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A B S T R A C T

Alpine plants remain the least studied plant communities in terrestrial ecosystems. However, how they adapt to
high-altitude environments is far from clear. Here, we used RNA-seq to investigate a typical alpine plant maca
(Lepidium meyenii) to understand its high-altitude adaptation at transcriptional and post-transcriptional level. At
transcriptional level, we found that maca root significantly up-regulated plant immunity genes in day-time
comparing to night-time, and up-regulated abiotic (cold/osmotic) stress response genes in Nov and Dec com-
paring to Oct. In addition, 17 positively selected genes were identified, which could be involved in mitochon-
drion. At post-transcriptional level, we found that maca had species-specific characterized alternative splicing
(AS) profile which could be influenced by stress environments. For example, the alternative 3′ splice site events
(A3SS, 39.62%) were predominate AS events in maca, rather than intron retention (IR, 23.17%). Interestingly,
besides serine/arginine-rich (SR) proteins and long non-coding RNAs (lncRNAs), a lot of components in non-
sense-mediated mRNA decay (NMD) were identified under differential alternative splicing (DAS), supporting AS
coupled to NMD as essential mechanisms for maca's stress responses and high-altitude adaptation. Taken to-
gether, we first attempted to unveil maca's high-altitude adaptation mechanisms based on transcriptome and
post-transcriptome evidence. Our data provided valuable insights to understand the high-altitude adaptation of
alpine plants.

1. Introduction

How plants adapt to the harsh environment is one of fundamental
importance in plant evolution. Alpine plants provide great resources to
understand their adaptation to extreme stress environments. However,
they remain the least well-studied population of terrestrial ecosystems
today (Alonso-Amelot, 2008). Alpine plants are facing a shorter

vegetation period, and the completion of life cycles are also in threa-
tening (Billngs and Mooney, 1959; Bliss, 1971). Surviving the alpine
landscapes, alpine plants are constantly challenged by extreme condi-
tions and unpredictable environmental changes, such as strong wind,
high ultraviolet radiation, low oxygen, low temperature or freezing, as
well as fluctuating temperatures (Billngs and Mooney, 1968; Stoecklin
et al., 2009). Therefore, alpine plants provide great resources to
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investigate the adaptation mechanisms to alpine habitats. However,
these exquisite habitats of alpine plants are threatened by the occupa-
tion of other plants under the influence of global warming (Alonso-
Amelot, 2008). For example, tree lines have been advanced responding
to climate warming during the last several years (Harsch et al., 2009).
These invaluable resources may disappear in a foreseeable future.
Therefore, a full understanding of their adaptation mechanism is ur-
gently needed.

Alpine plants evolved various mechanisms to adapt to extreme
ecological environments. Understanding how alpine plants adapt to
these extreme conditions contributes significantly to evolutionary
ecology. Many adaptive mechanisms have been reported in alpine
plants. For example, thick glandular trichomes cover with high amounts
of exudate to filter ultraviolet radiation was discovered in Blakiella
bartsiifolia, an alpine plant in the northern Andes (Rodriguez-Hernandez
et al., 2014). Alpine plants in the Páramo of San Felix had highly spe-
cialized physiological processes that had not been seen in lower altitude
plants, such as accumulation of carbohydrates to anti-freeze, and
synthesis of special lipids to modify cell membranes for flexibility and
water permeability (Alonso-Amelot, 2008). Moreover, alpine plants
have a tendency of polyploidy, because polyploids have selective ad-
vantages of heterozygous in unstable environments compared to their
diploid relatives (Hagerup, 1932; Stebbins, 1966; Fawcett and Van de
Peer, 2010). In short, evidence of alpine landscape adaptation accu-
mulated in morphology, physiological processes, and genome changes.
Nevertheless, the knowledge of transcriptional and post-transcriptional
evidence is still relatively scarce.

Maca (Lepidium meyenii, 2n = 8x = 64) is a typical alpine species
which provides a great example for examining the adaptation in high-
altitude environments. Maca is a Brassicaceae crop which was origin-
ally cultivated in the Puna agro-ecological zones. It is an herbal plant
and its root is a great medicine for human sperm health (Melnikovova
et al., 2015). As a typical alpine plant, maca experienced whole-genome
duplication ~6.7 M years ago and some genes evolved rapidly for
adapting to the high-altitude harsh environment in a short time (Zhang
et al., 2016a). With the dramatic changes in high-altitude environ-
ments, no studies, however, have investigated the transcriptome of
maca in detail yet. How maca adapts to high-altitude environments in
transcriptional and post-transcriptional level has not been well char-
acterized.

The aim of this study is to investigate the high-altitude adaptation of
maca on transcriptional and post-transcriptional perspectives. Based on
10 transcriptome libraries of maca root and one public transcriptome
library of maca leaf (see Section 2.5 below), we analyzed the differ-
ential expressed genes (DEGs) of maca root under different time span
(within a day and among three months), identified positively selected
genes, investigated its characters of alternative splicing (AS) profile,
and filtered serine/arginine-rich (SR) proteins and long non-coding
RNAs (lncRNAs) under AS or differential alternative splicing (DAS). Our
study investigated the high-altitude adaptation of maca in a detailed
and thorough manner.

2. Materials and methods

2.1. Plant material collection and RNA extraction

Maca seedlings were planted in the Yungui Plateau (altitude
~3300 m). In total, 10 maca root samples were collected (see Table 1
for details), including each two samples collected in day-time (at 10 am
and 2 pm, when soil temperature increased sharply) and in night-time
(at 2 am and 6 am, when soil temperatures were lowest) on Oct 9, 2015,
and each two samples collected on Oct 9, Nov 9 and Dec 9 in the year of
2015 (all collected at 2–4 pm). All root samples were immediately
stored in liquid nitrogen and carried back to our lab for RNA extraction.
Total maca root RNA was isolated using the RNA extraction Kit
(Tiangen Biotech, Beijing, China), according to the manufacturer's

protocol. Nanodrop ND-1000 spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA) and 1% agarose gel was used to check the
quantity and quality of RNA samples. Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used to check the RNA
integrity and concentration. Samples with RNA integrity number
(RIN) ≥ 7, 28S:18S > 1, OD260/280 ≥ 2, and OD260/230 ≥ 2 were
kept to construct cDNA libraries.

2.2. Library construction and Illumina sequencing

Paired-end cDNA libraries were constructed according to the stan-
dard protocol of NEBNext Ultra™ RNA Library Prep Kit for Illumina Inc.
(NEB, USA). Briefly, magnetic beads attached with Oligo (dT) were
used to enrich mRNA. The purified mRNA was broken into approxi-
mately 200 nt short RNA fragments. These short fragments were used as
templates to synthesize the first strand of cDNA by using reverse tran-
scriptase and random hexamer primers. The second strand of cDNA was
synthesized with buffer containing DNA polymerase I and RNase H. The
double-stranded cDNA fragments were blunt-ended and dA-tailed, then
sequencing adaptors were ligated to these cDNA fragments. The ligation
products with the insert size of 200 bp were selected and enriched by
PCR amplification with specific adaptor primers. Finally, the cDNA li-
braries were sequenced by Illumina HiSeq™ 2500 platform with 125 bp
paired-end reads. Raw reads have been deposited in the NCBI Sequence
Read Archive under BioProject ID SRP142050.

2.3. Transcriptome assembly of maca root

We used a reference-based method (Bowtie/TopHat/Cufflinks/
Cuffmerge pipeline (Trapnell et al., 2012)) to assemble transcriptomes
of maca root. Raw reads from 10 maca root samples were collected to
perform assembly. Adaptor sequences were removed and low quantity
reads (ambiguous ‘N’ bases ≥5% or more than 20% of bases less than
Q20) were filtered with custom python scripts. All reads were filtered
against the human/bacteria/fungi/virus NR database to remove con-
taminants. Bowtie v2.2.3 (Langmead and Salzberg, 2012) and Tophat
v2.0.12 (Kim et al., 2013) were used to map all the clean reads to maca
reference genome [12]. The resulted BAM/SAM files which contained
aligned records were further used to assemble transcriptomes by Cuf-
flinks program v2.1.1 (Trapnell et al., 2010). Cuffmerge program (im-
plemented in Cufflinks) merged the transcriptome assemblies from
different conditions, and then Gffread program v0.9.12 (https://github.
com/gpertea/gffread) was used to generate the transcripts sequences
from the merged assembled transcripts. After removing transcripts
caused by AS using in-house python script, unigenes with the longest
sequences were kept.

Table 1
Sampling information and data summary of maca root transcriptome.

Treatment Replicates Number of raw
reads
(million)

Number of
clean reads
(million)

Samples within a day Day-
timea

2 12,698 11,086

Night-
timeb

2 11,745 10,285

Samples among
three months

Octc 2 9426 8258
Novc 2 10,246 8983
Decc 2 10,195 8971

a Samples were collected at 10 am and 2 pm on Oct 9, 2015.
b Samples were collected at 2 am and 6 am on Oct 9, 2015.
c Samples were collected on Oct 9, Nov 9 and Dec 9 in the year of 2015,

respectively.

Y. Shi et al. Gene 694 (2019) 7–18

8

https://github.com/gpertea/gffread
https://github.com/gpertea/gffread


2.4. Differential expression genes analysis

We identified DEGs of maca root within a day (night-time vs day-
time) and among three months (Oct, Nov, and Dec). We mapped raw
reads to maca genome using Bowtie/Tophat with default parameters.
Expression of each unigene was normalized by Fragments per Kilobase
of transcript per Million mapped reads (FPKM). To obtain the DEGs, we
compared the FPKM of each unigene using DESeq2 v1.22.1 (Anders and
Huber, 2010) method implemented in R package, and log2(|fold change
of FPKM|) ≥ 1.5 and false discovery rate (FDR) corrected P-value
(≤0.05) from Fisher's exact test were used to screen the DEGs. The plots
were produced in R using the ggplot2 package (Wickham, 2016).

2.5. Identification of positively selected genes

We used gKaKs computational pipeline v1.3 (Zhang et al., 2013) to
screen positively selected genes based on non-synonymous substitution
(Ka) and synonymous substitution (Ks) rates of orthologues between
maca and Arabidopsis thaliana. All calculations were performed with
default parameters. Firstly, gKaKs used BLAT v360 (Kent, 2002) and
bl2seq (implemented in BLAST v2.2.6 (Altschul et al., 1990)) to align A.
thaliana CDSs to maca transcripts. Secondly, gKaKs used KaKs_calcu-
lator v2.0 (Zhang et al., 2006) to compute Ka/Ks ratios of orthologues.
Thirdly, genes with Ka/Ks > 1 were considered as potential positively
selected genes. After removing null values and genes with Ka/Ks <
1.5, the rest genes were considered as positively selected genes and
were used for further analysis.

2.6. Alternative splicing events and differential alternative splicing events

We used ASTALAVISTA (Foissac and Sammeth, 2007) to identify AS
events in maca. We analyzed maca root RNA-seq data (produced in this
study) as well as maca leaf RNA-seq data (downloaded from NCBI,
accession number SRR2960160 (Zhang et al., 2016a)) to get an over-
view of AS profile. The final merged gtf file (produced by Cuffmerge)
was uploaded to ASTALAVISTA website (http://genome.crg.es/
astalavista/) and run with default parameters. Five types of AS events
were extracted, including alternative 3′ and 5′ splice site (A3SS and
A5SS), mutually exclusive exons (MXE), intron retention (IR), and
exons skip (ES). Further, the changes of 5 types of AS between different
conditions (night-time vs day-time, Oct vs Nov, and Oct vs Dec) were
investigated.

To identify genes under DAS, we used rMATS (Multivariate Analysis
of Transcript Splicing) program v3.2.5 (Shen et al., 2014) to evaluate
the difference in the exon or intron inclusion level of AS event under
different conditions. DAS genes were filtered by a stringent threshold
(|IncLevelDifference| ≥ 0.1, P-value ≤ 0.01, and FDR ≤ 0.05).

2.7. Identification of long non-coding RNAs under differential alternative
splicing

We used three software to identify lncRNAs. We firstly identified non-
coding RNAs by Coding-Non-Coding-Index (CNCI, v2.0) (Sun et al.,
2013) with default parameters, a program distinguished coding and non-
coding sequences by adjoining nucleotide triplets. The candidate non-
coding sequences with FPKM > 1 were further screened through a
Support Vector Machine-based classifier (Kong et al., 2007) by Coding
Potential Calculator web server (CPC, http://cpc.cbi.pku.edu.cn/). Then,
candidate lncRNAs were further filtered by Pfam Scan v1.3 (Bateman
et al., 2000), which is a software package detecting non-coding tran-
scripts by comparing to known protein/Pfam databases. Transcripts with
protein coding potential predicted by any of the above tools were filtered
out, and the rest transcripts with open reading frames (ORF) < 300 nt
and length > 200 nt were further analyzed as lncRNAs. Moreover, the
union sets of lncRNAs and DAS identified by rMATS were considered as
lncRNAs under DAS. Finally, we used rmats2sashimiplot v2.0.3 (https://

github.com/Xinglab/rmats2sashimiplot) to visualize 5 types of DAS
lncRNAs between Oct and Dec. Moreover, the heatmaps were generated
using the Pheatmap package, version 1.0.8 (https://cran.r-project.org/
web/packages/pheatmap).

2.8. Gene annotation and enrichment

We performed gene functional enrichment analysis based on Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG).
The GO enrichment analysis was performed using agriGO v2.0 (Tian
et al., 2017) or ClusterProfiler v3.8.1 (Yu et al., 2012) with the singular
enrichment analysis (SEA) method. KEGG pathway enrichment was
performed using KOBAS v3.0 (http://kobas.cbi.pku.edu.cn/) or Clus-
terProfiler. The GO topology and visualization of KEGG pathway were
also produced by ClusterProfiler. Moreover, we also used DAVID web
server (Dennis et al., 2003) for clustering enrichment analysis with
default DAVID categories (UP_keywords, UP_SEQ_features, Interpro
protein domains, and GO terms). All results were further screened with
adjusted P-valueof 0.05 as a threshold level of significance.

2.9. Real-time quantitative PCR verifications

To validate the reliability of our results, we used real-time quanti-
tative PCR (RT-qPCR) to detect the expression levels of selected DEGs,
lncRNAs, and SR proteins (primer information is shown in
Supplemental file 1). The first cDNA was synthesized using EasyScript
one-step gDNA Removal and cDNA Synthesis Supermix (TransGen
Biotech Co., Ltd., Beijing, China) according to the manufacturer's pro-
tocol. The qPCR was performed using Luna Universal Probe qPCR
Master Mix (New England Biolabs, Ipswich, MA, USA) using a 20 μl
reaction system, including 1 μl cDNA (100 ng/μl), 0.4 μl forward/re-
verse primer (10 μmol/l), 8.2 μl ddH2O and 10 μl Luna Universal qPCR
Master Mix. The cycles were according to the supplier's manual
(40 cycles of 95 °C 15 s, 60 °C for 30 s). ACTIN2 was used as an internal
control for gene expression normalization. The relative value of the
gene expression was calculated using the 2−ΔΔCt method (Livak and
Schmittgen, 2001).

3. Results

3.1. Transcriptome assembly of RNA-seq datasets

To characterize the expression pattern of maca root, we sequenced
10 samples within a day (night-time and day-time) and among three
months (Oct, Nov, and Dec). In total, 54,311,773,145 raw reads (135.8
Gb) were produced under the Illumina HiSeq 2500 platform. After re-
moving adaptors, duplicated reads and low-quality reads,
47,585,030,640 clean reads (127.4 Gb) were generated (Table 1). Based
on the deep sequencing data of maca root, we assembled the transcripts
of maca root by Cufflinks pipeline (Trapnell et al., 2012) with a
genome-guided method. In total, 108,745 transcripts corresponding to
106,458 loci were generated, with an average length of 1378 nt and
N50 length 1902 nt (Table 2).

3.2. Identification of differential expressed genes of maca root

We used DESeq2 to perform DEGs analysis in maca root (see
Supplemental File 2 for more details). Comparing to night-time, maca
root up-regulated 990 genes and down-regulated 48 genes during day-
time (Fig. 1A). The KEGG and GO terms enrichment analysis suggested
that these up-regulated genes significantly enriched in plant immunity
response. For example, significant KEGG terms (Table 3) including
“plant hormone signal transduction” (ath04075) and “plant-pathogen
interaction” (ath04626), and top GO terms (Fig. 2A) including “re-
sponse to chemical stimulus” (GO:0042221), “response to stimulus”
(GO:0050896), “response to chitin” (GO:0010200), “response to stress”
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(GO:0006950), “response to carbohydrate stimulus” (GO:0009743),
and “response to organic substance” (GO:0010033). Although no sig-
nificant KEGG terms enriched in these down-regulated genes, most top
GO terms were found involved in ATP binding or similar proteins
(Fig. 2B), such as “ATPase activity” (GO:0016887), “ATP binding”
(GO:0005524), “adenyl ribonucleotide binding” (GO:0032559),
“purine nucleoside binding” (GO:0001883), and “nucleoside binding”
(GO:0001882).

DEGs of maca root among three months were summarized in
Fig. 1B–D. Comparing to Oct, maca root up-regulated 746 genes in Nov
and up-regulated 1263 genes in Dec. Comparing to Oct, nevertheless,
maca root down-regulated 817 genes in Nov and down-regulated 1127
genes in Dec (Fig. 1B–C). Common up-regulated and common down-
regulated gene numbers among three months were 403 and 395, re-
spectively (Fig. 1D). To identify possible biological processes or path-
ways changed within three months, we performed KEGG and GO
functional enrichment based on common up-regulated and common
down-regulated genes. The results suggested that maca root up-regu-
lated genes related to abiotic (cold/osmotic) stress tolerances from Oct
to Dec. For example, the KEGG results (Table 3) suggested that common
up-regulated genes enriched in metabolism of components related to
cold/drought tolerance, such as “arginine and proline metabolism”
(ath00330), “metabolic pathways” (ath01100) and “starch and sucrose
metabolism” (ath01100). The GO functional enrichment results
(Fig. 2C) suggested that common up-regulated genes were highly en-
riched in “response to cold” (GO:0009409), “response to abiotic sti-
mulus” (GO:0009628), “response to osmotic stress” (GO:0006970),
“cold acclimation” (GO:0009631), “response to water deprivation”
(GO:0009414), and “response to water” (GO:0009415). Nevertheless,

Table 2
Overview of maca transcripts identified by Cufflinks.

Item Value

Total length (nt) 149,815,746
Total number 1378
N50 (nt) 1902
Mean length (nt) 1378
100–500 (nt) 22,649
500–1000 (nt) 27,133
1000–1500 (nt) 21,456
1500–2000 (nt) 14,695
> 2000 (nt) 22,821
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Fig. 1. Differential expressed genes (DEGs) of maca root within a day and among three months. Genes with log2(|fold change of FPKM|) ≥ 1.5 and false discovery
rate (FDR) corrected P-value ≤ 0.05 from Fisher's exact test were considered as DGEs. (A) Volcano plot of DEGs: night-time vs day-time. (B) Volcano plot of DEGs: Oct
vs Nov. (C) Volcano plot of DEGs: Oct vs Dec. (D) Venn diagram analysis of DEGs of maca root among three months.
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KEGG and GO enrichment of common down-regulated genes suggested
that maca root down-regulated plant immunity related genes from Oct
to Dec. For example, top KEGG terms of these genes including “plant
hormone signal transduction” (ath04075), and top GO terms (Fig. 2D)
of these genes including “response to stimulus” (GO:0050896), “re-
sponse to chemical stimulus” (GO:0042221), “response to stress”
(GO:0006950), “response to organic substance” (GO:0010033), “re-
sponse to ethylene stimulus” (GO:0009723), “defense response”
(GO:0006952), “response to chitin” (GO:0010200), “response to car-
bohydrate stimulus” (GO:0009743), and “response to other organism”
(GO:0051707).

3.3. Filtration of positively selected genes

Using gKaKs pipeline (Zhang et al., 2013), we identified 12,228
orthologous unigenes between maca and Arabidopsis, of which 44 genes
were identified as positively selected genes (Ka/Ks > 1, Supplement
Table 1). After deleting the null ratio data and Ka/Ks < 1.5, 17 genes
remained as positively selected genes. Based on annotation from DAVID
web server (Dennis et al., 2003), we found that they are significantly
enriched in genes related to mitochondrion or RNA editing (Table 4).

3.4. Alternative splicing events in maca

To investigate possible post-transcriptional regulatory mechanisms
in maca, we extensively studied its AS profile and detected the changes
under different conditions. In total, 74,599 AS events from 21,566
genes were identified, implying that nearly 20.26% of maca multi-
exonic genes (21,566/106,458) underwent AS. The ratio of AS genes is
relatively low compared to other plants (see Discussion below). Five
types of AS events were extracted by ASTALAVISTA (Table 5), in-
cluding A3SS (39.62%), A5SS (22.24%), MXE (4.74%), IR (23.17%),
and ES (10.23%). MXE is the least frequent AS events, and A3SS were
almost two-folds of A5SS events, which are consistent with most other
plants (Lida et al., 2004; Ner-Gaon and Fluhr, 2006; Wang and Brendel,
2006; Barbazuk et al., 2008; Filichkin et al., 2010). Surprisingly, A3SS
rather than IR predominate AS events in maca, which is in contrast to
most other plant species, implying potential specific AS regulation in
maca. The changes of AS between different groups were shown in
Supplemental Fig. 1. Comparing to night-time, all 5 types of AS events
decreased in day-time. From Oct to Dec, all 5 types of AS events also
decreased, with a sharper decrease in Dec. Nevertheless, the A3SS
events were always the most prevalent AS events.
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Fig. 2. Gene Ontology (GO) functional enrichment of DEGs within a day and among three months. In all analysis, only the top 10 false discovery rate (FDR)
enrichment of GO terms were listed. (A) GO enrichment analysis for the significantly up-regulated genes within a day. (B) GO enrichment analysis for the sig-
nificantly down-regulated genes within a day. (C) GO enrichment analysis for the common significantly up-regulated genes among three months. (D) GO enrichment
analysis for the common significantly down-regulated genes among three months.

Table 3
Significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differential expressed genes (DEGs) within a day and among three months.

Groups KEGG pathway ID Count Corrected P-value

Up-regulated genes during day-time Plant hormone signal transduction ath04075 15 1.19E−02
Plant-pathogen interaction ath04626 11 1.37E−02
Carotenoid biosynthesis ath00906 4 3.64E−02

Down-regulated genes during day-timea NA NA NA NA
Common up-regulated genes among three months Arginine and proline metabolism ath00330 5 7.99E−03

Metabolic pathways ath01100 32 3.34E−02
Starch and sucrose metabolism ath01100 7 4.96E−02

Common down-regulated genes among three months Phenylpropanoid biosynthesis ath00940 8 4.97E−03
Biosynthesis of secondary metabolites ath01110 24 5.89E−03
Taurine and hypotaurine metabolism ath00430 3 9.59E−03
Plant hormone signal transduction ath04075 9 2.62E−02
Glutathione metabolism ath00480 5 3.38E−02

a NA indicates that no significant KEGG pathways have been detected.
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We performed KEGG and GO functional enrichment of genes under
DAS which were identified by rMATS. The top significant enriched GO
terms were illustrated in Supplemental Fig. 2. Their GO hierarchical
structure (Supplemental Fig. 3) suggested that most genes under DAS
clustered into ATPase related genes, including “ATP binding” (GO:
0005524), “ATPase activity” (GO: 0016887), “helicase activity” (GO:
0004386), and “catalytic activity, acting on RNA” (GO: 0140098). The
KEGG enrichment results (Supplemental Fig. 4) suggested that most
genes were involved in AS or eliminating aberrant mRNA transcripts,
including “spliceosome” (ath03040), “mRNA surveillance pathway”
(ath03015), “RNA degradation” (ath03018). The genes in “mRNA sur-
veillance pathway” (ath03015) were shown in Fig. 3.

3.5. Identification of serine/arginine-rich proteins under alternative splicing

The SR proteins are one type of important RNA splicing regulators.
They are involved in pre-mRNA splicing processes and play important
roles in regulating AS by changing the splice site selection in a con-
centration- and phosphorylation-dependent manner (Graveley et al.,
1999). In this study, 44 SR orthologous genes were identified in maca
according to the annotation results. The heatmap (Supplemental Fig. 5)
shows expression of the 44 SRs. Among them, 22 SRs were found under
AS (Supplement Table 2), most of which belongs to SC35-like (SCL)
subfamily, one of the three plant-specific SR subfamilies. Our result is
consistent with Arabidopsis (Cruz et al., 2014), implying shared splicing
regulation mechanisms under stress condition between maca and Ara-
bidopsis.

3.6. Identification of long non-coding RNAs under differential alternative
splicing

We identified 3396 lncRNAs in total using three software (CNCI,
CPC, and Pfam-scan). Comparing to mRNA, lncRNAs generally ex-
pressed at a lower level, and were shorter in both total length and ORF
length (Fig. 4). Transcripts with only one exon were found most pre-
valent both in mRNAs and lncRNAs. However, lncRNAs processed
fewer exons, with 14 exons in max. All identified lncRNAs sequences

are listed in Supplemental File 3. Moreover, lncRNAs under DAS were
also filtered using rMATS. In total, 172 lncRNAs were identified to be
differential alternatively spliced (five examples between Oct and Dec
were illustrated in Fig. 5). The heatmap (Supplemental Fig. 6) shows
expression of the 172 lncRNAs. Out of 172 lncRNAs, 117 lncRNAs have
no orthologues in other plants (Supplement Table 3), implying potential
maca-specific lncRNAs.

3.7. Validation by real-time quantitative PCR

Most of our RT-qPCR results were consistent with the RNA-seq data
(Supplemental File 1). Of the 8 DEGs, 7 exhibited consistent expression
patterns. Of the 5 lncRNAs and 5 SR proteins, all exhibited consistent
expression patterns.

4. Discussion

To investigate how maca adapts to the high-altitude environment,
we used RNA-seq to explore the transcriptional and post-transcriptional
mechanisms of maca. We investigated DEGs in maca roots between
different time spans (within a day and among three months), identified
several maca genes under positive selection, explored AS profile of
maca, and detected its changes under different conditions. Moreover,
we identified components involved in AS and nonsense-mediated
mRNA decay (NMD). In short, we investigated the mechanisms of high-
altitude adaptation based on transcriptional and post-transcriptional
evidence.

4.1. The DEGs of maca root within a day and among three months

We found that the up-regulated genes of maca root within a day
mainly enriched in biotic stress responses (plant immunity genes),
while up-regulated genes of maca root among three months mainly
enriched in abiotic stress responses (cold/osmotic stress response
genes). Comparing to night-time, up-regulated genes during day-time
significantly enriched in plant immunity (Table 3, Fig. 2A). This could
be the effect of dramatic variation of soil temperature between day and
night (Supplemental Fig. 7A). The cold temperature during night-time
may decrease the activity of plant pathogen. However, maca could
activate more regulation factors related to plant immunity during day-
time, such as WRKY, ERF, and NAC, most of which have been reported
in Arabidopsis and/or rice (Pandey and Somssich, 2009; Gutterson and
Reuber, 2004; Wang et al., 2009). In accordance with the present re-
sults, the previous study of two high-altitude plants in China, No-
topterygium incisum and N. franchetii (Jia et al., 2017), have demon-
strated that genes involved in plant-pathogen played important roles in
high-altitude adaptation. The down-regulated genes results suggested
that the reduction of ATPase activity, ATP binding and some other re-
lated proteins could be good for cold tolerance, which is similar to rice
(Shen et al., 2014a).

Among three months, maca root up-regulated genes involved in
abiotic stress (cold/osmotic stress), while down-regulated DEGs in-
volved in plant pathogen defense (Table 3, Fig. 2C, D). Alpine en-
vironment is characterized by severe abiotic conditions that change
dramatically. For example, the average soil temperature around maca
decreased dramatically from Oct to Dec (Supplemental Fig. 7B). The

Table 4
Gene set enrichment of positively selected genes by DAVID web server.

Category Term Genes P-value FDR

UP_KEYWORDS Mitochondrion acl, nadh, ccmB(ccb206), ccmC(ccb256), ccmFc(ccb452), atp4(orf25), mttB(orfX), rpl2, rps4 3.37E−07 3.10E−06
UP_KEYWORDS RNA editing ndhB, nad5, ccmB(ccb206), ccmC(ccb256), ccmFc(ccb452), atp4(orf25), mttB(orfX), rps4 4.74E−07 8.71E−06
GOTERM_CC_DIRECT Mitochondrial membrane

(GO:0031966)
nad1, ccmB(ccb206), ccmC(ccb256), atp4(orf25), mttB(orfX) 1.71E−04 2.56E−03

Table 5
Summary of five types of alternative splicing (AS) events between different
species.

Speciesa Latin name A3SSb A5SSb MXEb IRb ESb

Arabidopsis Arabidopsis
thaliana

32.69% 17.59% 4.96% 36.05% 8.72%

Brachypodium Oryza sativa 32.44% 15.51% 1.57% 42.89% 7.58%
Maize Zea mays 22.80% 14.21% 2.26% 49.83% 10.91%
Populus Populus

trichocarpa
27.74% 17.60% 7.11% 39.14% 8.40%

Potato Solanum
tuberosum

18.25% 9.79% 1.06% 61.68% 9.22%

Rice Oryza sativa 26.76% 14.35% 1.43% 48.42% 9.04%
Sorghum Sorghum bicolor 34.39% 16.96% 1.66% 39.10% 7.89%
Maca Lepidium meyenii 39.62% 22.24% 4.74% 23.17% 10.23%

a All data sets were re-analyzed using the same method with identical
parameters.

b A3SS: Alternative 3′ Splice Site, A5SS: Alternative 5′ Splice Site, MXE:
Mutually eXclusive Exons, IR: intron retention, ES: Exons Skip.
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colder the soil temperature is, the fewer the pathogens exist around
maca root. Thus, maca root is expected to reduce gene expression re-
lated to plant pathogen defense from Oct to Dec. According to our field
observation, the soil around maca root was frozen in Dec during night-
time and thawing during day-time. Even short-term frozen may disable
or injure plant tissue if not properly acclimated. Moreover, the damage
may also occur during thawing (Levitt, 1980). Repeated cycles of
freezing and thawing will amplify the injury (Alonso-Amelot, 2008).
Thus, to adapt to these conditions, maca root up-regulated genes related
to drought stress and cold tolerance, suggested that maca may have
developed highly specialized physiological processes or particular
strategies of cold adaptation, which is similar to other alpine plants
(Alonso-Amelot, 2008).

4.2. Identification of positively selected genes

We identified 17 positively selected genes in maca, which could be
involved in mitochondrion or RNA editing (Table 4). RNA editing is a
mechanism to alter RNA sequence which is different from its DNA se-
quences (Shikanai, 2006). In plants, RNA editing happened on plastid
genome (most events were found in mitochondria and a few events
were found in chloroplasts), where mainly modified cytidines (C) to
uridines (U) at specific sites (Covello and Gray, 1989). Besides to pro-
duce more proteins, RNA editing plays an essential role in correcting
aberrant mutations in plastids and mitochondria (Smith et al., 1997;
Gray, 2012). In some plants, RNA editing could regulate the

mitochondrial gene expressions. For example, the intron splicing and/
or RNA editing in wheat mitochondrial cox2 transcripts have been re-
ported to be regulated by low temperature (Kurihara-Yonemoto and
Handa, 2001). However, few robust evidence is documented about
whether or not RNA editing and is associated with stress tolerance.
Thus, it could be quite interesting to investigate the relationship be-
tween RNA editing and high-altitude adaptation in maca.

4.3. The alternative splicing of maca

AS is a pre-mRNA splicing process which produced more than one
unique mRNA from one single gene (Baralle and Giudice, 2017). AS is a
common mechanism of eukaryotic protein-coding genes. In this study,
74,599 AS events involving 21,566 genes were identified, which sug-
gested 20.26% of maca multi-exon genes were alternatively spliced.
The ratio of AS genes is lower than other plants, such as Arabidopsis
(61%) (Marquez et al., 2012; Zhang et al., 2016b), rice (33%) (Zhang
et al., 2010), Glycine max (63%) (Shen et al., 2014b), Physcomitrella
patens (50%) (Chang et al., 2014) and Zea mays (40%) (Thatcher et al.,
2014). Comparing to its relative species, the ratio of AS genes in maca
reduced, partially could be attributed to the polyploidization of maca.
This is consistent with the functional sharing model (Su et al., 2005) of
duplicated/AS gene evolution, which suggests that polyploidization
increases duplicated genes and decreases the AS events per gene.

The proportion of 5 types of AS events in maca is quite different
from most other plant species. IR is considered as the most AS events in
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Fig. 3. The mRNA surveillance pathway adapted from the Kyoto Encyclopedia of Genes and Genomes (KEGG).
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both monocotyledons and dicotyledons, such as Arabidopsis (36.05%),
Brachypodium (42.89%), Maize (49.83%), Populus (39.14%), Potato
(61.68%), Rice (48.42%), and Sorghum (39.10%, Table 5, reviewed in
(Mandadi and Scholthof, 2015)). However, our results suggest that it is
not always the case. The most prevailed AS type in maca is A3SS
(39.62%) rather than IR (23.17%), which is in contrast to most previous
findings (Lida et al., 2004; Ner-Gaon and Fluhr, 2006; Wang and
Brendel, 2006; Barbazuk et al., 2008; Filichkin et al., 2010) (but see
teosinte (Huang et al., 2015)). This could be attributed to various
reasons. AS has previously been thought to be regulated by splicing
enhancers and silencers (Smith and Valcárcel, 2000; Chen and Manley,
2009). Recently, however, increasing evidence indicates that regulation
of AS is a complex process and involves several factors and different
mechanisms (reviewed in (Chen and Manley, 2009)). For example, AS
events are highly associated with epigenetic features (Zhou et al.,
2012). Comparing to un-methylated genes, the gene with methylation
has more AS events, which have been discovered in invertebrate species
(Flores et al., 2012). Thus, although further investigation is needed for a
detailed mechanism, we cannot rule out the possibility that the epige-
netic or DNA methylation features of maca may be unique and sig-
nificantly different from other plant species.

The number of AS events in maca changed a lot under different
conditions (Supplemental Fig. 1), supporting the idea that AS is fre-
quently associated with stress environment (Mazzucotelli et al., 2008).
Alpine environment changes dramatically in a short time. To survive
the unfavorable conditions, plants employ pre-mRNA splicing as a
mechanism to cope with stress via transcriptome plasticity (Dubrovina
et al., 2013). For example, AS genes ratio in wheat increased from 12%

to 40% under drought/heat stress (Liu et al., 2018). AS events were
changed in Arabidopsis (Gan et al., 2011), Vitis vinifera (Vitulo et al.,
2014) and Gossypium davidsonii (Zhu et al., 2018) when they were ex-
posed to stress environments. Thus, the extreme environments in high
altitudes have influenced the AS in maca significantly, which supports
the argument that AS-based mechanisms are crucial in the plant
adaptation to adverse environmental conditions (Dubrovina et al.,
2013).

4.4. The AS coupled to NMD contributed to maca's high-altitude adaptation

We found that most genes under DAS were important components in
NMD, supporting NMD as an essential mechanism for maca to cope
with stress conditions. As a process conserved in eukaryotes, NMD can
recognize and remove erroneous transcripts produced by AS, such as
premature termination codons (PTC)-containing transcripts (Dubrovina
et al., 2013; Arciga-Reyes et al., 2006). Aberrant AS transcripts increase
under stress environments. Thus, plants employ NMD to degrade these
aberrant mRNAs to maintain the stabilization of transcriptome. Both
GO (Supplemental Figs. 2–3) and KEGG results (Fig. 3, Supplemental
Fig. 4) supported that most DAS genes were factors involved in mRNA
surveillance pathway, especially the NMD pathway (Fig. 3). For ex-
ample, the UP-Frameshift protein 1 (UPF1) is an ATP-dependent factor
which switches on mRNA degradation and is essential for normal NMD
function (Kurihara et al., 2009; Kurosaki et al., 2014). UPF1 binds to
UPF2 and UPF3 to format the surveillance complex which triggers its
catalytic domain and helicase activity, and initiated mRNA degradation
(Chakrabarti et al., 2011). These are consistent with GO results, which
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suggest ATPase related genes significantly enriched. Other essential
factors involved in NMD were also discovered in maca transcriptome,
such as eRF1, SMG7 and PP2A. Therefore, NMD pathway may be

crucial for maca to survive the high-altitude environments.
In maca transcriptome, we also discovered SR proteins as another

important component in NMD. Most SR proteins function as bona fide
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splicing factors in plants (Lopato et al., 1999; Ali et al., 2007), which
bind specific splicing enhancer or suppressor sequences in the pre-
mRNA (Erkelenz et al., 2013). By selecting different splice sites, SR
proteins contribute to the AS process significantly (Manley and Tacke,
1996; Valcárcel and Green, 1996). Under stress conditions, SR proteins
could regulate their expression by introducing PTC-containing tran-
scripts, which could be recognized and degraded by NMD (Reddy,
2007; Ding et al., 2014a). In this study, we found 44 orthologous of
Arabidopsis SR genes in maca, out of which 22 SRs were found under AS
(most were classified into SCL subfamily, Supplement Table 2). Our
results match those observed in earlier studies in Arabidopsis (Ding
et al., 2014a) and Gossypium davidsonii (Zhu et al., 2018). Therefore,
rather than regulated directly, these SR proteins in maca may regulate
genes related to stress response mainly via splicing pathways, and may
play critical roles in NMD.

Besides SR proteins, lncRNAs in maca may also play vital roles in AS
regulation under stress conditions. LncRNAs refer to a class of RNAs
that do not encode proteins with total length of > 200 nt. We identified
3396 lncRNAs in maca, which is comparable to other plants (Ou et al.,
2017; Wang et al., 2015; Deng et al., 2018). The basic characteristics of
maca lncRNAs are also similar to other plants (Zhu et al., 2017; Lv
et al., 2016), such as lower expression, shorter ORF length, shorter total
length, and enrichment of single exon transcripts (Fig. 4). Plants re-
spond to external stress not only relied on protein-coding genes
(Mittler, 2006; Hirayama and Shinozaki, 2010), but also relied on
lncRNAs. LncRNA can hijack splicing regulators to modulate AS
(Bardou et al., 2014). Recently, increased lncRNAs with multiple splice
forms in plants have been characterized as stress-responsive pathways,
such as COLDAIR, COOLAIR, LDMAR, At4/IPS1, npc48, and npc536
(Ding et al., 2012; Shin et al., 2006; Franco-Zorrilla et al., 2007; Ben
Amor et al., 2009; Ding et al., 2014b). Here, we identified 172 lncRNAs
in maca under DAS (five examples are illustrated in Fig. 5), 117 of them
have no orthologous in other plants (Supplement Table 3), implying
potential maca-specific lncRNAs. Thus, although more solid molecular
evidence is needed, it is reasonable to speculate that these lncRNAs in
maca may be essential for high-altitude stress responses in an AS
manner.

In summary, AS coupled NMD could be essential for maca to cope
with stress, which is crucial for high-altitude adaptation. Maca up-
regulated plant immunity genes within a day, and up-regulated abiotic
stress responses genes (cold/osmotic stress response genes) from Oct to
Dec. Previous researches have established that plants may employ
NMD-controlled gene expression to coordinate biotic and abiotic stress
response, such as pathogen responses (Rayson et al., 2012), tempera-
ture, drought and salt response (Kalyna et al., 2011). Since important
components, such as lncRNAs and SR proteins, involved in NMD were
identified under DAS/AS, it is safe to conclude that DEGs could be
regulated results of AS coupled to NMD mechanisms in maca's stress
responses. Although further research is needed to clarify the involve-
ment of AS coupled to NMD in maca's stress responses, our data pro-
vided ample evidence for a major function of AS-coupled NMD in
shaping the maca transcriptome, having fundamental implications not
only in eliminating aberrant mRNAs but also in plant stress response
and high-altitude adaptation.

5. Conclusions

In conclusion, we investigated the transcriptional and post-tran-
scriptional mechanism of maca to unveil its alpine plant adaptations. At
transcriptional level, we found that maca root up-regulated plant im-
munity genes during day-time and up-regulated stress tolerance genes
from Oct to Dec. We also found 17 positively selected genes which
could be involved in mitochondrion. At post-transcriptional level, we
found that maca had specifically characterized AS profile, which could
be influenced by stress environments. Importantly, we identified a lot of
components under DAS which are involved in the NMD pathway,

suggested that the AS coupled to NMD would be an essential regulatory
mechanism for maca's stress response and is crucial for high-altitude
adaptation. Here, based on transcriptional and post-transcriptional
evidence, our study offers a valuable insight to understand the adap-
tation of high-altitude plants, and provides invaluable resources to
further explore mechanisms of harsh environment adaptation in plants.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.gene.2018.12.082.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China, China (31571311), by 100 Talents Program of
The Chinese Academy of Sciences, China, and by Postdoctoral Targeted
Funding, Ministry of Human Resources and Social of Yunnan Province,
China. We are grateful to Dr. Weishu Fan in Kunming Institute of
Botany for the kind assistance in manuscript revision. The funders had
no role in study design, data collection and analysis, decision to pub-
lish, or preparation of the manuscript.

Author contributions

Chengjun Zhang and Runguang Xue conceived and designed the
experiments; Zechun Su, Hong Yang and Guihua Jin performed the
experiments and collected the data; Yong Shi, Hong Yang and Wenzhi
Wang analyzed the data; Liangsheng Zhang, Guiqing He contributed
materials; Yong Shi wrote the paper; Abu N. Siddique and Andan Zhu
revised the manuscript; all authors revised and approved the final draft.

Conflicts of interest

The authors declare no conflict of interest.

References

Ali, G.S., Palusa, S.G., Golovkin, M., Prasad, J., Manley, J.L., Reddy, A.S.N., 2007.
Regulation of plant developmental processes by a novel splicing factor. PLoS One 2,
e471.

Alonso-Amelot, M.E., 2008. High altitude plants, chemistry of acclimation and adapta-
tion. Stud. Nat. Prod. Chem. 34, 883–982.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment
search tool. J. Mol. Biol. 215, 403–410.

Anders, S., Huber, W., 2010. Differential expression analysis for sequence count data.
Genome Biol. 11, R106.

Arciga-Reyes, L., Wootton, L., Kieffer, M., Davies, B., 2006. UPF1 is required for nonsense-
mediated mRNA decay (NMD) and RNAi in Arabidopsis. Plant J. 47, 480–489.

Baralle, F.E., Giudice, J., 2017. Alternative splicing as a regulator of development and
tissue identity. Nat. Rev. Mol. Cell Biol. 7, 437–451.

Barbazuk, W.B., Fu, Y., McGinnis, K.M., 2008. Genome-wide analyses of alternative
splicing in plants: opportunities and challenges. Genome Res. 18, 1381–1392.

Bardou, F., Ariel, F., Simpson, C.G., Romero-Barrios, N., Laporte, P., Balzergue, S., Brown,
J.W.S., Crespi, M., 2014. Long noncoding RNA modulates alternative splicing reg-
ulators in Arabidopsis. Dev. Cell 30, 166–176.

Bateman, A., Birney, E., Durbin, R., Eddy, S.R., Howe, K.L., Sonnhammer, E., 2000. The
Pfam protein families database. Nucleic Acids Res. 28, D263–D266.

Ben Amor, B., Wirth, S., Merchan, F., Laporte, P., d'Aubenton-Carafa, Y., Hirsch, J.,
Maizel, A., Mallory, A., Lucas, A., Deragon, J.M., Vaucheret, H., Thermes, C., Crespi,
M., 2009. Novel long non-protein coding RNAs involved in Arabidopsis differentiation
and stress responses. Genome Res. 19, 57–69.

Billngs, W.D., Mooney, H.A., 1959. An apparent frost hummock-sorted polygon cycle in
the alpine tundra of Wyoming. Ecology 40, 16–20.

Billngs, W.D., Mooney, H.A., 1968. The ecology of arctic and alpine plants. Biol. Rev. 43,
481–529.

Bliss, L.C., 1971. Arctic and alpine plant life cycles. Annu. Rev. Ecol. Evol. Syst. 2,
405–438.

Chakrabarti, S., Jayachandran, U., Bonneau, F., Fiorini, F., Basquin, C., Domcke, S., Le
Hir, H., Conti, E., 2011. Molecular mechanisms for the RNA-dependent ATPase ac-
tivity of Upf1 and its regulation by Upf2. Mol. Cell 41, 693–703.

Chang, C.-Y., Lin, W.-D., Tu, S.-L., 2014. Genome-wide analysis of heat-sensitive alter-
native splicing in Physcomitrella patens. Plant Physiol. 165, 826–840.

Chen, M., Manley, J.L., 2009. Mechanisms of alternative splicing regulation: insights from
molecular and genomics approaches. Nat. Rev. Mol. Cell Biol. 10, 741–754.

Covello, P.S., Gray, M.W., 1989. RNA editing in plant-mitochondria. Nature 341,
662–666.

Cruz, T.M.D., Carvalho, R.F., Richardson, D.N., Duque, P., 2014. Abscisic acid (ABA)

Y. Shi et al. Gene 694 (2019) 7–18

16

https://doi.org/10.1016/j.gene.2018.12.082
https://doi.org/10.1016/j.gene.2018.12.082
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0005
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0005
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0005
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0010
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0010
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0015
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0015
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0020
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0020
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0025
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0025
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0030
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0030
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0035
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0035
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0040
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0040
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0040
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0045
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0045
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0050
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0050
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0050
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0050
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0055
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0055
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0060
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0060
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0065
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0065
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0070
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0070
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0070
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0075
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0075
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0080
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0080
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0085
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0085
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0090


regulation of Arabidopsis SR protein gene expression. Int. J. Mol. Sci. 15,
17541–17564.

Deng, F., Zhang, X., Wang, W., Yuan, R., Shen, F., 2018. Identification of Gossypium
hirsutum long non-coding RNAs (lncRNAs) under salt stress. BMC Plant Biol. 18, 23.

Dennis, G., Sherman, B.T., Hosack, D.A., Yang, J., Gao, W., Lane, H.C., Lempicki, R.A.,
2003. DAVID: database for annotation, visualization, and integrated discovery.
Genome Biol. 4, P3.

Ding, J., Lu, Q., Ouyang, Y., Mao, H., Zhang, P., Yao, J., Xu, C., Li, X., Xiao, J., Zhang, Q.,
2012. A long noncoding RNA regulates photoperiod-sensitive male sterility, an es-
sential component of hybrid rice. Proc. Natl. Acad. Sci. U. S. A. 109, 2654–2659.

Ding, F., Cui, P., Wang, Z., Zhang, S., Ali, S., Xiong, L., 2014a. Genome-wide analysis of
alternative splicing of pre-mRNA under salt stress in Arabidopsis. BMC Genomics 15,
431.

Ding, Y., Tang, Y., Kwok, C.K., Zhang, Y., Bevilacqua, P.C., Assmann, S.M., 2014b. In vivo
genome-wide profiling of RNA secondary structure reveals novel regulatory features.
Nature 505, 696–700.

Dubrovina, A.S., Kiselev, K.V., Zhuravlev, Y.N., 2013. The role of canonical and non-
canonical pre-mRNA splicing in plant stress responses. Biomed. Res. Int. 2013,
264314.

Erkelenz, S., Mueller, W.F., Evans, M.S., Busch, A., Schoeneweis, K., Hertel, K.J., Schaal,
H., 2013. Position-dependent splicing activation and repression by SR and hnRNP
proteins rely on common mechanisms. RNA 19, 96–102.

Fawcett, J.A., Van de Peer, Y., 2010. Angiosperm polyploids and their road to evolu-
tionary success. Trends Evol. Biol. 2, e3.

Filichkin, S.A., Priest, H.D., Givan, S.A., Shen, R., Bryant, D.W., Fox, S.E., Wong, W.K.,
Mockler, T.C., 2010. Genome-wide mapping of alternative splicing in Arabidopsis
thaliana. Genome Res. 20, 45–58.

Flores, K., Wolschin, F., Corneveaux, J.J., Allen, A.N., Huentelman, M.J., Amdam, G.V.,
2012. Genome-wide association between DNA methylation and alternative splicing in
an invertebrate. BMC Genomics 13, 480.

Foissac, S., Sammeth, M., 2007. ASTALAVISTA: dynamic and flexible analysis of alter-
native splicing events in custom gene datasets. Nucleic Acids Res. 35, W297–W299.

Franco-Zorrilla, J.M., Valli, A., Todesco, M., Mateos, I., Puga, M.I., Rubio-Somoza, I.,
Leyva, A., Weigel, D., Garcia, J.A., Paz-Ares, J., 2007. Target mimicry provides a new
mechanism for regulation of microRNA activity. Nat. Genet. 39, 1033–1037.

Gan, X., Stegle, O., Behr, J., Steffen, J.G., Drewe, P., Hildebrand, K.L., Lyngsoe, R.,
Schultheiss, S.J., Osborne, E.J., Sreedharan, V.T., Kahles, A., Bohnert, R., Jean, G.,
Derwent, P., Kersey, P., Belfield, E.J., Harberd, N.P., Kemen, E., Toomajian, C., Kover,
P.X., Clark, R.M., Raetsch, G., Mott, R., 2011. Multiple reference genomes and
transcriptomes for Arabidopsis thaliana. Nature 477, 419–423.

Graveley, B.R., Hertel, K.J., Maniatis, T., 1999. SR proteins are “locators” of the RNA
splicing machinery. Curr. Biol. 9, R6–R7.

Gray, M.W., 2012. Evolutionary origin of RNA editing. Biochemistry 51, 5235–5242.
Gutterson, N., Reuber, T.L., 2004. Regulation of disease resistance pathways by AP2/ERF

transcription factors. Curr. Opin. Plant Biol. 7, 465–471.
Hagerup, O., 1932. Über Polyploidie in Beziehung zu Klima, Ökologie und Phylogenie.

Hereditas 16, 19–40.
Harsch, M.A., Hulme, P.E., McGlone, M.S., Duncan, R.P., 2009. Are treelines advancing?

A global meta-analysis of treeline response to climate warming. Ecol. Lett. 12,
1040–1049.

Hirayama, T., Shinozaki, K., 2010. Research on plant abiotic stress responses in the post-
genome era: past, present and future. Plant J. 61, 1041–1052.

Huang, J., Gao, Y., Jia, H., Liu, L., Zhang, D., Zhang, Z., 2015. Comparative tran-
scriptomics uncovers alternative splicing changes and signatures of selection from
maize improvement. BMC Genomics 16, 363.

Jia, Y., Liu, M.-L., Yue, M., Zhao, Z., Zhao, G.-F., Li, Z.-H., 2017. Comparative tran-
scriptome analysis reveals adaptive evolution of Notopterygium incisum and
Notopterygium franchetii, two high-alpine herbal species endemic to China. Molecules
22, 1158.

Kalyna, M., Simpson, C.G., Syed, N.H., Lewandowska, D., Marquez, Y., Kusenda, B.,
Marshall, J., Fuller, J., Cardle, L., McNicol, J., Dinh, H.Q., Barta, A., Brown, J.W.S.,
2011. Alternative splicing and nonsense-mediated decay modulate expression of
important regulatory genes in Arabidopsis. Nucleic Acids Res. 40, 2454–2469.

Kent, W.J., 2002. BLAT - the BLAST-like alignment tool. Genome Res. 12, 656–664.
Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., Salzberg, S.L., 2013. TopHat2:

accurate alignment of transcriptomes in the presence of insertions, deletions and gene
fusions. Genome Biol. 14, R36.

Kong, L., Zhang, Y., Ye, Z.-Q., Liu, X.-Q., Zhao, S.-Q., Wei, L., Gao, G., 2007. CPC: assess
the protein-coding potential of transcripts using sequence features and support vector
machine. Nucleic Acids Res. 35, W345–W349.

Kurihara, Y., Matsui, A., Hanada, K., Kawashima, M., Ishida, J., Morosawa, T., Tanaka,
M., Kaminuma, E., Mochizuki, Y., Matsushima, A., Toyoda, T., Shinozaki, K., Seki, M.,
2009. Genome-wide suppression of aberrant mRNA-like noncoding RNAs by NMD in
Arabidopsis. Proc. Natl. Acad. Sci. U. S. A. 106, 2453–2458.

Kurihara-Yonemoto, S., Handa, H., 2001. Low temperature affects the processing pattern
and RNA editing status of the mitochondrial cox2 transcripts in wheat. Curr. Genet.
40, 203–208.

Kurosaki, T., Li, W., Hoque, M., Popp, M.W.L., Ermolenko, D.N., Tian, B., Maquat, L.E.,
2014. A post-translational regulatory switch on UPF1 controls targeted mRNA de-
gradation. Genes Dev. 28, 1900–1916.

Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–359.

Levitt, J., 1980. Responses of Plants to Environmental Stresses, 2nd ed. Academic Press,
New York, USA.

Lida, K., Seki, M., Sakurai, T., Satou, M., Akiyama, K., Toyoda, T., Konagaya, A.,
Shinozaki, K., 2004. Genome-wide analysis of alternative pre-mRNA splicing in

Arabidopsis thaliana based on full-length cDNA sequences. Nucleic Acids Res. 32,
5096–5103.

Liu, Z., Qin, J., Tian, X., Xu, S., Wang, Y., Li, H., Wang, X., Peng, H., Yao, Y., Hu, Z., Ni, Z.,
Xin, M., Sun, Q., 2018. Global profiling of alternative splicing landscape responsive to
drought, heat and their combination in wheat (Triticum aestivum L.). Plant Biotechnol.
J. 16, 714–726.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2−ΔΔCT method. Methods 25, 402–408.

Lopato, S., Gattoni, R., Fabini, G., Stevenin, J., 1999. A novel family of plant splicing
factors with a Zn knuckle motif: examination of RNA binding and splicing activities.
Plant Mol. Biol. 39, 761–773.

Lv, Y., Liang, Z., Ge, M., Qi, W., Zhang, T., Lin, F., Peng, Z., Zhao, H., 2016. Genome-wide
identification and functional prediction of nitrogen-responsive intergenic and in-
tronic long non-coding RNAs in maize (Zea mays L.). BMC Genomics 17, 350.

Mandadi, K.K., Scholthof, K.-B.G., 2015. Genome-wide analysis of alternative splicing
landscapes modulated during plant-virus interactions in Brachypodium distachyon.
Plant Cell 27, 71–85.

Manley, J.L., Tacke, R., 1996. SR proteins and splicing control. Genes Dev. 10,
1569–1579.

Marquez, Y., Brown, J.W.S., Simpson, C., Barta, A., Kalyna, M., 2012. Transcriptome
survey reveals increased complexity of the alternative splicing landscape in
Arabidopsis. Genome Res. 22, 1184–1195.

Mazzucotelli, E., Mastrangelo, A.A., Crosatti, C., Guerra, D., Stanca, A.M., Cattivelli, L.,
2008. Abiotic stress response in plants: when post-transcriptional and post-transla-
tional regulations control transcription. Plant Sci. 174, 420–431.

Melnikovova, I., Fait, T., Kolarova, M., Fernandez, E.C., Milella, L., 2015. Effect of
Lepidium meyenii Walp. on semen parameters and serum hormone levels in healthy
adult men: a double-blind, randomized, placebo-controlled pilot study. Evid. Based
Complement. Alternat. Med. 2015, 1–6.

Mittler, R., 2006. Abiotic stress, the field environment and stress combination. Trends
Plant Sci. 11, 15–19.

Ner-Gaon, H., Fluhr, R., 2006. Whole-genome microarray in Arabidopsis facilitates global
analysis of retained introns. DNA Res. 13, 111–121.

Ou, L., Liu, Z., Zhang, Z., Wei, G., Zhang, Y., Kang, L., Yang, B., Yang, S., Lv, J., Liu, Y.,
Chen, W., Dai, X., Li, X., Zhou, S., Ma, Y., Zou, X., 2017. Noncoding and coding
transcriptome analysis reveals the regulation roles of long noncoding RNAs in fruit
development of hot pepper (Capsicum annuum L.). Plant Growth Regul. 83, 141–156.

Pandey, S.P., Somssich, I.E., 2009. The role of WRKY transcription factors in plant im-
munity. Plant Physiol. 150, 1648–1655.

Rayson, S., Arciga-Reyes, L., Wootton, L., Zabala, M.D.T., Truman, W., Graham, N., Grant,
M., Davies, B., 2012. A role for nonsense-mediated mRNA decay in plants: pathogen
responses are induced in Arabidopsis thaliana NMD mutants. PLoS One 7, E31917.

Reddy, A.S.N., 2007. Alternative splicing of pre-messenger RNAs in plants in the genomic
era. Annu. Rev. Plant Biol. 58, 267–294.

Rodriguez-Hernandez, D., Oliveros-Bastidas, A., Alonso-Amelot, M.E., Pia Calcagno-
Pissarelli, M., 2014. Diterpene foliar exudates of Blakiella bartsiifolia and phytotoxi-
city of clerodanes. Nat. Prod. Commun. 9, 1407–1412.

Shen, S., Park, J.W., Lu, Z.-X., Lin, L., Henry, M.D., Wu, Y.N., Zhou, Q., Xing, Y., 2014.
rMATS: robust and flexible detection of differential alternative splicing from replicate
RNA-Seq data. Proc. Natl. Acad. Sci. U. S. A. 111, 5593–5601.

Shen, C., Li, D., He, R., Fang, Z., Xia, Y., Gao, J., Shen, H., Cao, M., 2014a. Comparative
transcriptome analysis of RNA-seq data for cold-tolerant and cold-sensitive rice
genotypes under cold stress. J. Plant Biol. 57, 337–348.

Shen, Y., Zhou, Z., Wang, Z., Li, W., Fang, C., Wu, M., Ma, Y., Liu, T., Kong, L.-A., Peng,
D.-L., Tian, Z., 2014b. Global dissection of alternative splicing in paleopolyploid
soybean. Plant Cell 26, 996–1008.

Shikanai, T., 2006. RNA editing in plant organelles: machinery, physiological function
and evolution. Cell. Mol. Life Sci. 63, 698–708.

Shin, H., Shin, H.S., Chen, R., Harrison, M.J., 2006. Loss of At4 function impacts phos-
phate distribution between the roots and the shoots during phosphate starvation.
Plant J. 45, 712–726.

Smith, H.C., Gott, J.M., Hanson, M.R., 1997. A guide to RNA editing. RNA 3, 1105–1123.
Smith, C.W., Valcárcel, J., 2000. Alternative pre-mRNA splicing: the logic of combina-

torial control. Trends Biochem. Sci. 25, 381–388.
Stebbins, G.L., 1966. Chromosomal variation and evolution; polyploidy and chromosome

size and number shed light on evolutionary processes in higher plants. Science 152,
1463–1469.

Stoecklin, J., Kuss, P., Pluess, A.R., 2009. Genetic diversity, phenotypic variation and
local adaptation in the alpine landscape: case studies with alpine plant species. Bot.
Helv. 119, 125–133.

Su, Z., Wang, J., Yu, J., Huang, X., Gu, X., 2005. Evolution of alternative splicing after
gene duplication. Genome Res. 16, 182–189.

Sun, L., Luo, H., Bu, D., Zhao, G., Yu, K., Zhang, C., Liu, Y., Chen, R., Zhao, Y., 2013.
Utilizing sequence intrinsic composition to classify protein-coding and long non-
coding transcripts. Nucleic Acids Res. 41 (E166-E166).

Thatcher, S.R., Zhou, W., Leonard, A., Wang, B.B., Beatty, M., Zastrow-Hayes, G., Zhao,
X., Baumgarten, A., Li, B., 2014. Genome-wide analysis of alternative splicing in Zea
mays: landscape and genetic regulation. Plant Cell 26, 3472–3487.

Tian, T., Liu, Y., Yan, H., You, Q., Yi, X., Du, Z., Xu, W., Su, Z., 2017. agriGO v2.0: a GO
analysis toolkit for the agricultural community, 2017 update. Nucleic Acids Res. 45,
W122–W129.

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J.,
Salzberg, S.L., Wold, B.J., Pachter, L., 2010. Transcript assembly and quantification
by RNA-Seq reveals unannotated transcripts and isoform switching during cell dif-
ferentiation. Nat. Biotechnol. 28, 511–515.

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D.R., Pimentel, H., Salzberg,

Y. Shi et al. Gene 694 (2019) 7–18

17

http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0090
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0090
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0095
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0095
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0100
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0100
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0100
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0105
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0105
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0105
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0110
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0110
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0110
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0115
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0115
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0115
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0120
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0120
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0120
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0125
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0125
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0125
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0130
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0130
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0135
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0135
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0135
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0140
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0140
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0140
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0145
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0145
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0150
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0150
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0150
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0155
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0155
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0155
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0155
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0155
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0160
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0160
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0165
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0170
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0170
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0175
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0175
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0180
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0180
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0180
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0185
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0185
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0190
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0190
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0190
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0195
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0195
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0195
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0195
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0200
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0200
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0200
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0200
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0205
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0210
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0210
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0210
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0215
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0215
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0215
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0220
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0220
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0220
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0220
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0225
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0225
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0225
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0230
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0230
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0230
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0235
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0235
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0240
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0240
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0245
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0245
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0245
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0245
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0250
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0250
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0250
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0250
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0255
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0255
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0260
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0260
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0260
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0265
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0265
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0265
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0270
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0270
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0270
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0275
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0275
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0280
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0280
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0280
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0285
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0285
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0285
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0290
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0290
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0290
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0290
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0295
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0295
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0300
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0300
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0305
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0305
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0305
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0305
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0310
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0310
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0315
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0315
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0315
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0320
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0320
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0325
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0325
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0325
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0330
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0330
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0330
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0335
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0335
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0335
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0340
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0340
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0340
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0345
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0345
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0350
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0350
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0350
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0355
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0360
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0360
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0365
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0365
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0365
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0370
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0370
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0370
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0375
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0375
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0380
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0380
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0380
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0385
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0385
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0385
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0390
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0390
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0390
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0395
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0395
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0395
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0395
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0400


S.L., Rinn, J.L., Pachter, L., 2012. Differential gene and transcript expression analysis
of RNA-seq experiments with TopHat and cufflinks. Nat. Protoc. 7, 562–578.

Valcárcel, J., Green, M.R., 1996. The SR protein family: pleiotropic functions in pre-
mRNA splicing. Trends Biochem. Sci. 21, 296–301.

Vitulo, N., Forcato, C., Carpinelli, E.C., Telatin, A., Campagna, D., D'Angelo, M., Zimbello,
R., Corso, M., Vannozzi, A., Bonghi, C., Lucchin, M., Valle, G., 2014. A deep survey of
alternative splicing in grape reveals changes in the splicing machinery related to
tissue, stress condition and genotype. BMC Plant Biol. 14, 99.

Wang, B.B., Brendel, V., 2006. Genome wide comparative analysis of alternative splicing
in plants. Proc. Natl. Acad. Sci. U. S. A. 103, 7175–7180.

Wang, X., Basnayake, B.M.V.S., Zhang, H., Li, G., Li, W., Virk, N., Mengiste, T., Song, F.,
2009. The Arabidopsis ATAF1, a NAC transcription factor, is a negative regulator of
defense responses against necrotrophic fungal and bacterial pathogens. Mol. Plant-
Microbe Interact. 22, 1227–1238.

Wang, J., Yu, W., Yang, Y., Li, X., Chen, T., Liu, T., Ma, N., Yang, X., Liu, R., Zhang, B.,
2015. Genome-wide analysis of tomato long non-coding RNAs and identification as
endogenous target mimic for microRNA in response to TYLCV infection. Sci. Rep. 5,
16946.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer.
Yu, G., Wang, L.-G., Han, Y., He, Q.-Y., 2012. ClusterProfiler: an R package for comparing

biological themes among gene clusters. OMICS 16, 284–287.
Zhang, Z., Li, J., Zhao, X.-Q., Wang, J., Wong, G.K.-S., Yu, J., 2006. KaKs_Calculator:

calculating Ka and Ks through model selection and model averaging. Genomics
Proteomics Bioinformatics 4, 259–263.

Zhang, G., Guo, G., Hu, X., Zhang, Y., Li, Q., Li, R., Zhuang, R., Lu, Z., He, Z., Fang, X.,
Chen, L., Tian, W., Tao, Y., Kristiansen, K., Zhang, X., Li, S., Yang, H., Wang, J., 2010.
Deep RNA sequencing at single base-pair resolution reveals high complexity of the
rice transcriptome. Genome Res. 20, 646–654.

Zhang, C., Wang, J., Long, M., Fan, C., 2013. gKaKs: the pipeline for genome-level Ka/Ks
calculation. Bioinformatics 29, 645–646.

Zhang, J., Tian, Y., Yan, L., Zhang, G., Wang, X., Zeng, Y., Zhang, J., Ma, X., Tan, Y., Long,
N., Wang, Y., Ma, Y., He, Y., Xue, Y., Hao, S., Yang, S., Wang, W., Zhang, L., Dong, Y.,
Chen, W., Sheng, J., 2016a. Genome of plant maca (Lepidium meyenii) illuminates
genomic basis for high-altitude adaptation in the Central Andes. Mol. Plant 9,
1066–1077.

Zhang, C., Yang, H., Yang, H., 2016b. Evolutionary character of alternative splicing in
plants. Bioinf. Biol. Insights 9, 47–52.

Zhou, Y., Lu, Y., Tian, W., 2012. Epigenetic features are significantly associated with
alternative splicing. BMC Genomics 13, 123.

Zhu, Y., Chen, L., Zhang, C., Hao, P., Jing, X., Li, X., 2017. Global transcriptome analysis
reveals extensive gene remodeling, alternative splicing and differential transcription
profiles in non-seed vascular plant Selaginella moellendorffii. BMC Genomics 18, 1042.

Zhu, G., Li, W., Zhang, F., Guo, W., 2018. RNA-seq analysis reveals alternative splicing
under salt stress in cotton, Gossypium davidsonii. BMC Genomics 19, 73.

Y. Shi et al. Gene 694 (2019) 7–18

18

http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0400
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0400
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0405
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0405
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0410
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0410
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0410
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0410
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0415
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0415
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0420
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0420
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0420
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0420
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0425
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0425
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0425
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0425
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0430
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0435
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0435
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0440
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0440
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0440
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0445
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0445
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0445
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0445
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0450
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0450
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0455
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0455
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0455
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0455
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0455
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0460
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0460
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0465
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0465
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0470
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0470
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0470
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0475
http://refhub.elsevier.com/S0378-1119(19)30082-4/rf0475

	Alternative splicing coupled to nonsense-mediated mRNA decay contributes to the high-altitude adaptation of maca (Lepidium meyenii)
	Introduction
	Materials and methods
	Plant material collection and RNA extraction
	Library construction and Illumina sequencing
	Transcriptome assembly of maca root
	Differential expression genes analysis
	Identification of positively selected genes
	Alternative splicing events and differential alternative splicing events
	Identification of long non-coding RNAs under differential alternative splicing
	Gene annotation and enrichment
	Real-time quantitative PCR verifications

	Results
	Transcriptome assembly of RNA-seq datasets
	Identification of differential expressed genes of maca root
	Filtration of positively selected genes
	Alternative splicing events in maca
	Identification of serine/arginine-rich proteins under alternative splicing
	Identification of long non-coding RNAs under differential alternative splicing
	Validation by real-time quantitative PCR

	Discussion
	The DEGs of maca root within a day and among three months
	Identification of positively selected genes
	The alternative splicing of maca
	The AS coupled to NMD contributed to maca's high-altitude adaptation

	Conclusions
	Acknowledgements
	Author contributions
	Conflicts of interest
	References




