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ABSTRACT

Long non-coding RNAs (IncRNAs) are functional
non-translated molecules greater than 200 nt. Their
roles are diverse and they are usually involved
in transcriptional regulation. LncRNAs still remain
largely uninvestigated in plants with few exceptions.
Experimentally validated plant IncRNAs have been
shown to regulate important agronomic traits such
as phosphate starvation response, flowering time
and interaction with symbiotic organisms, making
them of great interest in plant biology and in breed-
ing. There is still a lack of IncRNAs in most se-
quenced plant species, and in those where they
have been annotated, different methods have been
used, so making the IncRNAs less useful in com-
parisons within and between species. We developed
a pipeline to annotate IncRNAs and applied it to
37 plant species and six algae, resulting in the an-
notation of more than 120 000 IncRNAs. To facil-
itate the study of IncRNAs for the plant research
community, the information gathered is organised
in the Green Non-Coding Database (GreeNC, http:
llgreenc.sciencedesigners.com/).

INTRODUCTION

The Encyclopaedia of DNA Elements (ENCODE) was
launched by the US National Human Genome Research
Institute (NHGRI) in September 2003. The aim was to
uncover the role of the non-coding regions of the human
genome, concluding that 80.4% of the human genome par-
ticipated in at least one biochemical RNA or chromatin
associated event (1). Non-coding RNAs (ncRNAs) are ar-
bitrarily grouped into short (<200 nt), and long ncRNA
(IncRNAs, >200 nt). The mechanisms and the role played
in gene expression regulation by short ncRNAs, such as
miRNA, siRNA and piRNA, established in several species

(2-4), have been linked to chromatin modifications, tran-
scriptional regulation, and conformational changes in pro-
teins (5).

Research in IncRNAs is far more advanced in hu-
mans and mice than in plants, although there are a few
well-known exceptions. In Arabidopsis thaliana, IPS1 is a
IncRNA expressed upon phosphate starvation and it is
thought to counteract the activity of miR399 on PHO?2,
which in turn regulates the expression of phosphate trans-
porter genes (6). It has been shown that the IncRNA
COLDAIR recruits the histone methylase PRC2 to interact
with the PRC2 complex, so maintaining a stable silenced
state of FLC to repress flowering during vernalization (7).
COOLAIR is another Arabidopsis IncRNA that represses
FLC expression by interfering with the binding of PollI (8).
In rice, the IncRNA LDMAR has been found to control
photo-sensitive male sterility by regulating DNA methy-
lation levels in the promoter region of LDMAR (9). Fi-
nally, in Medicago truncatula, the IncRNA Enod40 has been
shown to participate in establishing symbiotic interactions
with soil-bacteria by affecting nodule formation (10). These
findings highlight the potential interest of IncRNAs in plant
biology and in regulating important agronomic traits.

To further our knowledge of IncRNAs in plant biol-
ogy, their comprehensive annotation is very important.
Genome-wide studies have been performed in several plant
species (11-16), however, different pipelines for IncRNAs
annotation were used and neither their sequences or other
information organized in a database.

Many IncRNA databases exist but most of them are fo-
cused on human and vertebrate IncRNAs. Those databases
with entries from plants include:

e The NONCODE (17) includes the annotation of dif-
ferent classes of ncRNAs from different species. The
database has about 3,800 entries from A. thaliana, the
only plant species represented, gathered from the liter-
ature, specialized DB and GenBank;

e The PNRD database (18) includes the annotation of dif-
ferent classes of ncRNAs. About 5,000 IncRNAs are an-
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notated, from A. thaliana, O. sativa, P. trichocarpa and Z.
mays. The entries are from the integration of data from
other databases and publications;

e The PLncDB database (19) is an A4. thaliana-specific
database, with more than 13 000 ncRNAs obtained from
various data resources;

e The PIncRNADB database (http://bis.zju.edu.cn/
PIncRNADB/index.php) includes about 5100 IncRNAs
from A. thaliana, A. lyrata, P. trichocarpa and Z. mays.
The sequences were obtained either from the literature or
by annotation based on reference-guided transcriptome
assembly;

e The PLNIncRbase database (20) is a manually curated
database of experimentally validated IncRNAs from sev-
eral plant species and includes around 1000 sequences;

e The IncRNAdb database (21) is a manually curated
database of experimentally validated IncRNAs from sev-
eral species and contains two entries from A. thaliana.

In this work, we developed a pipeline to annotate IncR-
NAs from official genome annotations. We applied our
pipeline to 37 plant genome annotations and to six algae,
and organized the results in the Green Non-Coding Database
(GreeNC). This database provides information on the se-
quence, genome position, coding potential and folding en-
ergies of >120 000 IncRNAs. The aim of GreeNC is as a
meeting point for the plant IncRNA research and is freely
available at http://greenc.sciencedesigners.com.

METHODS
Genomes and annotations

The FASTA sequences of the transcripts of the analyzed
species were downloaded from Phytozome v10.3 (22). The
assembly version of each genome is given in Supplementary
Table S1. Only the genomes available for genomic studies
according to the restriction of data usage were used (23-63).

Identification of IncRNNAs

Two bash scripts were written to identify IncRNAs among
the downloaded transcript sequences. The first script fol-
lowed the approach developed at the McGinnis lab to
identify IncRNAs in transcriptomes (Supplementary Fig-
ure S1), and is based on identifying the coding poten-
tial of each transcript and on similarity with known
proteins (11). The script retains transcripts longer than
200 nt and with an ORF shorter than 120 aa by us-
ing Ugene (1.13) (http://ugene.unipro.ru/). Sequences were
then blasted (blastx, 2.2.28+) (ftp:/ftp.ncbi.nlm.nih.gov/
blast/executables/LATEST) against SwissProt (2013/11)
(64). CPC (0.9-r2) (http://cpc.cbi.pku.edu.cn/) (65) was also
used, with the FrameFinder parameter -r set to ‘True’
or ‘False’ and the BLASTX parameter -S set to ‘3’ or
‘1’, depending on the group of transcripts being analyzed.
The second script was written to discriminate other non-
coding transcripts from IncRNAs and to identify possi-
ble miRNA precursors (Supplementary Figure S1). Tran-
scripts were analyzed by cmscan (Infernal 1.1rc4) against
the RFAM database (release 11). In addition, BLASTn
(2.2.28+) was used against a database of mature plant

miRNA sequences from miRBase (release 20) (66) and
the results validated with MIReNA (v2.0) (http://www.lcgb.
upmec.fr/mirena/index.html). Finally, MIReNA was called
again, using the parameters —valid, —x, —-mfei -0.69, —amfe
-32, —ratiomin 0.83, and —ratiomax 1.17.

The final set of IncRNAs was divided into high-
confidence and low-confidence. The transcripts without
hits in BLASTX described as non-coding by CPC, and
considered non-precursors of miRNA, were classified as
high-confidence IncRNAs. Transcripts without hits in the
BLASTX step and described as coding by CPC, and tran-
scripts with hits in the BLASTx step but described as non-
coding by CPC, were considered low-confidence IncRNAs,
as well as the transcripts identified as putative precursors
of miRNAs. Transcripts having predicted repetitive regions
by RepeatMasker (http://www.repeatmasker.org/) were also
classified as low-confidence in order to exclude putative
transposons. The first script for the annotation of IncR-
NAs was tested with 480 IncRNAs and 1268 coding genes
annotated in Arabidopsis thaliana (TAIR10) resulting in a
sensitivity of 92% and a specificity of 94.95%. The second
script was tested with 480 IncRNAs annotated in Arabidop-
sis thaliana (TAIR10) resulting in a sensitivity of 93% and
a specificity of 97.6%.

Annotation of repetitive elements

RepeatMasker (open-4.0.5) (http://www.repeatmasker.org/)
was used for repetitive element identification with the pa-
rameters: -species Viridiplantae, -no_—-is, -gff, and -nolow.
The search engine used was RMBLAST (2.2.23+) against
the RepBase database (released: 31 January 2014) (67).

Relational database

Data was imported into a MySQL (5.5) based relational
database stored in an Ubuntu server (14.04). This database
was then integrated into a MediaWiki (1.23) by mapping
relational data fields against predefined templates via Se-
mantic MediaWiki. Transcript sequences in a FASTA file
were formatted using makeblastdb. Sequence retrieval is
based on blastdbcmd. An Express Node.js API web service
was created to expose both sequence retrieval and BLAST
searches via client JavaScript from the MediaWiki interface.

AIMS OF THE DATABASE

GreeNC is a repository of IncRNAs annotated in 37 plant
species and six algae. By using the same pipeline to anno-
tate IncRNAs we make it possible to compare IncRNA se-
quences and distribution from different species. By organiz-
ing the sequences in a central database we aim to provide
a tool for the scientific community that can boost research
on this class of transcripts. The GreeNC database provides
information on sequence, genome coordinates, coding po-
tential and folding energy of the IncRNAs. In future up-
dates we will add more species, expression information and
conservation. The GreeNC is also integrated with other
databases, i.e. NONCODE (17), Swissprot (64) and RFAM
(68), LNCRNADB, Phytozome (22), and miRBase (66) so
users can easily obtain information from different sources.
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Figure 1. A snapshot of an Arabidopsis thaliana entry from the GreeNC database. (A) Header, to navigate through the website and access to the tools and
the pages of the species; (B) table of gene information reporting genomic coordinates, genome version, the source of the genome assembly and if the gene
encodes at least one coding transcript; (C) table of transcript features reporting the kind of IncRNA (low-/high-confidence), if it is a precursor of miRNAs,
length, sequence and links to get the Open Reading Frame (ORF), the Coding Potential, the folding energy and the GC content; (D) an optional table that
provides links to other databases, when applicable, and giving information about the version of the database and the e-value of the match; (E) a schematic
representation of the gene and transcript models.
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DATABASE STRUCTURE

The GreeNC database is a MySQL relational database and
it is freely available at: http://greenc.sciencedesigners.com/.
Data was integrated into a MediaWiki by mapping rela-
tional data fields against wiki predefined templates via Se-
mantic MediaWiki. Using templates makes it easy to print
information and style it for different page types (e.g. genes
and species). The template approach exposes the fields
which may be queried, enhancing the search possibilities of
the site. All transcript sequences were kept in a FASTA file
with the same IDs as in the MySQL, and then formatted
using NCBI makeblastdb. In this way, sequences can be re-
trieved using their ID with blastdbcmd and, at the same
time, other BLAST programs can be run against the re-
sulting BLAST database. Taking advantage of this, an Ex-
press Node.js API web service was created to expose both
sequence retrieval and BLAST searches via client JavaScript
from the MediaWiki interface (Supplementary Figure S2).

GREENC CONTENT

LncRNAs were annotated using the criteria defined by
Boerner and McGinnis for the prediction of maize IncR-
NAs (11). In addition, we scanned the IncRNAs sequences
against miRbase (66) and RepBase (67) to discriminate be-
tween proper IncRNAs from precursors of smallRNAs and
transposable elements.

GreeNC includes ~200 000 pages with information on
>190 000 transcripts from 37 plants and six algae. More
than 120 000 transcripts were annotated as high confidence
IncRNAs, 30% of them from the 7. aestivum (17.8%) and
Z. mays (8.2%). The lowest number of IncRNAs was an-
notated in the three algae C. rehinardtii (0.1%), M. pusilla
(0.15%) and O. lucimarinus (0.16%). More than 25 000 and
8000 transcripts were annotated as repetitive elements and
miRNA precursors, respectively.

For each species it is possible to browse and search for
IncRNAs at the gene or transcript level, and both link to the
main locus pages. These pages include information on the
version of the genome assembly and the chromosome posi-
tion of the loci. In addition, the “Transcript Features’ table
contains the list of transcripts encoded by each locus show-
ing the sequence and several annotations, such as the type
of IncRNA, the length, coding potential, folding energies
and the GC content, and a link to the NCBI ORF Finder
tool to further investigate the coding potential of the tran-
scripts. Finally, there is an additional table, ‘Matches to ex-
ternal databases’, where one of the transcripts has a match
in Swissprot (64) or RepBase (67), with links and informa-
tion on the matched sequences (Figure 1).

The Search button at the top of each page lets the user
search the database by using keywords. The Advanced
Search gives the possibility of looking for IncRNAs in all
the species, using criteria such as confidence level and be-
ing a precursor of miRNAs. Finally the BLAST page, gives
the possibility of querying the database with a user-supplied
sequence and searching for it in the whole database or in a
specific species.

FUTURE DIRECTIONS

GreeNC will be updated annually in order to add new se-
quences from other species and to update existing genome
annotations. New information will also be made available,
such as expression levels obtained from publicly available
RNA-seq data, conservation across different species and

phylogeny.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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