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SUMMARY

Long non-coding RNAs (lncRNAs) have recently been found to widely exist in eukaryotes and play impor-

tant roles in key biological processes. To extend our knowledge of lncRNAs in crop plants we performed

both non-directional and strand-specific RNA-sequencing experiments to profile non-coding transcriptomes

of various rice and maize organs at different developmental stages. Analysis of more than 3 billion reads

identified 22 334 long intergenic non-coding RNAs (lincRNAs) and 6673 pairs of sense and natural antisense

transcript (NAT). Many lincRNA genes were associated with epigenetic marks. Expression of rice lincRNA

genes was significantly correlated with that of nearby protein-coding genes. A set of NAT genes also

showed expression correlation with their sense genes. More than 200 rice lincRNA genes had homologous

non-coding sequences in the maize genome. Much more lincRNA and NAT genes were derived from con-

served genomic regions between the two cereals presenting positional conservation. Protein-coding genes

flanking or having a sense-antisense relationship to these conserved lncRNA genes were mainly involved in

development and stress responses, suggesting that the associated lncRNAs might have similar functions.

Integrating previous genome-wide association studies (GWAS), we found that hundreds of lincRNAs con-

tain trait-associated SNPs (single nucleotide polymorphisms [SNPs]) suggesting their putative contributions

to developmental and agriculture traits.

Keywords: Oryza sativa L. ssp. Japonica cultivar Nipponbare, Zea mays L. ssp. mays, lincRNA, NAT, conser-

vation, RNA-seq.

INTRODUCTION

RNA molecules that are not translated into proteins are

referred as non-coding transcripts. Non-coding RNAs have

recently emerged as important regulators of gene expres-

sion and have attracted increasing attention. This group of

RNAs can be classified by size: (1) small non-coding RNAs,

including microRNAs (miRNAs), small interfering RNAs

(siRNAs), piwi-interacting RNAs (piRNAs), trans-acting siR-

NAs (ta-siRNAs) and natural antisense transcript siRNAs

(NAT-siRNAs); and (2) long non-coding RNAs (lncRNAs)

which are usually more than 200 nucleotides in length

(Chen, 2009; Rinn and Chang, 2012). According to the posi-

tional relationship of their encoding genes to nearby pro-

tein-coding genes, lncRNAs can be further grouped into

long intergenic non-coding RNAs (lincRNAs), natural anti-

sense transcripts (NATs) and intronic RNAs (incRNAs) (Ma

et al., 2013).

In the past decade, thousands of lncRNAs have been

identified in several eukaryotes, mainly yeast, model ani-

mal species and human. Compared with these eukaryotes,

genome-wide identification of lncRNAs in plants is more

recent and not as comprehensive (Ulitsky and Bartel, 2013;

Zhang et al., 2014). By integrating directional tiling array

and RNA-sequencing (RNA-seq) data we have recently iden-

tified around 6480 lincRNAs and 37 238 NAT pairs in Ara-

bidopsis (Liu et al., 2012; Wang et al., 2014). Recent

analysis of maize EST and RNA-seq datasets has uncovered
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many lncRNAs (Boerner and McGinnis, 2012; Li et al.,

2014). As these maize lncRNAs were assembled from non-

directional transcriptome data and mainly with relative

short sequences (<50 nt), the characterization of lncRNAs

and especially for NATs, was limited with respect to tran-

scription directions and transcript boundaries. Moreover,

owing to their association with transcription activities, his-

tone modification marks have been used to define genomic

loci encoding lncRNAs in animals (Guttman et al., 2009;

Ulitsky et al., 2011). A plant lincRNA, APOLO, was recently

reported to play a role in the formation of a chromatin loop

in response to auxin (Ariel et al., 2014). Hence, information

relating to epigenetic modification could also be used in the

characterization and re-annotation of genes for non-coding

transcripts in rice and maize.

Conservation analysis can advance our knowledge of

lncRNAs in several aspects: (1) identification of functional

sequence elements and structures; (2) potential biological

functions; and (3) clues for their mode of action (Ulitsky

and Bartel, 2013). Animal lincRNA sequences evolve very

rapidly and are poorly conserved, and the functional

sequence of lincRNAs is usually short and difficult to

detect by current alignment methods. A good example is

the Miat/Gomafu/Rncr2 lincRNA which is involved in speci-

fying cell identity in the nervous system (Sone et al., 2007;

Rapicavoli et al., 2010). In vertebrates, all Miat homologs

contain a short region with multiple copies of the (U)

ACUAAC(C) motif which could not be uncovered by BLAST

(Rapicavoli et al., 2010; Tsuiji et al., 2011). Conversely,

some lincRNAs have conserved exon-intron structures or

are located in conserved genomic regions although

without any detectable sequence conservation. Likewise,

X-inactive specific transcript (Xist) which regulates X chro-

mosome inactivation is only conserved in its exon-intron

structure (Brockdorff et al., 1992; Brown et al., 1992; Penny

et al., 1996; Nesterova et al., 2001). Also, a functional zeb-

rafish lincRNA gene is embedded in a conserved genomic

locus and its nearby protein-coding gene has orthologs in

both human and mouse (Ulitsky et al., 2011). Because of

the limited number of studies on rice and maize lncRNAs,

it is still an open question to what extend rice and maize

lncRNAs are conserved at the sequence or genomic posi-

tion level. Clearly, a more comprehensive lncRNA catalog

from these two cereal crops is needed to address these

issues.

Genetic and molecular analyses have shown that an

increasing number of lncRNAs are involved in the regula-

tion of gene expression and chromatin structure. LncRNAs

can regulate their targets in cis or trans through various

mechanisms (Faghihi and Wahlestedt, 2009; Ulitsky and

Bartel, 2013). However, the key issue of whether lncRNAs

serve specific biological functions or are simply transcrip-

tional by-products is still controversial, because most of

them do not have a recognizable function (Katayama et al.,

2005; Schultes et al., 2005; Struhl, 2007). Genome-wide

association studies (GWAS) have been successful in unrav-

elling the genetic basis of trait variation and in identifying

causal loci linked to phenotypic diversity in plants (Buckler

et al., 2009; McMullen et al., 2009; Atwell et al., 2010; Bra-

chi et al., 2010; Huang et al., 2010; Nemri et al., 2010;

Famoso et al., 2011; Kump et al., 2011; Poland et al., 2011;

Tian et al., 2011; Zhao et al., 2011). Moreover, single�nu-

cleotide polymorphism (SNP) typing allowed GWAS to

identify small haplotype blocks that are correlated with

trait variation (Brachi et al., 2011). Based on current GWAS

results in animals and plants, <20% of these causal loci are

assigned to coding regions (Hindorff et al., 2009; Huang

et al., 2010; Kumar et al., 2012). Those trait-associated

SNPs that are embedded in intergenic regions serve as a

rich resource to address potential functions of lncRNAs.

Genetic variations associated with diseases have been

shown to impact lincRNA expression in human (Kumar

et al., 2013). Also, a rice SNP has been found to regulate

the expression of the corresponding lncRNA gene resulting

in photoperiod-sensitive male sterility (Ding et al., 2012).

These examples suggest that association analysis of rice

and maize lncRNAs and GWAS data may not only provide

clues for potential functions of lncRNAs but also identify

candidate non-coding genes important for GWAS. Under-

standing the genetic basis of trait variation is also critical

to improving the yield and quality of these two cereal

crops.

In this study, we performed both directional and non-di-

rectional high-throughput RNA-seq experiments to investi-

gate non-coding transcriptome in various organs at

different developmental stages of two important cereal

crops, rice and maize. Here, we compiled a comprehensive

list of more than 22 000 lincRNAs and 6673 NATs. System-

atic evolutionary analysis revealed that lncRNAs displayed

more positional conservation than sequence conservation.

Integrating with published GWAS datasets, our results

highlighted potential contributions of lncRNAs to the speci-

fication of agriculture traits of rice and maize.

RESULTS

Identification of long non-coding RNAs in rice and maize

To uncover non-coding transcripts in rice and maize, we

first collected eight rice (Oryza sativa L. ssp. Japonica culti-

var Nipponbare) samples of various organs at different

developmental stages, including flower buds, flowers, flag

leaves and roots, sampled before and after flowering, milk

grains and mature seeds (Figure 1a). Two maize (Zea mays

L. ssp. mays) organs, shoots and roots, were also col-

lected. We then performed RNA-seq experiments on

polyadenylated RNAs to investigate rice and maize tran-

scriptomes. We first carried out non-directional paired-end

RNA-seq (peRNA-seq) and collected 2.5 billion mate read

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 404–416

lincRNAs and NATs in rice and maize 405



pairs (Table S1). In total, we identified 67 692 and 39 085

unique transcripts from peRNA-seq data in rice and maize,

respectively. On average, 34.6% of these transcripts were

not identical to annotated gene sequences, including pro-

tein-coding genes, pseudogenes, ribosomal RNA, tRNA,

miRNA, and other known classes of ncRNAs, and these

were referred to as unclassified transcripts.

Although non-directional peRNA-seq provides an accu-

rate estimate of isoform abundance, it is not useful in

defining transcription directions (Katz et al., 2010). For

example, it is difficult to resolve NAT from the sense tran-

script. Therefore, we employed strand-specific single-end

RNA-seq (ssRNA-seq) protocols to investigate transcrip-

tomes from the same set of samples and obtained more

than 677 million reads (Table S1). First, we aligned ssRNA-

seq reads to unclassified transcripts assembled from the

peRNA-seq data set to determine their potential transcrip-

tion directions. More than 99% of peRNA-seq-assembled

transcripts were supported by ssRNA-seq reads and tran-

scription direction of around 91% of them was defined

Figure 1. Identification of lncRNA genes in rice and maize and their general features.

(a) Pipeline for the identification of lncRNA genes in rice and maize genomes.

(b) Proportion of peRNA-seq assemblies aligned with or without ssRNA-seq reads.

(c) Venn diagrams of three kinds of histone modifications associated with lincRNA genes.

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 404–416

406 Huan Wang et al.



(Figures 1b and S1). Second, we assembled ssRNA-seq

data independently and identified 16 090 rice and 13 211

maize directional transcripts. Third, all transcripts identified

from peRNA-seq and ssRNA-seq data were integrated

based on their genomic positions and transcription direc-

tions. In total, we obtained 27 065 and 22 814 unclassified

transcripts with defined transcription direction as well as

577 and 709 non-directional ones in rice and maize, respec-

tively. These transcripts were then further filtered and clas-

sified into two groups: long intergenic non-coding RNAs

(lincRNAs) and long NATs.

LincRNAs in rice and maize

To identify lincRNAs, short transcripts (<200 nt) and tran-

scripts overlapping with either strand of annotated tran-

scripts were first removed from our transcript dataset;

subsequently, their coding potentials were evaluated.

Because lincRNAs are defined as transcripts with an open

reading frame (ORF) region of <100 amino acids (Dinger

et al., 2008) and bona fide protein-coding genes are likely

to have sequence similarities to entries in protein data-

bases, we excluded transcripts (1) encoding more than 100

amino acids as screened by GENSCAN (Burge and Karlin,

1998); or (2) having amino acid sequence similarity to pro-

tein sequences deposited in National Center for Biotech-

nology Information (NCBI) nr database (E-value ≤0.001).
Applying our criteria we retained 11 229 and 11 105 lincR-

NAs in rice and maize, respectively. The lincRNA loci were

named using lnc gene classifier, i.e. LNC_OsNNgXXXXXX

or LNC_ZmNNgXXXXXX. ‘LNC’ stands for long non-coding

gene and ‘Os’ and ‘Zm’ refer to rice and maize, respec-

tively. ‘NN’ gives the chromosome number and ‘XXXXXX’

is the lnc gene identifier.

LincRNA genes ranged in length from 200 base pair (bp)

to around 30 000 bp with a mean length of 676 and 741 bp

in rice and maize, respectively. Rice lincRNAs were close to

flanking genes with an average distance of 871 bp, and

maize lincRNAs were on average 6761-bp away from their

flanking genes (Figure S2a,b). Comparing the transcription

directions of lincRNAs and neighboring coding genes, we

found that lincRNAs could be transcribed from the same or

the opposite strand of neighboring protein-coding genes

(Figure S1). Because the uneven expansion of cereal chro-

mosome was mainly driven by transposon insertion

(Bruggmann et al., 2006) we examined the gene density of

genomic regions encoding lincRNAs. We found that lincR-

NAs were embedded in genomic regions with similar gene

density to annotated protein-coding genes, suggesting

association between lincRNA genes and protein-coding

genes (Figure S2c,d).

Many mammalian lincRNAs are associated with chro-

matin-modifying complexes and their expression levels

could be linked to histone modification marks. For exam-

ple, trimethylated histone H3 lysine 4 (H3K4me3), which is

a positive mark for transcription initiation regions, was

used in combination with expression data to assemble

lincRNA collections (Guttman et al., 2009; Khalil et al.,

2009). We collected published ChIP-seq data profiling three

kinds of histone marks in rice and maize, including two

positive marks, H3K4me3 and acetylated histone three

lysine 9 (H3K9ac), and one negative mark, trimethylated

histone H3 lysine 27 (H3K27me3). To generate these data,

He et al. (He et al., 2010) used shoots of four-leaf stage

seedlings of rice (Oryza sativa L. ssp. japonica cultivar Nip-

ponbare) and Wang et al. (Wang et al., 2009) used shoots

and roots of 14-day-old maize (Zea mays L. ssp. mays) B73

seedlings. The organs used in their studies were repre-

sented in our samples used for lincRNA identification. We

therefore re-analyzed their data and compared their his-

tone modification marks with loci encoding lincRNAs by

genomic position. In total, around 37% rice and 17% maize

lincRNA loci were associated with histone modification

peaks in selected samples. We further investigated the his-

tone mark association with protein-coding genes and

transposon elements. We found the proportion of histone

mark-associated lincRNA genes is lower than that of cod-

ing genes, but significantly higher than that of transposon

elements (hypergeometric test, P-value <0.01; see details

about lincRNA gene association with each kind of histone

marks in Table S2). In mammals, genomic regions modi-

fied with H3K4me3 and H3K27me3, referred to as bivalent

marks, are generally associated with developmental regu-

lator genes in embryonic stem cells (Bernstein et al., 2006;

Mikkelsen et al., 2007). Here, we found that 16–34%
lincRNA genes were associated with positive marks, 27.7%

rice and 14.3% maize lincRNA genes were associated with

H3K4me3 mark and 31.4% rice and 14.8% maize lincRNA

genes were associated with H3K9ac mark. On the other

hand, 17.4% rice and 2.5% maize lincRNA genes carried

the negative mark, H3K27me3. The positive marks were

enriched in the up-stream and transcribed regions of

lincRNA genes whereas the negative mark was mainly

associated with transcribed region of lincRNA genes (Fig-

ure S3a,b). More than 1700 lincRNA genes contained both

positive and negative marks (Figure 1c). We further exam-

ined expression levels of histone-mark-associated lincRNA

genes in rice leaves sampled before flowering and in maize

shoots. We found that positive marks (H3K4me3 and

H3K9ac) were enriched in highly expressed lincRNA genes

and H3K27me3 mark was associated with lincRNA genes

of low expression levels (Figure S3c,d). Enrichment of his-

tone marks was significantly correlated with lincRNA

gene expression level (Mann–Whitney U-test, rice P-

value = 1.524e-08, maize P-value = 0.001182).

Genomic properties of NATs

We defined NAT as a long RNA (≥200 nt) transcribed from

the opposite strand of an annotated gene with at least a

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 404–416

lincRNAs and NATs in rice and maize 407



50-nt overlapping sequence. We identified NATs from

unclassified transcripts and focused on NAT pairs com-

posed of one annotated mRNA and one non-coding RNA.

We defined the annotated mRNA as the sense transcript

and the non-coding RNA as the antisense transcript. In

total, we found 4681 rice NAT pairs derived from 4455

unclassified genes and 3827 annotated genes. Using the

same method, 1992 maize NAT pairs were identified.

Around one-third of the antisense RNAs were completely

covered by the sense transcripts and another one-third of

the NAT pairs were transcriptionally divergent in which

sense and antisense transcripts overlapped at the 50-end
(Figure S4). Gene ontology (GO) enrichment analysis

showed that sense genes preferentially encoded important

proteins, such as transcription factors, involved in regulat-

ing developmental transition and responses to stresses

(Table S3). This result suggests potential biological func-

tion of the corresponding antisense RNAs.

Specific expression of lncRNAs and expression correlation

with neighboring protein-coding genes

Mammalian lincRNAs are usually expressed at specific

developmental stages or tissues with an organ preference

towards brains and testis (Ravasi et al., 2006; Cabili et al.,

2011; Ulitsky et al., 2011; Pauli et al., 2012). This organ-

specific expression is also observed in the model dicot

plant, Arabidopsis (Liu et al., 2012). To see whether it is

also true for the lincRNAs identified here, we compared

expression levels of each transcript among all sequenced

samples and found lincRNAs displayed more expression

variation than mRNA in rice (P < 2.2 9 10�16, Kolmogorov–
Smirnov test, Figure 2a). Similar results were seen in

maize (Figure S5). We found that the largest number of rice

lincRNAs showed expression peaks in mature seeds fol-

lowed by flower buds (Figure 2b). Using K-means cluster-

ing, we identified several groups of organ- and/or

developmental stage-specific lincRNAs (Figure S6). For

example, we uncovered 152 rice lincRNAs preferentially

expressed at high levels in mature seeds but barely detect-

able in other samples. Several hundred organ-specific rice

lincRNAs were identified in flowers, leaves or roots. We

also found some developmental stage-specific lincRNAs,

e.g. 445 lincRNAs expressed only in roots sampled before

flowering but not in roots collected after flowering or in

any other organs (Figure 2c). We further examined several

differentially expressed lincRNAs by quantitative real-time

PCR (qRT-PCR) experiments and confirmed their expres-

sion specificity using a different technical platform (Fig-

ures 2d and S7).

To investigate potential function of lincRNA in cis, i.e.

regulating expression of nearby genes, we examined pos-

sible correlation of lincRNA expression with expression of

its closest flanking protein-coding gene and found there is

a correlation on a genome-wide scale. We found an

expression correlation between lincRNA and its closest

flanking coding gene (Pearson’s product-moment correla-

tion = 0.32) (Figure 2e). Whereas the expression correla-

tion between protein-coding genes and their neighboring

protein-coding genes was much lower. As negative con-

trols, neither the expression of lincRNA genes and that of

randomly selected genes nor the expression of genes and

that of randomly selected genes showed such correlation.

Moreover, we observed a strong correlation in expression

between hundreds of lincRNA genes and their flanking

genes (Pearson’s product-moment correlation for posi-

tively correlated lincRNA and flanking gene = 0.80, P-value

<0.001; Pearson’s product-moment correlation for nega-

tively correlated lincRNA and flanking gene = 0.78, P-value

<0.001 Figure S8) suggesting their co-expression or cis-reg-

ulation.

NAT may regulate the expression of its sense transcript

in either a positive or a negative way (Lavorgna et al.,

2004); the expression levels of sense and antisense tran-

scripts could be positively correlated (concordant NAT

pairs) or negatively correlated (discordant NAT pairs). We

scanned differentially expressed (>=2-fold) NAT pairs

between any two samples and found 62.0% rice and 6.3%

maize NAT pairs to be organ-specific and showed either

positively correlated or negatively correlated expression of

sense and antisense RNAs (Figure S9). However, with

respect to positively correlated NAT pairs there is the con-

cern that some of them might be transcription by-products

of sense RNAs. To be on the conservative side, we consid-

ered the 1702 rice and 41 maize negatively correlated NATs

more likely to be independent transcripts and may have

regulatory functions. Around 60% of negatively correlated

NAT pairs in rice showed substantial expression changes

between mature seeds and other organs, suggesting a

potential function of negatively correlated NAT pairs in rice

seeds (Figure 2f).

LncRNAs show more positional conservation than

sequence conservation

To investigate possible sequence conservation of lincR-

NAs, we carried out whole-genome alignment between

rice and maize. Around 20% of rice lincRNAs (2281 out of

11 229 lincRNAs) showed detectable sequence conserva-

tion to the maize genomic sequence; however, only 5% of

them (117 out of 2281 rice lincRNA) had sequence similar-

ity to our maize lincRNAs. Because lincRNAs are usually

expressed at low levels with enrichment in specific organs,

they could be uniquely detected in different experiments.

To provide a more comprehensive view of lincRNA conser-

vation in the two cereals, we integrated previously

reported maize lincRNAs in our evolutionary analysis (Li

et al., 2014). In total, we found 264 rice lincRNAs displaying

sequence conservation with maize lincRNAs and more

than half of rice lincRNAs (1177 out of 2281 lincRNAs,
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51.6%) showing sequence conservation to maize mRNAs

(Figure 3a). On the other hand, 19.0% of maize lincRNAs

(2110 out of 11 105 lincRNAs) contained sequences con-

served in the rice genome. Also 5% of these 2110 maize

lincRNAs had lincRNA homologs in rice and a much larger

percentage of them (1874 out of 2110 maize lincRNAs,

Figure 2. Temporal-spatial expression of lincRNAs and NATs in rice and maize.

(a) Heat maps of rice lincRNA and mRNA expression levels (log2 of FPKM value).

(b) Organ distribution of expression peaks of rice mRNAs and lincRNAs.

(c) Three groups of organ- and/or developmental stage-specific rice lincRNAs. Y-axis gives the log2 value of FPKMs for lincRNAs. The total number of lincRNAs

in each group is also given.

(d) Validation of differentially expressed lincRNAs by qRT-PCR. Y-axis gives the relative expression levels. Error bars represent standard errors (n = 3).

(e) Expression correlation of rice lincRNAs and flanking protein-coding genes. Y-axis gives Pearson product-moment correlation coefficient. Error bars repre-

sent standard deviations (n = 3).

(f) Number of rice positively correlated and negatively correlated NAT pairs identified from comparison between any two samples. S1, milk grains. S2, mature

seeds. R1, roots sampled before flowering. L1, leaves sampled before flowering. F1, flower buds. R2, roots sampled after flowering. L2, leaves sampled after

flowering. F2, flowers.
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88.8%) displayed sequence similarity to mRNAs (Fig-

ure S10a).

As some lincRNAs are embedded in conserved genomic

locations bioinformatics tools designed to search for

sequence homology often failed to detect such lincRNA

orthologs (Ulitsky and Bartel, 2013). To further uncover

lincRNAs located in conserved genomic regions but with

limited sequence conservation, we performed synteny

search and found many more lincRNAs with positional

conservation. Around 26.4% of rice (2965 out of 11 229)

and 23.3% of maize lincRNAs (2589 out of 11 105) were

embedded in synteny blocks (Figures 3b and S10b). Shar-

ing positional conservation, 1882 rice lincRNAs could be

traced to detectable maize lincRNAs identified here or by Li

et al.,2014;. The number of lincRNAs with positional con-

servation was around seven times that the number of

sequence conserved lincRNAs. Results of a chi-squared

test showed that the number of lincRNA genes with
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Figure 3. Sequence and positional conservation of rice lncRNAs.

(a) Sequence conservation of rice lincRNAs based on results of whole-genome alignment.

(b) Positional conservation of rice lincRNA genes based on analysis of synteny blocks.

(c) An example of a positionally conserved rice lincRNA. Gene structures are shown in solid color. lincRNA gene and high scoring pair (HSP) of synteny block

are marked by diagonals and vertical lines.

(d) Functional enrichment of flanking genes of positionally conserved rice lincRNAs.
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positional conservation was significantly greater than that

of lincRNA genes containing homologous sequences

(P-value <0.001). For example, we found a 30-kb synteny

region containing 1 lincRNA gene and one protein-coding

gene, MONOCULM 1 (MOC1) gene, which is the first iden-

tified key regulator of rice tiller number (Li et al., 2003)

(Figure 3c). As a control, we performed similar analysis of

the sequence and positional conservation of all rice and

maize protein-coding genes. We found that the number of

protein-coding genes sharing conserved sequences is

almost two times that of protein-coding genes with posi-

tional conservation in both rice and maize, Moreover, the

extent of sequence and positional conservation among

lincRNA genes and protein-coding genes are significantly

different (chi-squared test, P-value <0.001).
We found the synteny blocks carrying lincRNA homo-

logs were usually enriched for genes encoding transcrip-

tion factors; these genes are involved in several important

biological processes, such as responses to stress and

developmental processes (Figure 3d and Table S4). More-

over, 45.2% of rice and 48.1% of maize lincRNA genes with

positional conservation were differentially expressed

between leaves and roots (fold change ≥2). Around 40% of

the differentially expressed lincRNA homologs showed

similar organ preference in rice and maize. This conserved

expression preference of lincRNA genes with positional

conservation suggests that they may play conserved func-

tions in similar biological process.

We further investigated positional conservation of NATs

in the two cereals. Here, we defined a NAT pair as having

position conservation if the corresponding sense gene has

a homolog in the other genome and the homolog also has

a NAT identified from RNA-seq data. In total, we identified

166 and 198 NAT pairs with positional conservation in rice

and maize, respectively. Function enrichment analysis

revealed that sense genes involved in these NAT pairs with

positional conservation are preferentially involved in the

regulation of developmental processes and stress

responses (Figure S11). In some cases, the positional con-

servation of NAT pairs was even extended to the dicot Ara-

bidopsis. For example, we found the NATs of miR156,

miR159, miR167 and miR399 genes were detectable in both

rice and Arabidopsis. Also, previously unidentified NATs

were found derived from the opposite strand of miR169

gene in both maize and Arabidopsis. Moreover, expression

of some NATs with positional conservation was negatively

correlated with the corresponding miRNA gene

expression.

Potential functions of lincRNAs in determining

morphological, developmental and agronomic traits

To explore potential functions of lincRNAs in rice and

maize, we collected trait-associated SNPs identified by

recent GWAS in the two cereals and aligned them to geno-

mic loci encoding lincRNAs. Zhao et al. (2011) evaluated

the molecular basis of 34 morphological, developmental

and agronomic traits and identified 234 related SNPs (Zhao

et al., 2011). As their work was based on an old assembled

version of the rice genome (MSU.v6), we first aligned our

lincRNA genes to the genome sequences used in their

study and then selected the best match of each lincRNA

gene for comparison with trait-associated SNPs. We

uncovered five rice lincRNA genes carrying trait-associated

SNPs related to leaf and seed morphology and yield com-

ponents (Figure 4a). We further randomly selected a group

of protein-coding genes (n = 6000) and examined their

association with trait-associated SNPs. Compared to pro-

tein-coding genes, we did not find rice lincRNA genes to

be significantly associated with trait-associated SNPs (hy-

pergeometric test, P-value = 0.08). The expression of one

of these lincRNA was validated by qRT-PCR experiments

(Figure 4b). In maize, Chia and collaborators reported more

than 6000 SNPs to be associated with leaf development

traits, including leaf angle, leaf width, leaf length, Southern

leaf blight and northern leaf blight (Chia et al., 2012). We

found 951 maize lincRNA genes with SNPs associated with

leaf development traits. Compared with all protein-coding

genes, we found that trait-associated SNPs were significant

enriched in genomic loci encoding maize lincRNAs (hyper-

geometric test, P-value = 1.8e-214).

Moreover, we checked the expression level of maize

SNP-containing lincRNAs and their neighboring protein-

coding genes in the intermated B73 9 Mo17 recombinant

inbred line population. Li et al. conducted RNA-seq experi-

ments on the shoot apices of 2-week old maize seedlings

from the inbred lines B73 and Mo17, and 105 recombinant

inbred lines (Li et al., 2013). Analysis of their RNA-seq data

showed that expression levels of 15.0% of SNP-associated

lincRNAs and those of their neighboring genes are signifi-

cantly correlated (Pearson correlation coefficient P-value

<0.001).
Two rice lincRNA genes linked to trait-associated SNP

were transcribed from conserved genomic loci; one was

LNC_Os03 g44325 associated with seed color-related SNP

(Figure 4c) and the other one was LNC_Os05 g27795 asso-

ciated with leaf pubescence-related SNP. Moreover, we

also found maize homologs of LNC_Os05 g27795 in the

corresponding synteny blocks and these maize lincRNA

genes also carried trait-associated SNPs, leaf angle-related

SNPs (Figure 4d). Our results revealed that several lincRNA

genes with positional conservation carry leaf-trait-associ-

ated SNPs indicating conserved functions of non-coding

transcripts. LNC_Os05 g27795 was mainly expressed in

vegetative organs before flowering and two maize lincR-

NAs, LNC_Zm08 g18080 and LNC_Zm08 g18085, specifi-

cally accumulated in shoots (Figure 4e). The potential

functions of these conserved SNP-associated lincRNAs

await further investigation.
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DISCUSSION

To investigate the coverage of the non-directional paired-

end and the directional single-end RNA-seq methods, we

independently assembled and annotated transcripts from

peRNA-seq and ssRNA-seq reads. We found that the

majority of assembled transcripts was uncovered by the

two methods; more than 90% rice and 78% maize tran-

scripts were reproducibly detected by both methods (Fig-

ure S1). The difference between the percentage of

commonly detected transcripts in rice and maize can be

mainly attributed to the sequencing depth. For example,

we first pooled peRNA-seq reads from all eight rice sam-

ples and assembled transcripts. Then, we merged ssRNA-

seq reads from two, four, six, and eight rice samples and

assembled the transcripts independently. We compared

transcripts obtained from 8-sample peRNA-seq and those

Figure 4. LincRNA genes containing agriculture trait-associated SNPs.

(a) A 20-kb flanking region of a rice lincRNA gene carrying a casual locus related to panicle number per plant.

(b) Validation of a rice lincRNA gene containing a trait-associated SNP by qRT-PCR. Error bars give standard errors, n = 3.

(c, d) Conserved lincRNAs associated with agronomic traits.

(e) Organ-specific expression of conserved lincRNAs with potential functions. Y-axis gives FPKM values of lincRNAs. Agronomic trait-associated SNPs are indi-

cated by triangles. Gene structures are shown in solid color. lincRNA locus and HSP of synteny block are marked by diagonals and vertical lines.
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from 2/4/6/8-sample ssRNA-seq reads. We found that the

number of commonly detected transcripts increased with

the number of ssRNA-seq reads used in transcript assem-

bly.

To remove transcripts generated by possible transcrip-

tion noise, we used an arbitrary criterion to exclude prod-

ucts of basal transcription before identification of lncRNAs.

We required that the expression level of each transcript to

be no <1 fragments per kilobase of exon per million frag-

ments mapped (FPKM) in at least one sample. Applying

this criterion, we were able to detect 51% rice and 69%

maize annotated protein-coding transcripts. Since not all

annotated protein-coding transcripts were detected by our

experiments, it is likely that our list of reported lncRNAs is

incomplete. Considering the organ-specific expression of

lncRNAs in previous reports and in this work, we believed

additional lncRNAs would be uncovered using specific

plant organs or plants subjected to various stresses.

Li et al. (2014) assembled maize lncRNAs using public

EST database, maize genome annotation and RNA-seq

datasets from 30 different experiments (Li et al., 2014).

Around 33% of their high-confidence lncRNAs were also

found in our maize lncRNA collection. The large number of

lincRNAs unique to each study raises the issue of reliability

of these putative lincRNAs. However, lncRNAs that are

identified by such methods have unknown transcription

direction. Because the sensitivity and coverage of different

experiments are not the same, it is not surprising that

there are differences in the population of detected lincR-

NAs. Moreover, Li and colleagues found that a large num-

ber of lncRNAs could be smRNA precursors by searching

homologous sequences of smRNAs on lncRNAs. We also

aligned our maize lincRNAs to the smRNAs reported by

Wang et al.(Wang et al., 2009), and followed the cutoff

used by Boerner and McGinnis (Boerner and McGinnis,

2012). We found that 14.9% (1657 out of 11 105) of them

carrying smRNAs. However, we could not determine

whether the smRNA-associated lincRNAs are true smRNA

precursors. Even lincRNAs without significant amount of

associated smRNAs could still be smRNA precursors,

because current maize smRNA dataset may be not compre-

hensive enough. Thus, we did not exclude smRNA-contain-

ing lincRNAs in our study.

In the identification of NATs, we note that the proportion

of negatively correlated NAT pairs is much smaller in

maize than in rice; this is mainly due to the fewer number

of maize organs used in our comparative analysis. In rice,

we compared expression levels of sense and antisense

transcripts in any two out of eight organs. But, only two

maize organs were used for the same analysis, which

greatly reduced the possibility to observe negatively corre-

lated expression. We expect more negatively correlated

maize NAT pairs when more organ samples are included

in the comparison.

Consistent with results of evolutionary analysis in verte-

brate lincRNAs, we found little sequence conservation

between rice and maize lincRNAs suggesting a rapid evo-

lution of lncRNA sequence. As our sequence alignment

was focused on large genomic regions we were unable to

exclude the possibility of smaller conserved regions in

lncRNAs. It will be interesting to search for short con-

served elements from lncRNAs in future analysis.

Systematic synteny search showed that a large number

of lncRNAs is embedded in conserved genomic regions.

The positional conservation of lncRNA genes is much

higher than their sequence conservation. We should

emphasize that lncRNA genes with positional conservation

were so defined only if they were found in both rice and

maize synteny regions. For a large number of synteny

regions, we found detectable lncRNA genes in only one

species but not in the other and this type of lncRNA genes

was not considered as having positional conservation. Due

to the low abundance and organ specificity of lncRNAs,

current identification of rice and maize lncRNAs is clearly

not yet saturated. It is likely that the synteny regions might

encode additional lncRNAs not detected by this study since

we did not sample all the possible tissues/stages from both

species. Accordingly, we proposed that the number of

lncRNAs with positional conservation is still under esti-

mated.

We found that a large proportion of lincRNAs could be

traced to mRNAs in rice and maize, which is also observed

in the analysis of zebrafish lincRNAs (Ulitsky et al., 2011).

Possible explanations for this phenomenon include lncRNA

gene annotation errors and conversion between coding and

non-coding RNA genes. There are several examples to illus-

trate this type of possible inter-conversion. For example,

Xist was documented to have evolved from a protein-

coding gene Lnx3, which is present in non-eutherian verte-

brates (Duret et al., 2006). New protein-coding genes can

also be born from genes for non-coding transcripts and this

is supported by evidence from human and other species

(Cai et al., 2008; Carvunis et al., 2012; Xie et al., 2012). Thus,

our work here provide a comprehensive dataset for further

investigation regarding the birth of coding and non-coding

genes, which will aid in a better understanding of the evolu-

tion and function of plant lncRNAs.

GWAS has been widely used to uncover the genetic basis

of phenotypic variation in both plants and animals. Such

studies have helped to identify disease etiology, improve

agriculture productivity and illuminate adaptive processes.

However, previous research usually focused on the GWAS-

identified loci in protein-coding regions, because of the

apparent molecular function of SNP in affecting the amino

acid sequence of the encoded protein. However, a large

number of trait-associated SNPs was embedded in inter-

genic regions. In this study, we identified a large number of

transcripts derived from the non-coding regions and uncov-

© 2015 The Authors
The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 404–416

lincRNAs and NATs in rice and maize 413



ered several agriculture trait-associated SNPs associated

with lncRNA genes. Note that the association with trait-as-

sociated SNPs does not provide direct evidence of lncRNA

biological function as flanking genes of these SNP-associ-

ated lncRNAs may also contribute to the trait. To address

this issue, we also screen the function of genes in 20 kb

flanking regions of each SNP-associated lincRNAs. How-

ever, we did not find the existence of any crucial protein-

coding regulator that can help to explain the trait. Thus, we

provisionally linked the trait-associated SNPs to lncRNA

genes and proposed that these lncRNA genes might be true

transcription units and functional elements contributing to

important agriculture traits.

EXPERIMENTAL PROCEDURES

Plant materials and RNA extraction

Seeds from the cultivated rice subspecies Oryza sativa L. ssp.
Japonica cultivar Nipponbare were grown in a greenhouse in Sin-
gapore under natural light conditions. Flower buds were collected
before flowering and flowers were collected at the flowering day.
Flag leaves and roots were collected at both the before- and after-
flowering stage. The before-flowering sample was defined as a
mixture of different stages in a period from panicle initiation to
1 day before flowering. The after-flowering sample was defined as
a mixture of different stages after the flowering day. Milk grains
and mature seeds were also collected. Maize (Zea mays L. ssp.
mays) B73 seeds were germinated on wetted paper towel in plates
for 2 days and then transferred to soil and grown for 2 weeks
under 26°C and 16 h light and 8 h dark condition in a growth cham-
ber at The Rockefeller University. Shoot and root tissues were sep-
arately collected. All samples were frozen in liquid nitrogen.

RNA was extracted using the Qiagen RNeasy Plant Mini kit.
Total RNA was treated with Turbo DNase I (Life Technologies
AM2238, http://www.thermofisher.com/) according to product
specification. DNase I treated RNA was then applied again to an
RNeasy spin column with 0.5 volumes of ethanol, washed and
eluted according to the manufacturer’s instructions.

Illumina non-directional paired-end RNA sequencing

Sequencing libraries were prepared using the TruSeq RNA Sam-
ple Preparation Kits v2, set A (RS-122-2001; Illumina Inc., http://
www.illumina.com/) according to the manufacturer’s instructions.
The quality and size of cDNA libraries were checked using the Agi-
lent 2200 TapeStation system (Agilent Inc., http://www.agilent.
com/). The libraries were sequenced for 100 cycles (paired-end) on
a HiseqTM 2000 machine (Illumina Inc.).

Illumina stranded single-end RNA sequencing

Sequencing libraries were prepared using the Illumina Stranded
mRNA sample Prep kit, set A (RS-122-2101; Illumina Inc.) accord-
ing to the manufacturer’s instructions. The quality and size of
cDNA libraries for sequencing were checked using the Agilent
2200 TapeStation system (Agilent Inc.). The libraries were
sequenced for 100 cycles on HiseqTM 2500 (Illumina Inc.).

cDNA synthesis and qRT-PCR

DNase-treated total RNA was used for cDNA synthesis by using
the Superscript III First strand synthesis system (Invitrogen, 18080-

051, http://www.thermofisher.com/) following the manufacturer’s
instructions. real-time PCR was performed using SYBR Premix Ex
Taq (TaKaRa) in a Bio-Rad CFX96 real-time PCR system. Data were
collected and analyzed by Bio-Rad CFX96 real-time system. Levels
of rice ACTIN 3 and maize ACTIN 1 were used for normalization.
Primers are listed in Table S5.

Genomic data sources

Genome assemblies and gene annotations of rice (Oryza sativa L.
ssp. Japonica cultivar Nipponbare, MSU Rice Genome Annotation
Project Release 7) and maize (Zea mays L. ssp. mays, Maize
Golden Path B73 RefGen_v2) were used for the identification of
lncRNAs (Schnable et al., 2009; Kawahara et al., 2013).

Analysis of RNA-seq data

Both peRNA-seq and ssRNA-seq data were aligned to the rice and
maize genome using TopHat v2.0.8 with default parameters (Trap-
nell et al., 2009). Transcripts were assembled using Cufflinks
v2.1.1 and their expression levels were evaluated by Cuffdiff
v2.1.1 as described by Trapnell et al. (Trapnell et al., 2012). Only
transcripts with more than 1 FPKM in at least one sample were
used in this study. Genomic positions of rice and maize lincRNAs
and NATs were listed in Tables (S6-S9).

Histone modifications and lincRNAs

ChIP-seq data of H3K4me3, H3K9ac and H3K27me3 in rice and
maize were downloaded from the NCBI Gene Expression Omnibus
under accession number GSE19602 and GSE15286, respectively
(Wang et al., 2009; He et al., 2010; Barrett et al., 2013). Genomic
positions of histone marks were updated to the version used in
this study and compared to lincRNA loci as well as 500-bp up/
down-stream genomic regions.

Conservation analysis of lincRNA

Whole-genome alignment between rice and maize were carried
out by threaded blockset aligner, TBA, with default parameters
(Blanchette et al., 2004). Using the same version of genomic
sequences, synteny blocks were screened by CoGe (Lyons and
Freeling, 2008). We used following parameters: word size 8, gap
start penalty 400, gap extend penalty 30, no chaining, score
threshold 3000, mask threshold 0.

GWAS analysis of lincRNAs

We downloaded trait-associated SNPs data reported by Zhao et al.
(2011) in rice and by Chia et al. (2012) in maize (Zhao et al., 2011;
Chia et al., 2012). Genomic coordinates of rice SNPs were based
on MSU.v6 genome assembly and maize SNPs were reported
according to maize B73 RefGen_v1. After having downloaded the
genomic sequences used in their studies we aligned lincRNAs to
the corresponding genomic sequences. We then obtained geno-
mic coordinates of lincRNA genes corresponding to the reported
SNP datasets. LincRNA genes that overlapped with trait-associ-
ated SNPs were selected (Table S10).

Expression analysis of maize recombinant inbred line pop-

ulation. RNA-seq data were downloaded from NCBI SRA data-
base (accession number: SRA054779) and aligned to B73 genome
using TopHat. Only uniquely mapped reads were used in further
analysis. Expression levels of protein-coding genes and lincRNAs
were calculated and normalized by HTSeq and DESeq2 (Anders
and Huber, 2010; Anders et al., 2015).
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