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ABSTRACT
Long non-coding RNAs (lncRNAs) in plants are emerging as new players in biotic stress responses. 
Pathogen-associated lncRNAs have been broadly identified and functionally characterized in multiple 
species. However, herbivore-responsive lncRNAs in plants are poorly investigated. Our recent study 
revealed that lncRNAs also play roles in plant defense against herbivores in wild tobacco. Here, we 
identified armyworm (AW)-elicited lncRNAs in monocot rice by employing a similar approach. A total of 
238 lncRNAs were found to be differentially expressed (DE) in AW-treated plants relative to control plants. 
The cis effect of these DE lncRNAs was predicted. Interestingly, one DE lncRNA was identified from the 
antisense transcripts of the jasmonate ZIM-domain gene JAZ10.
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Long non-coding RNAs (lncRNAs) are only beginning to be 
recognized in plants because of their low transcriptional abun
dance and previously considered “junk transcripts.” The rapid 
development of sequencing technology and functional analysis 
has uncovered the mystery of lncRNAs. LncRNAs have been 
documented to be involved in plant defense against pathogens. 
A large number of lncRNAs were identified in multiple plant 
species that are responsive to pathogen infections. Examples 
include the fungal pathogen-elicited lncRNAs in Arabidopsis, 
cotton, and rice;1–3 the bacterial pathogen-elicited lncRNAs in 
Arabidopsis and rice;4,5 and the virus-elicited lncRNAs in rice 
and tomato.6,7 Silencing or the overexpression of some patho
gen-elicited lncRNAs alters plant resistance to these 
pathogens.2,4–6 Mechanism study revealed that these lncRNAs 
could regulate transcription machineries or hormone- 
mediated defense pathways. The long intergenic noncoding 
RNA (lincRNA) ELENA1 could directly interact with 
Mediator subunit 19a and promote the expression of patho
genesis-related genes.4 In rice, the lincRNA ALEX1 regulates 
Xanthomonas oryzae pv. Oryzae resistance by activating jas
monate (JA) signaling.5 In addition to pathogens, plants are 
also frequently suffered by herbivores in nature. However, 
herbivore-induced lncRNAs have yet to be explored. In cotton, 
1,331 lncRNAs were found to be differentially expressed (DE) 
in aphid-infested leaves relative to control leaves.8 Our recent 
work showed that lncRNAs in wild tobacco (Nicotiana attenu
ata) are also responsive to herbivore attacks.9 JA signaling 
plays a central role in plant defense against herbivores.10 

Silencing of two early-responsive lincRNAs, namely, JAL1 
and JAL3, attenuates JA-mediated plant resistance to 
Manduca sexta larvae.

In the current work, we explored herbivore-elicited 
lncRNAs in monocot rice. A generalist herbivore Mythimna 

separata (armyworm, AW) was used in this study. The feeding 
of AW was mimicked by mechanical wounding following AW 
larval oral secretion (OS) treatment.11 The first fully expanded 
leaf was treated, and samples were collected 0.25, 0.5, 1, 3, 8, 
and 24 h after treatment. Leaves from nontreated plants at each 
timepoint were used as controls. Five replicates were per
formed for each timepoint, and combined as one sample for 
strand-specific RNA library construction. After RNA sequen
cing, the bioinformatics pipeline described previously was used 
to identify the transcription levels of genes and lncRNAs 
(Supplemental Material; raw data have been deposited in BIG 
Data Center under accession number CRA004044).9 All 
sequenced reads of each sample were aligned to the rice refer
ence genome. The assembled transcript isoforms were com
pared with all protein coding gene models. Transcripts shorter 
than 200 bp or those with an open reading frame longer than 
67 aa were discarded. The remaining transcripts were defined 
as lncRNAs. The fold change (FC) of genes and lncRNAs in the 
AW-treated leaves relative to the control leaves was calculated. 
If FC > 2 in at least two timepoints and FC > 3 in at least one 
timepoint, then the gene or lncRNA was defined as DE. A total 
of 559 DE genes were down-regulated by AW attack while 
6,261 DE genes were up-regulated (Figure 1a). Gene ontology 
(GO) enrichment analysis showed that down-regulated genes 
were enriched in growth-related terms and that up-regulated 
genes were enriched in JA signaling pathway and defense 
response terms (Figure 1b and c).12 These results suggested 
that herbivore elicitation may activate JA-mediated plant 
defenses but suppress plant growth. A total of 372 DE 
lncRNAs were identified, and 78% of them were up- 
regulated. The natural antisense transcripts (NATs) are the 
most abundant (Figure 1d). According to the time course 
expression profile, some of the DE lncRNAs are early 
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responders during herbivory while some of them respond to 
herbivore attacks late (Figure 1e). Hence, DE lncRNAs may 
play a different role in plant–herbivore interactions.

LncRNAs are known to act in cis to regulate the expres
sion of nearby genes.13 To predict the potential function of 
herbivore-elicited lncRNAs, this study investigated the 
neighboring genes of DE lncRNAs. The host genes of DE 
NATs and DE intronic RNAs (incRNAs) were first identi
fied. Interestingly, the expression pattern of these host 
genes is similar to their associated lncRNAs (Figure 2a 
and b). For instance, the jasmonate ZIM-domain protein 
(JAZ) is one of the JA co-receptors that regulates JA signal
ing by directly interacting with JA-responsive transcription 

factors.14 The antisense transcript of JAZ10 gene (NAT- 
JAZ10) was identified as a DE lncRNA in the AW-treated 
plants (Figure 2c). The expression of JAZ10 gene was sig
nificantly increased after the AW treatment (Figure 2d). 
Consistently, the transcription levels of NAT-JAZ10 were 
extremely low in normal conditions, but they dramatically 
increased after the AW treatment (Figure 2e). Given the 
key role of JA in herbivore resistance, JAZ10 and its NAT 
pair may be involved in rice and AW interactions. The 
genes located 100 kb upstream and downstream of DE 
lincRNAs were subsequently identified, and the DE genes 
from them were used for the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis. The results 

Figure 1. Differentially expressed (DE) genes and lncRNAs in armyworm (AW)-treated plants relative to control plants and gene ontology (GO) analysis of DE genes. (a) 
Heatmap representing the transcript abundance fold change (FC) of DE genes in AW-treated plants relative to control plants. Leaves were harvested 0.25, 0.5, 1, 3, 8, and 
24 h after wounding and then treated with AW oral secretion. Leaves from untreated plants were used as control. Up or down, treated leaves relative to control leaves. 
(b) GO analysis of down-regulated genes in A. GO analysis was performed by ClueGO. The size of the bubble corresponds to the number of mapped genes. (c) GO 
analysis of up-regulated genes in A. (d) Numbers of up- and down-regulated lncRNAs in AW-treated plants and control plants. (e) Heatmap representing the transcript 
abundance FC of DE lncRNAs in AW-treated plants relative to control plants.
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revealed that these DE genes neighboring DE lincRNAs 
were enriched in many primary and secondary metabolisms 
that are likely to be involved in rice–herbivore interactions, 
such as the biosynthesis of amino acids, carbon metabo
lism, and alpha-linolenic acid metabolism (Figure 2f).

In summary, we identified lncRNAs that are responsive to 
herbivores in monocot rice by RNA sequencing. The potential 
function of these lncRNAs was predicted. One of the lncRNAs, 
NAT-JAZ10, was highlighted and found to be potentially inter
esting to be studied further. This identification will enrich our 
understanding of plant–herbivore interactions and provide 
new candidates for dissecting herbivore-induced defense 
networks.
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