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ABSTRACT

The LegumelP 2.0 database hosts large-scale ge-
nomics and transcriptomics data and provides in-
tegrative bioinformatics tools for the study of gene
function and evolution in legumes. Our recent up-
dates in LegumelP 2.0 include gene and protein se-
quences, gene models and annotations, syntenic re-
gions, protein families and phylogenetic trees for
six legume species: Medicago truncatula, Glycine
max (soybean), Lotus japonicus, Phaseolus vulgaris
(common bean), Cicer arietinum (chickpea) and Ca-
janus cajan (pigeon pea) and two outgroup refer-
ence species: Arabidopsis thaliana and Poplar tri-
chocarpa. Moreover, the LegumelP 2.0 features the
following new data resources and bioinformatics
tools: (i) an integrative gene expression atlas for four
model legumes that include 550 array hybridizations
from M. truncatula, 962 gene expression profiles of G.
max, 276 array hybridizations from L. japonicas and
56 RNA-Seg-based gene expression profiles for C.
arietinum. These datasets were manually curated and
hierarchically organized based on Experimental On-
tology and Plant Ontology so that users can browse,
search, and retrieve data for their selected experi-
ments. (ii) New functions/analytical tools to query,
mine and visualize large-scale gene sequences, an-
notations and transcriptome profiles. Users may se-
lect a subset of expression experiments and visualize
and compare expression profiles for multiple genes.
The LegumelP 2.0 database is freely available to the
public at http://plantgrn.noble.org/LegumelP/.

INTRODUCTION

Legumes are the second most important class of crops as
a source of food for humans, feed for livestock and raw
materials for industry (1). Legumes possess complex sec-
ondary metabolisms and have been serving as a lynch pin

of sustainable agriculture because they can acquire nitro-
gen efficiently through nitrogen-fixing endosymbiosis with
soil bacteria called rhizobia. It is estimated that about 40—
60 million tons of nitrogen are fixed annually by cultivated
legumes (2), which is equivalent to about US $40 billion
of fertilizer (1). Thus, understanding mechanisms that are
fundamental to the legume species, especially the process
of nitrogen-fixing endosymbiosis, will be of great value to
healthy, low input sustainable agriculture by decreasing the
use of fertilizers and improving crop yields.

We have been continuously developing the LegumelP (3),
an integrative database for comparative genomics and tran-
scriptomics of model legumes, for the study of gene function
and genome evolution in this important plant family. The
original release of LegumelP, referred to as LegumelP 1.0
herein, hosted a total of 222,217 protein-coding genes and
integrated protein family information, syntenic and phy-
logenetic context, tissue-specific transcriptomic profiles for
three model legumes, Medicago truncatula, Glycine max and
Lotus japonicus plus two reference plant species, Arabidop-
sis thaliana and Populus trichocarpa. The LegumelP 1.0
database contained detailed gene annotations based on the
UniProt (4), InterProScan (5), Gene Ontology (GO) (6) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases (7). It provided interfaces for retrieving gene an-
notation, systematic synteny analysis across M. truncatula,
G. max, L. japonicas and A. thaliana, as well as construc-
tion and phylogenetic analyses of gene families across the
five species. The LegumelP 1.0 database also contained a
small collection of microarray gene expression data, which
included 156 M. truncatula, 14 G. max and 104 L. japonicus
array hybridization results or RNA-Seq profiles.

Emerging high-throughput technologies, such as Illu-
mina sequencing, have generated large-scale biological data
that make genomic data ecasily available for even more
species. In the legume family, more genomes, including M.
truncatula, Phaseolus vulgaris (common bean), Cicer ari-
etinum (chickpea) and Cajanus cajan (pigeon pea) (8-12),
have been completely sequenced since the publication of
LegumelP 1.0. In addition, the sequencing of the Medicago
sativa (alfalfa), Arachis duranensis and Arachis ipaensis (the
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ancestors of cultivated peanut), Vigna radiata (mung bean)
(13), Vigna angularis (adzuki bean) (14) and Lupinus angus-
tifolius (lupin) (15) genomes are almost complete.

Meanwhile, RNA-Seq technology makes large-scale gene
expression profiling possible for non-model species, where
dedicated commercial microarray chips are not available.
Thus, transcriptomic data are now available from various
technical platforms for species such as L. japonicas (16), G
max (17), M. truncatula (18), Medicago sativa (alfalfa) (19)
and P, vulgaris (20). These large-scale genomic and tran-
scriptomic datasets enable and facilitate the study of funda-
mental mechanisms, gene functions and gene and genome
evolution using comparative genomic and molecular biol-
ogy approaches.

In this paper, we present the ‘LegumelP 2.0 - A Plat-
form for the Study of Gene Function and Genome Evolution
in Legumes’ with a focus on the two most important new
features of the database. First, we integrated genomic se-
quences for six legume species. These include M. truncat-
ula, G. max and L. japonicus that were in the LegumelP
1.0, three newly sequenced crop legumes, P. vulgaris, C.
arietinum and C. cajan, and two reference plant species,
A. thaliana and P. trichocarpa. The updated LegumelP
2.0 covers 391,107 protein-coding gene sequences in to-
tal. All sequences were annotated based on sequence sim-
ilarities and domain features by referring to the UniProt
TrEMBL, InterProScan, GO and KEGG databases. Sec-
ond, we built a brand new integrative gene expression at-
las, which consists of large-scale gene expression profiles
from multiple technologies for four model legumes, includ-
ing 550 array hybridizations from M. truncatula, 962 gene
expression profiles from G max, 276 array hybridizations
from L. japonicas, and 56 RNA-Seq transcriptome profiles
from C. arietinum. All expression profiles were manually
curated, annotated using free text descriptions, keywords
and further hierarchically organized following the Exper-
imental Ontology (EO) (http://bioportal.bioontology.org/
ontologies/PECO?p=classes) (21,22) and Plant Ontology
(PO) (http://www.plantontology.org/) (23), allowing users
to browse, search and retrieve gene expression profiles for
the experiments of their choice using both the EO tree view
browser and comprehensive keyword searches. We believe
this integrative gene atlas is essential and extremely valu-
able for the study of gene function and provide valuable
large-scale gene expression data to biologists through user-
friendly web interfaces.

DATABASE PRODUCTION: DATA EXPANSION AND
FEATURE IMPROVEMENTS

Compilation and processing of genomic data

In LegumelP 2.0, we have compiled and integrated gene se-
quences and comprehensive gene annotations for six model
or crop legume genomes, including M. truncatula, G. max,
L. japonicus, P. vulgaris, C. arietinum, C. cajan and two
reference plant species, A. thaliana and P trichocarpa.
LegumelP 2.0 contains 391,107 protein-coding gene se-
quences in total from eight plant species. Table 1 lists the
included plant species and the sources of gene sequence and
annotation data.

To annotate these genes, the sequences were searched
against the reference sequences from the UniProt,
TrEMBL, GO and KEGG databases using BLASTP
with an expect value <1e-06. Furthermore, these sequences
were searched for conserved domains for inclusion of
functional annotation using the InterProScan program.
All transcription factors (TFs) were predicted using
our previously published method (24) for improved TF
annotation.

We performed systematic syntenic analysis and recon-
structed cross-species gene family and phylogenic trees
for the six legume genomes and the two reference plant
genomes using the same methods that were used in the de-
velopment of LegumelP 1.0 (3). Supplementary Figure S1
(Supplemental Material) shows an example of three com-
plex micro synteny views for six legume species. As we
described in the LegumelP 1.0, multiple leucine-rich re-
peat receptor kinases are reportedly involved in the signal-
ing pathway that mediates early root responses to bacte-
rial and fungi infections in epidermal tissues of root nod-
ules (25). In LegumelP 2.0, multiple genes (e.g., Ca_11537,
C.cajan_12295 and Phvul.002G143400.1) with the same
functions could also be identified with high confidence in
C. arietinumx, C. cajan and P. vulgaris based on micro syn-
teny analysis across the six legume species.

Compilation and processing of transcriptomic data

We have developed a brand new integrative gene expression
atlas in LegumelP 2.0. Because there is abundant microar-
ray data for M. truncatula, G. max (soybean) and L. japon-
icus in public repositories, those datasets were collected,
compiled and further curated for inclusion in LegumelP
2.0. All of the expression profiles were downloaded from Ar-
rayExpress (26), the NCBI GEO data repository (27) and
other legume-specific gene expression atlases (16-18,20).
The raw data were normalized by the Robust Multichip Av-
erage method (28) using the ‘affy’ module of the R (https:
[Iwww.r-project.org/) software package. In addition, we in-
cluded RNA-Seq-based gene expression profile data for
chickpea from the NCBI SR A (29) database because there is
no microarray chip designed for this organism. We adopted
Bowtie (30) and RSEM (31) to map reads on the genomes,
then estimated gene expressions in Fragments Per Kilobase
of transcript per Million reads (FPKM) and further used
edgeR (32) to normalize the final expression values. Cur-
rently, the updated gene expression atlas consists of 550 hy-
bridizations using the Affymetrix A-AFFY-71 GeneChip
for M. truncatula, 962 hybridizations using the Affymetrix
GeneChip Soybean Genome Array A-AFFY-59, 276 hy-
bridizations using the Affymetrix GeneChip Lotus Gene
Array A-AFFY-59 and 56 Illumina RNA-Seq profiles for
chickpea.

In addition to the integration of large-scale gene expres-
sion data for four legumes, one of the significant improve-
ments in LegumelP 2.0 is that we curated all transcriptomic
datasets according to the descriptions of the original ex-
perimental designs, and further re-annotated the microar-
ray assays (or Illumina runs) using the newly developed EO
terms and PO terms. The former is a popular ontology that
defines experimental conditions based on the published lit-
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Table 1. A list of plant species and their gene sequence and annotation data sources in LegumelP 2.0

Plant Species Release Version URL for Downloading
Medicago truncatula Mt4.0 http://www.jcvi.org/medicago/display.php?pageName=General&section=
Download
Glycine max 1.1 http://genome.jgi.doe.gov/PhytozomeV9/download/
Lotus japonicus 5 ftp://ftp.kazusa.or.jp/pub/lotus/lotus_r2.5/
Cicer arietinum 1.0 http://cicar.comparative-legumes.org
Phaseolus vulgaris 1.0 http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf ?organism=
PhytozomeV9
Cicer arietinum Vs.0 http://cajca.comparative-legumes.org
Arabidopsis thaliana V10 https://www.arabidopsis.org/download/index-auto.jsp?dir=
%2Fdownload_files”02FSequences
Populus trichocarpa V3.0 http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf?organism=
PhytozomeV9
Plant Experimental Ontology : 8 Chips in Your Cart, Click here to view|
—plant experimental condition X
A —— 4 « : :iment No. 1 page / Total 9 pages, 269 Chips
—-abiotic plant treatment Species P d Tissue DevelopmentalStage  Treatment Experiment  Checked
—/.chemical treatment
; _—— Medicago E-GEOD-
+antibiotic treatment srinicatnls 43839 root CSCCOS GSM1071995 1 /]
-:f chem%cal mutagen treatment Medicago E-GEOD-
+-chemical stress treatment truncatula 43839 root CSCCOS GSM1071994 1 /]
+ - fungal elicitor treatment :
Medi E-GEOD-
=} growth hormone treatment tr;c::uglz s root CSCCOoS GSM10719931 =
+-abscisic acid treatment f
Medicago E-GEOD-
+ auxin treatment o root CSCCoS GSM10719901
+ brassinosteroid treatment 2
Medicago E-GEOD-
+).cytokinin treatment truncatula 43839 root CSCCOS GSM1071989 1 /]
+-ethylene treatment Nedien
g0 E-GEOD-
+ gibberellic acid treatment truncatula 43839 oot getcos EStlLBE i
+-jasmonic acid treatment Medicago E-GEOD-
+ - inorganic chemical treatment truncatula 43839 oot CScCos GSM1071982 1 M
+ organic chemical treatment Medicago E-GEOD-
8 peoxide teana truncatula 43839 root CSCCOS GSM1071978 1 /]
+ ! pesticide treatment Medicago E-GEOD-
o o ey truncatula 43839 root CSCCOS GSM1071976 1
+ plant nutrient treatment "Explants were
+-salt treatment cultured on P4
+ physical plant treatment 10:4 on agar
+.plant growth medium plates for 3 weeks
+ - biotic plant treatment (1131 ”;3 IX]I:;%AE d
: : h efore
i coological evauonmem Medicago E-GEOD- I transfer to P4 GSM1404320 1 -
+-seasonal environment ancetla 58028 callus 10:4:1 (10 pM
+-unknown treatment NAA, 4 uM BAP,
+:study type 1 uM ABA) for
+-plant structure development stage additional 1 week.
+-plant anatomical entity Cultures were
incubated in the
dark."

Figure 1. The Experimental Ontology and Plant Ontology treeview browser for selecting a subset of microarray or RNA-Seq experiments.

erature and the latter defines plant anatomical structures, Database production and user-friendly web interfaces for
which is analogous to the GO (6). Incorporating informa- data access

tion about the experimental conditions and biological sam-
ples significantly simplifies searches of transcriptome pro-
filing data. Furthermore, we constructed genome-scale net-
works for these species using our published tools (33,34).

The LegumelP 2.0 system runs on a Linux-based Resin
Java web server using MySQL as its backend data man-
agement system. Compared with the previous version, we
have significantly improved the web site of LegumelP 2.0
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Medicago truncatula

Medicago truncatula

Medicago truncatula

Medicago truncatula

Medicago truncatula

Medicago truncatula

Experiment Id

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

E-GEOD-43839

Tissue DevelopmentalStage Treatment

root

root

root

root

root

root

root

root

(e.g. ABC.IPR002213. Mtr.10022.1.S1_at)
® And Or (among keywords)

Submit | Reset |
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CSccos

CSCCOS

CSCCOoS

CSCCoS

CSCCcoSs

CSCCoS

CSCCOoS

Experiment

GSM1071995 1

GSM1071994 1

GSM1071993 1

GSM1071990 1

GSM1071989 1

GSM1071988 1

GSM1071982 1

GSM1071978 1

Chip Id

GSM1071995_A17 NFP1_CSCCOSM_DP7_15.CEL

GSM1071994 _A17 NFP1_CSCCOSM DP7_14.CEL

GSM1071993_A17 NFP1_CSCCOSM _DP7_13.CEL

GSM1071990_NFP2_CSCCOSM_DP7_24.CEL

GSM1071989_NFP2_CSCCOSM_DP7_23.CEL

GSM1071988_NFP2_CSCCOSM_DP7_22.CEL

GSM1071982_A17_WTCSC_CM_DP7_6.CEL

GSM1071978_A17_WTCSC_CM _DP7_5.CEL

Figure 2. The comprehensive keyword search interface for retrieving genes’ expression in the user-selected experiments.

with more intuitive and user-friendly interfaces for search-
ing and exploring genes, gene families and syntenic regions.
For example, we developed treeview interfaces for brows-
ing the GO-based gene annotations (Supplementary Fig-
ure S2), KEGG-based enzyme annotations, transcription
factors and transporters. Furthermore, we developed user-
friendly interfaces, which can be accessed under the menu
‘Expression Atlas’, for exploring and searching the gene ex-
pression atlas of LegumelP 2.0, in which users can select a
subset of microarray or RNA-Seq experiments and further
compare expression profiles for multiple genes through EO
and PO treeview browsers (Figure 1), comprehensive key-
word search (Figure 2), differential expression gene analysis
(Supplementary Figure S3) and advanced gene expression
pattern search (Supplementary Figure S4) interfaces. Fig-
ure 3 shows a table of retrieved gene expression profiles (A)
and a plot of a gene’s expression (B) in the user selected ex-
periments. We have adopted HTML 5 technologies for visu-
alizing data in rich formatted text, tables and figures, which
makes LegumelP 2.0 compatible to all of the modern inter-

net browsers. All of the search results can be downloaded
to end-users local computers for further analysis.

CONCLUSION AND FUTURE DEVELOPMENT

The research in legume biology has progressed signifi-
cantly. Using Affymetrix GeneChip and next-generation se-
quencing technologies have allowed researchers to gener-
ate large-scale genomic and transcriptomic data for both
model and economically important crop legumes in re-
cent years, which necessitated an important update to our
LegumelP database. We significantly improved the database
by integrating more legume species based on the latest
legume genome sequencing efforts. Such improvements
make LegumelP 2.0 a more useful tool for comparative
genomic study utilizing its hosted syntenic regions, cross-
species gene families and phylogenetic models. In this re-
gard, we will continuingly enhance the LegumelP database
as more legume genomes become available.

In LegumelP 2.0, we mapped microarray and RNA-Seq
experiments to the graph structures of both EO and PO. In
computer science, ontology is the formal naming and defi-



Species Ace. Tribe Group Ortho Group Microamrays
Medicago o 4110008980, TribeMCL04868 OrhoMCLO1475 Link
truncatula
Medicago o 4110000860.1 TribeMCLOS603 OrhoMCL0939] Link
truncatula
Medicago /o 41 6009860.2 TribeMCLOS603 OrhoMCLO09391 Link
truncatula
Medicago /040100116401 TribeMCLO02878 OrhoMCL03020 Link
truncatula
Medicago T e e P :

Medtr1g011650.1 TribeMCLO2878 OrhoMCLO03029 Link
truncatula
Medicago  \ro 41160161102 TribeMCLO4892 OrhoMCLOSRS2 Link
truncatula
Medicago 040106161101 TribeMCLO4R92 OrhoMCLOSRE2 Link
truncatula
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Comment
| ABC1 family protein | HC | chrl:1119784-1129267 | 20130731
| Serme/T hreonmne kinase, ABC1 family protem | HC | chrl:1566166-1556922 | 20130731

| Serine/Threonine kinase, ABC1 family protein | HC | chrl:1566166-1556950 | 20130731
| drug resistance transporter-like ABC domain protein | HC | chrl:2154686-2146078 |
20130731

| ABC-2 and plant PDR ABC-type transporter family protein | HC | chr1:2167106-2157509
[ 20130731

| eytosolic Fe-S cluster assembly factor NUBP1-like protein | HC | chrl:4217380-4219541 |
20130731

| cytosolic Fe-S cluster assembly factor NUBP1-like protein | HC | chrl:4214827-4219541 |
20130731

(A) A table of retrieved gene expression profiles in the user selected experiments.

\ 4

Medtr1g009860.1 Expression Value (log2 base scale)

Expression Level

>
GSM1071993_A17_NFP1

Mtr.45311.1.51_at

GSM1071996_A17_NFP1..GSM1071990_NFP2_CSCC.GSM1071992_A17_NFP1_.GSM1071994_A17_NFP1_.GSM1071995_A17_NFP1_

GSM107199

-~ Mtr.9248.1.51_at

(B) A plot of a gene’s expression in the user selected experiments.

Figure 3. A table of retrieved gene expression profiles (A) and a plot of a gene’s expression (B) in the user selected experiments.

nition of the types, properties and inter-relationships of the
entities. Both EO and PO define terms and organize infor-
mation about experiment design and plant samples in graph
structures. The introduction of EO and PO can standard-
ize the search of a transcriptomic dataset based on exper-
imental conditions and plant samples and treatments used
in the experiments, which are the main challenges in the de-
velopment of large gene atlas. This development will also
simplify our efforts toward continuously updating and ex-
panding transcriptomic data in the LegumelP system.

The LegumelP 2.0 database features an integrative
gene-atlas of four legume species and comparative
genomic data, such as synteny and protein family in-
formation for all hosted legume and reference genomes.
We collected raw data from the genome sequencing
projects of legumes (Table 1) and transcriptomic data
repositories such as the ArrayExpress (26) and the
NCBI SRA (29). We performed extensive computational
analysis and curation to generate these unique informa-
tion which is valuable addition to other public legume
databases, such as the Cool Season Food Legume Genome
Database (https://www.coolseasonfoodlegume.org/),

Legume Information System (35), PhaseolusGenes
(http://phaseolusgenes.bioinformatics.ucdavis.edu/), Soy-
Base (36) and Soybean Knowledge Base (37). In future, we
plan to develop application program interfaces to provide
the Representational State Transfer (REST) web services
to facilitate the information sharing among the legume
databases.

AVAILABILITY

LegumelP 2.0 is free to the public and available at http://
plantgrn.noble.org/LegumelP/.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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