, no gene expression or annotation data

are available for the SSP genes in PlantSSPdb (Ghorbani
et al., 2015). The gene expression data and related an-
alytical functions, such as profiling, DE, coexpression,
and pathway enrichment analysis, are helpful tools for
exclusion of false positive predictions and identification
of biological functions for the SSP genes.
Online analysis tools are a convenient way to search

SSP genes from user-submitted sequences. PlantSSPdb
provides a web-based BLAST search tool against SSP
reference sequences with an 8MB limit for data upload.
NCBI BLAST is a heuristic search algorithm that com-
promises on sensitivity to sequences with lower simi-
larity to obtain faster search performance (Camacho
et al., 2009). This feature may cause the loss of SSP
candidates, since SSPs rapidly evolve and conservation
can be limited to short sequences. To address this issue,
MtSSPdb integrates a comprehensive SSP prediction
tool that utilizes HMM and Smith-Waterman searches.
In addition, our database also provides the information
from SignalP analysis and protein length. The SSP tool
was able to predict SSPs more accurately than BLAST
from PlantSSPdb (Ghorbani et al., 2015). For example,
using as input M. truncatula protein sequences from
Mt3.4v4 (n 5 64,152), we predicted 1,218 known SSPs
with the SSP tool, but using BLAST/PlantSSPdb with a
stringent e-value (,1e207), we obtained .7,000 best
hits, and most of them with low identity.
The MtSSPdb prediction tool accepts user-submitted

protein sequences up to 500 MB, which is enough for
most genome-wide analyses. This prediction tool en-
ables users to easily utilize the knowledge of known
SSP families to identify new SSP proteins with high
confidence.
In addition, MtSSPdb has gene expression informa-

tion for each SSP gene, including expression profiles
from common biological conditions, including various
plant tissues and treatments, such as hormone and
plant macro-nutrition treatments, which provide in-
sight into the functional characterization of these
SSP genes.
It is worth mentioning that MtSSPdb focuses on M.

truncatula; it will be important to expand this database
to other relevant model plant species and legumes such
as alfalfa and soybean.

CONCLUSIONS

MtSSPdb is the first plant SSP database that inte-
grates gene expression, an SSP prediction online tool,
and synthetic peptide information. MtSSPdb hosts
large-scale genomics and transcriptomics data in the
model legume, M. truncatula, and provides multiple
functions to search, retrieve, analyze, and visualize
different datasets. It also hosts, under the synthetic

peptide library, phenotyping data from synthetic pep-
tide screens in planta. Compared to the previously
published database (Ghorbani et al., 2015), MtSSPdb
contains more comprehensive and up-to-date data for
M. truncatula, resulting in a valuable resource for the
plant research community. In addition, the integrated
SSP prediction tool is the first web-based tool for the
identification of plant SSPs from users’ submissions
using multiple SSP characteristics. This tool also allows
users to submit protein sequences on a genome scale for
data analysis. To the best of our knowledge, no such
comprehensive resource focusing on small peptide-
coding genes, which are numerous and often still un-
annotated, exists for any plant species. It is worth
mentioning that the database contains all known SSP
family information, including 24 families which have
not been identified inM. truncatula. Thus, this database
can be expanded to other relevant model plant species,
e.g. Arabidopsis and Brachypodium distachyon, and le-
gume species such as alfalfa and soybean. MtSSPdb has
potential to become the most comprehensive database
of SSPs in plants. The MtSSPdb is available at https://
mtsspdb.noble.org/.

MATERIALS AND METHODS

Medicago truncatula SSP genes and families

The M. truncatula genome (both Mt3.5v5 and Mt4.0v1 genome assemblies)
was reannotated using the generic genome annotation tool MAKER pipeline
(Cantarel et al., 2008). Gene model expression evidence includes 64 RNA-seq
libraries that were mainly sequenced after the release of MTv4.0 and protein/
EST sequences that are publicly available in legumes (de Bang et al., 2017). The
SPADA pipeline (Zhou et al., 2013) and sORF Finder (Hanada et al., 2010) were
used to identify short genes. The former was optimized by including HMM SSP
models from PlantSSPdb (Ghorbani et al., 2015). The gene models were anno-
tated using plant UniProt (https://www.uniprot.org/) as reference database
with BLASTP for GO and KEGG (e-values , 1e205). HMMs were established
in two steps. First, we generated a multialignment file for each family using
representative member sequences inM. truncatula. Second, the multialignment
files were converted into HMMmodel files using HMMER software (Finn et al.,
2011). The interactive gene family logos for HMM profiles were built using the
Skylign tool (Wheeler et al., 2014). BLAT (Kent, 2002) was used to map Mtru-
nA17r5.0-ANR genes (Pecrix et al., 2018).

Development of the MtSSPdb Web Portal

The web portal was developed using the Python Flask framework and
MySQL.

RNA-Seq Data Analysis

RNA-seq data produced in-house were generated using Illumina technol-
ogy representing different organs (leaves, shoot, petioles, buds, flowers, pods,
roots, and nodules). More information about the experimental methods is
available (de Bang et al., 2017). RNA-seq datasets were mapped against the
representative transcripts of M. truncatula genes to estimate raw counts and
effective transcript lengths using the Sailfish/Salmon tool (Patro et al., 2017).
These results were uploaded into the database.

Normalization and DE analysis of raw counts are performed using DESeq2
(Love et al., 2014). The coexpression module was developed based onWGCNA
(Langfelder and Horvath, 2008), which generates a coexpression matrix for the
entire genome using biweight midcorrelation approach (also called bicor). The
matrix can be processed to generate coexpressed functional gene modules
(Langfelder and Horvath, 2008). The enriched GO terms or KEGG pathways in
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DE genes or coexpressed gene modules are detected by using P-values from
hypergeometric distribution and Benjamini-Hochberg adjustment.

SSP Prediction Tool

The presence of a signal peptide cleavage site is predicted by SignalP 4.1
(Petersen et al., 2011). A sequence’s homology to previously identified SSPs is
determined in two ways, first by searching user-submitted protein sequences
against a collection of 37 curated HMMs of known SSP families (de Bang et al.,
2017) and 4,780 HMMs from PlantSSP (Ghorbani et al., 2015) using HMMER
(Finn et al., 2011), and second by searching user-submitted sequences against
3,402 known plant SSP protein sequences with SSearch (Ropelewski et al.,
2003), a fast implementation of the Smith-Waterman search algorithm.
E-values of #0.01 were used for significant homologies. Prediction of TM hel-
ices is performed with TMHMM Server v.2.0 (Krogh et al., 2001), and excludes
predicted N-terminal signal peptides.

Accession Numbers

RNA-seq datasets produced by Noble Research Institute can be retrieved
from NCBI Sequence Read Archive at https://www.ncbi.nlm.nih.gov/sra
with the Study IDs SRP110143, SRP110041, SRP109847, and SRP161571.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. MtSSPdb screenshot showing an overview of the
Peptide Library section.

Supplemental Table S1. Gene information for synthetic peptides tested in
three species.

Supplemental Table S2. Mapping results of MtrunA17r5.0-ANR tran-
scripts against the Noble M. truncatula genome reannotation.

Supplemental Table S3. SSPs commonly regulated between nodulation
and mycorrhiza.
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