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Abstract

Background: Long non-coding RNAs (lncRNAs) are involved in variable cleavage, transcriptional interference,
regulation of DNA methylation and protein modification. However, the regulation of lncRNAs in plant somatic
embryos remains unclear. The longan (Dimocarpus longan) somatic embryogenesis (SE) system is a good system for
research on longan embryo development.

Results: In this study, 7643 lncRNAs obtained during early SE in D. longan were identified by high-throughput
sequencing, among which 6005 lncRNAs were expressed. Of the expressed lncRNAs, 4790 were found in all
samples and 160 were specifically expressed in embryogenic callus (EC), 154 in incomplete embryogenic compact
structures (ICpECs), and 376 in globular embryos (GEs). We annotated the 6005 expressed lncRNAs, and 1404
lncRNAs belonged to 506 noncoding RNA (ncRNA) families and 4682 lncRNAs were predicted to target protein-
coding genes. The target genes included 5051 cis-regulated target genes (5712 pairs) and 1605 trans-regulated
target genes (3618 pairs). KEGG analysis revealed that most of the differentially expressed target genes (mRNAs) of
the lncRNAs were enriched in the “plant-pathogen interaction” and “plant hormone signaling” pathways during
early longan SE. Real-time quantitative PCR confirmed that 20 selected lncRNAs showed significant differences in
expression and that five lncRNAs were related to auxin response factors. Compared with the FPKM expression
trends, 16 lncRNA expression trends were the same in qPCR. In lncRNA-miRNA-mRNA relationship prediction, 40
lncRNAs were predicted to function as eTMs for 15 miRNAs and 7 lncRNAs were identified as potential miRNA
precursors. In addition, we verified the lncRNA-miRNA-mRNA regulatory relationships by transient expression of
miRNAs (miR172a, miR159a.1 and miR398a).

Conclusion: Analyses of lncRNAs during early longan SE showed that differentially expressed lncRNAs were
involved in expression regulation at each SE stage, and may form a regulatory network with miRNAs and mRNAs.
These findings provide new insights into lncRNAs and lay a foundation for future functional analysis of lncRNAs
during early longan SE.
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Background
The long noncoding RNAs (lncRNAs), which are non-
coding RNAs over 200 nt in length, are devoid of open
reading frames (ORFs) and are mainly transcribed by
RNA polymerase II (Pol II). lncRNAs are spliced and
have a cap structure with a poly A tail, lncRNAs have
lower expression levels of sequence conservation than
protein-coding mRNAs [1]. lncRNAs come from the
intergenic, intronic or coding gene regions in the sense
and antisense directions. According to their genomic
transcriptional positions, lncRNAs can be grouped into
three classes: antisense, intronic, and intergenic. It has
been reported that lncRNAs play important regulatory
roles at the gene transcriptional [2], post-transcriptional
[3], translational [4] and epigenetic [5, 6] levels, and are
involved in variable cleavage, transcriptional interfer-
ence, regulation of DNA methylation and protein modi-
fication. Interactions between lncRNAs and microRNAs
(miRNAs) are also widespread. Cai et al. (2007) identi-
fied an endogenously expressed 23-nt miRNA derived
from lncRNA H19 in human keratinocytes and neonatal
mice, and demonstrated that H19 could be used as a pri-
mary miRNA precursor [7]. Moreover, some lncRNAs
have miRNA-binding sites and can function as endogen-
ous target mimics (eTMs) of miRNAs [8]. In regard to
embryogenesis, some lncRNAs identified in mice were
found to not only be controlled by embryonic stem cell
transcription factors but also regulated by the mice em-
bryonic development status [9]. In plants, lncRNAs have
been found to regulate growth and development [10],
reproductive development [11] and stress responses [12].
However, while there have been a few reports on the
regulation of lncRNAs in animal embryos, studies on
lncRNAs in plant somatic embryogenesis (SE) have not
been reported to date.
Longan (Dimocarpus longan Lour.) is an important

fruit tree that originated in southern China and Vietnam,
and has a wealth of pharmacological uses such as in
antioxidants, hypoglycemic drugs and nervous system
regulators [13] besides supplying fruit. Longan embryo
development largely influences seed size, fruit set, fruit
quality and yield. In-depth embryological studies of lon-
gan are of great significance for the longan industry [14].
A longan SE system established by Lai et al. [15] is
considered an excellent model systems for woody plants
SE. Recently, our laboratory has conducted systematic
research on non-coding RNAs during early longan SE,
mainly focusing on miRNAs. A total of 643 conserved
and 29 novel miRNAs (including star strands) of 169
miRNA families were identified during longan SE [16].
The molecular mechanisms of miR167 [17], miR390 [18]
and miR160 [19] in the regulation of the auxin response
factors were demonstrated in longan SE. In addition,
miR159 family members [20] and miR171 [21], which

are involved in flower organ formation, were found to
have the most stable expression among miRNAs at
different developmental stages of longan SE [22]. In
2013, our laboratory constructed a cDNA library from a
longan friable-embryogenic callus RNA sample and a
large number of specific genes were identified [23]. All
of these studies were focused on miRNAs and mRNAs
in longan. Now, however, with the release of longan
genome data from our laboratory [24], investigation of
the regulatory roles of lncRNAs in longan SE has
become possible. Therefore, based on the longan SE
system and Illumina HiSeq sequencing platform, we
isolated and identified lncRNAs from three samples of
early longan SE, i.e., embryogenic callus (EC), incom-
plete embryogenic compact structures (ICpECs), and
globular embryos (GEs). We explored the functions of
the lncRNAs and their target genes in the three samples
and speculated that lncRNAs might participate in the
developmental process, and then predicted the regula-
tion of lncRNAs, miRNAs and lncRNAs during early
longan SE. Finally, qPCR assays and transient overex-
pression or inhibition of expression techniques were
used to validate key lncRNAs, miRNAs and mRNAs.
The results enhance our understanding of the regulation
of lncRNAs and provide valuable information for re-
search on lncRNAs during early longan SE.

Results
Illumina sequencing and identification of lncRNAs during
early SE in longan
To investigate the regulatory roles of lncRNAs during
early longan SE, lncRNAs obtained from EC, ICpEC and
GE samples of longan were sequenced by Illumina HiSeq
sequencing. An average of 195,823,419 original sequences
were obtained per sample. From 12.69 Gb data, 45,124
transcripts were detected among the clean reads. We
distinguished between mRNAs and lncRNAs based on
transcriptional codes. In total, 7643 novel lncRNAs,
16,162 novel mRNAs, and 31,007 known mRNAs were
identified (Additional file 1); all lncRNAs identified in our
research were novel lncRNAs.
It has been reported that compared with protein-

coding genes, lncRNAs are shorter and have smaller
numbers of exons in plants [25]. The length and exon
number distributions of the 7643 lncRNAs in all three
early stages of SE were compared with those of all
47,169 predicted mRNAs. The results showed that
83.04% of lncRNAs were 0–2000 bp, 12.64% were 2000–
4000 bp, and only 4.32% were > 4000 bp in length, By
contrast, 7.19% of mRNAs were > 4000 bp, 65.13% were
0–2000 bp, and 25.64% were 2000–4000 bp in length
(Fig. 1a). Notably, 74.39% of lncRNAs in the early longan
SE samples contained only one or two exons, whereas
the number of exons in 82.41% of the mRNAs ranged
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from 1 to 10. In contrast to protein-coding genes, the
lncRNAs had a smaller number of exons (Fig. 1b).
RNA-Seq expression analysis revealed that among the

7643 lncRNAs and 47,169 mRNAs identified, 6005 novel
lncRNAs, 15,233 novel mRNAs, and 23,886 known
mRNAs were expressed in the three samples. Of the
6005 expressed lncRNAs, 5254 were detected in the EC
stage, 5320 in the ICpEC stage, and 5568 in the GE
stage. Additionally, 4790 lncRNAs were shared among
the three samples and 160 lncRNAs were specifically
expressed in EC, 154 in ICpEC, and 376 in GE. The
number of lncRNAs and specific lncRNAs identified at
the GE stage was the highest (Fig. 1c).

LncRNA classification and family annotation in longan
early SE
According to the locations of the nearest protein coding
genes, 3422 of the 6005 expressed lncRNAs were

classified into three categories: intergenic lncRNAs with-
out any overlap with protein-coding genes, intragenic
lncRNAs positioned in protein-coding loci, and antisense
lncRNAs overlapping with exons of a protein-coding
transcript on the opposite strand [26, 27]. Of the 3422
lncRNAs, 93.37% were intergenic, 0.38% were intragenic,
and 6.25% were antisense (Fig. 1d).
lncRNAs are divided into distinct ncRNA families

based on the evolutionarily conserved secondary struc-
ture of the RNA, the cis-acting elements of mRNA,
other RNA elements, and the common ancestors of
ncRNAs. We annotated 6005 lncRNAs (Additional file 2),
among which 1404 lncRNAs belonged to 506 ncRNA
families, with 1766 groups (a lncRNA could be annotated
as belonging to multiple families). Of these 1766 groups,
53.63% were annotated as miRNA families, 25.50% as
snoRNA families, and 4.99% as sRNA families. Only
5.06% were annotated as lncRNAs families, including the

Fig. 1 Characterization of lncRNAs during early longan SE. a Length distribution; lncRNAs are shorter than protein-coding genes. b Exon number;
lncRNAs have less exons in longan. c Venn diagram showing the specifically expressed lncRNAs in the EC, ICpEC and GE samples. d Classification
of lncRNAs by genomic location (intergenic, intragenic and antisense)
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oxidative stress-induced adapt33 family [28, 29], the
DLX6 family involved in embryonic organogenesis [30]
and the methylated KCNQ1OT1–1 family [31]. The
remaining groups were annotated as the virus-associated
families Corona-pk3 [32], flavi-FSE [33] and HIV [34].

Differential expression of mRNAs and lncRNAs during
longan early SE
In this study, we detected 39,119 genes encoding
proteins associated with longan SE in three samples, and
determined the expression levels of these genes by
Fragments per Kilobase per Million (FPKM) mapped
reads values. Large-scale expression profiling through
FPKM values showed that the number of differentially
expressed mRNAs was 3877 in EC vs. ICpEC, 7746 in
ICpEC vs. GE and 9222 in EC vs. GE. Compared with
EC, 5317 mRNAs were up-regulated and 3905 mRNAs
were down-regulated in GE, and 2057 mRNAs were
up-regulated and 1820 mRNAs were down-regulated in
ICpEC. Compared with ICpEC, 4728 mRNAs were
up-regulated and 3018 mRNAs were down-regulated
(Fig. 2a).
In the significant difference analysis of the 6005

lncRNAs, we found that the number of significantly
differentially expressed lncRNAs in EC vs. GE was
greater than that in EC vs. ICpEC and ICpEC vs. GE
(Fig. 2b). During early longan SE, 1259 and 335 lncRNAs
were significantly expressed in EC vs. GE and EC vs.
ICpEC, respectively. Compared with EC, 802 of 1259
lncRNAs were up-regulated and the other 457 lncRNAs
were down-regulated in GE, and 229 of 335 lncRNAs
were up-regulated and the other 106 lncRNAs were
down-regulated in ICpEC. There were 1028 significantly
differentially expressed lncRNAs in ICpEC vs. GE.
Compared with ICpEC, 604 of the 1028 lncRNAs were
up-regulated and the other 424 lncRNAs were
down-regulated in GE.
The lncRNAs showed different expression trends

during longan early SE according to the FPKM values.
In this study, the expression of 3680 lncRNAs over time
was analyzed based on their expression levels in
different SE stages to identify expression trends. As
shown in Fig. 2c, the expression trends of the 3680
lncRNAs in the three samples were divided into nine
major categories. The expression levels of 273
lncRNAs, which accounted for 7.42% of the total
lncRNAs, from the first category were lower in the
ICpEC stage than in the EC and GE stages. The
lncRNAs in the fifth (386 lncRNAs) and seventh (361
lncRNAs) categories were expressed at higher levels
in the ICpEC stage than in the other stages. The
lncRNAs in the second and fourth categories showed
stable expression from the EC to ICpEC stage. The
second category included 369 lncRNAs (9.89% of the

total) whose expression decreased in the GE stage.
The fourth category contained 688 lncRNAs (18.70%
of the total) whose expression increased in the GE
stage. The third and sixth categories showed two
completely opposite trends: the 477 lncRNAs (12.96%
of the total) classified into the third category exhib-
ited higher expression levels in the GE stage, whereas
the 340 lncRNAs (9.24% of the total) classified into
the sixth category showed higher expression levels in
the EC stage. The lncRNAs in the eighth and ninth
categories showed stable expression from the ICpEC
to the GE stage, but the 417 lncRNAs (11.33% of the
total) classified into the eighth category exhibited
lower expression levels in the EC stage, while the 373
lncRNAs (10.14% of the total) classified into the ninth
category exhibited higher expression levels in the EC
stage. The lncRNAs in the second, fourth, and eighth
categories were accumulated from the EC to the GE
stage, indicating that the related lncRNAs in these
three categories contributed to the formation of the
GE stage. The expression decrease from the EC to
GE stage in the sixth and ninth categories indicated
that the lncRNAs in these two categories were mainly
involved in the maintenance of the EC stage. The
lncRNAs in the second, fifth and seventh categories
were highly expressed in the ICpEC stage, and these
lncRNAs were possibly involved in ICpEC morpho-
genesis. The specific lncRNA data for early longan SE
suggested the lncRNAs were involved in regulation at
each SE stage.

Longan lncRNA target prediction and functional annotation
The potential target genes of the lncRNAs were pre-
dicted according to their regulatory methods, which
were divided into cis- and trans-regulation. Of the 6005
lncRNAs, only 4682 lncRNAs were predicted to target
protein-coding genes, including 5051 cis-regulated target
genes (5712 pairs) and 1605 trans-regulated target genes
(3618 pairs) (Additional file 3).
Among the potential target genes (mRNAs) of the

lncRNAs, 852 genes were deferentially expressed in EC
vs. GE (Additional file 4), with 558 up-regulated and 294
down-regulated. There were 538 differentially expressed
genes in ICpEC vs. GE, among which 384 were
up-regulated and 154 were down-regulated. The number
of differentially expressed genes in EC vs. ICpEC was 99,
among which 34 were up-regulated and 55 were
down-regulated. Gene Ontology (GO) analysis was
performed to investigate the differentially expressed target
genes in the EC, ICpEC and GE stages (Fig. 3); an FDR ≤
0.01 was considered to indicate significant enrichment.
Only the cellular component genes were enriched in EC
vs. ICpEC. In ICpEC vs. GE, a total of 31, 9, and 8 genes
were assigned to the biological process, cellular
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Fig. 2 Differential expression of early longan SE-related lncRNAs and mRNAs. a Differentially expressed lncRNAs and mRNAs between the EC,
ICpEC and GE samples. b The number of significantly differentially expressed lncRNAs in EC vs. GE was greater than in EC vs. ICpEC and ICpEC vs.
GE; up-regulated (orange) and down-regulated (blue) lncRNAs are shown. c Time series analysis of 3680 lncRNAs based on their expression at the
gene level
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component, and molecular function categories,
respectively. In EC vs. GE, genes in the biological
process, cellular component, and molecular function
categories were also enriched. In the biological
process category, 32 terms including protein phos-
phorylation, RNA metabolic process, and transport
were significantly enriched, while in the cellular com-
ponent category, the top three terms were membrane,
protein complex, and nucleus. In the molecular
function category, kinase activity, transferase activity/
transferring phosphorus-containing terms and ATP
binding were the most abundant terms.

We further categorized the 39,119 differentially
expressed potential target genes (mRNAs) using Kyoto
Encyclopedia of Genes and Genomes (KEGG)
(Additional file 5). The results indicated that 51 potential
target genes were enriched in 23 pathways in EC vs.
ICpEC; the top five most enriched pathways were as
follows: linoleic acid metabolism, steroid biosynthesis,
aminoacyl-tRNA biosynthesis, ubiquitin mediated
proteolysis, and base excision repair. In ICpEC vs. GE,
424 potential target genes were enriched in 77 pathways
and the top five most enriched pathways included:
plant-pathogen interactions, plant hormone signaling,

Fig. 3 Gene ontology analysis of differentially expressed genes (DEGs) of potential lncRNA target genes under the molecular function, cellular
component and biological processes categories. a EC vs. GE, (b) EC vs. ICpEC, and (c) ICpEC vs. GE
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glyoxylate and dicarboxylate metabolism, homologous
recombination, and brassinosteroid biosynthesis.
Additionally, 686 potential target genes were enriched in
EC vs. GE; the EC to the GE stage is the general period
of early development of longan SE. Among all 89
enriched KEGG pathways, 92 potential target genes of
lncRNAs were related to “plant-pathogen interaction”
and 30 target genes were related to “plant hormone sig-
naling”. The top five most enriched pathways included:
plant-pathogen interaction, plant hormone signal trans-
duction, sulfur metabolism, homologous recombination
and linoleic acid metabolism. Plant-pathogen interaction,
plant hormone signal transduction, homologous recom-
bination, and linoleic acid metabolism were significantly
affected during the ICpEC and GE stages compared with
the EC stage. Five genes related to auxin response factors
that were targeted by lncRNAs were identified: an auxin
(AUX) gene targeted by LTCONS-00006334; auxin re-
sponse factor (ARF) genes targeted by LTCONS-00025525,
LTCONS-00030223, and LTCONS-00055024; and an
auxin-responsive protein IAA (AUX/IAA) gene targeted by
LTCONS-00008111. These targets of differentially
expressed lncRNAs, therefore, were considered to play
fundamental roles in early longan SE.

FPKM-qPCR comparative analysis of differentially expressed
lncRNAs and their targets during longan early SE
To confirm the significant differences in the expression
of lncRNAs and their predicted target genes in early
longan SE, 20 lncRNAs with significant differences in
expression were selected from among 641 up-regulated
and 316 down-regulated lncRNAs in the RNA-Seq data.
Additionally, 11 potential target genes (mRNAs) and five
lncRNAs related to auxin response factors were verified
by qPCR in the three stages of early longan SE.
Twenty-four of the lncRNAs were detected in EC,
ICpEC and GE (excluding LTCONS-00027337).
Cluster analysis of the expression patterns of the 24

lncRNAs in qPCR (Fig. 4a) and RNA-Seq (Fig. 4b), and
qPCR of nine selected lncRNAs (Fig. 4c) was performed
during early longan SE. The expression patterns of the 24
lncRNAs were divided into three categories according to
the timing of their highest expression level. In category I,
eight lncRNAs exhibited high levels in the EC stage, but
low levels in the other two stages. LTCONS-00022673,
LTCONS-00057369, LTCONS-00031251 and LTCONS-
00008111 showed a decrease in expression from the ICpEC
to GE stage, which indicated that their expression levels
decreased gradually during longan SE, while the expression
levels of LTCONS-00030223, LTCONS-00006334,
LTCONS-00045113 and LTCONS-00013909 did not
change much from the ICpEC to GE stage. In category II,
four lncRNAs had the highest expression in the ICpEC
stage. The expression levels of LTCONS-00030919 and

LTCONS-00045469 in the EC and GE stages were basically
unchanged. The expression levels of LTCONS-00029834
and LTCONS-00055024 in the EC stage were higher than
in the GE stage. In category III, the expression of the 12
lncRNAs was highest in the GE stage; the expressions of
LTCONS-00038577 and LTCONS-00010999 decreased
gradually from the EC to ICpEC stage, while that of
LTCONS-00031272, LTCONS-00025525, LTCONS
-00038201, LTCONS-00027338 and LTCONS-00031543
did not change much at the EC and ICpEC stages. The
expressions of LTCONS-00053938, LTCONS-00050060,
LTCONS-00022307, LTCONS-00037848 and LTCONS-
00021462 increased gradually from EC to ICpEC. These re-
sults indicated that different lncRNAs might be involved in
the maintenance of different stages of longan SE, i.e. the
eight lncRNAs of category I could be related to maintain-
ing the pre-embryonic status of the EC, the four lncRNAs
of category II could be related to maintaining the embryo-
genic status of the ICpEC, and the 12 lncRNAs of category
III could be related to maintaining the embryonic status of
the GE.
Comparing the expression trends of the lncRNAs in

qPCR (Fig. 4a) with those in RNA-Seq (Fig. 4b) showed
that the expression trends of 16 of the 24 lncRNAs were
the same. The inconsistencies of the other eight
lncRNAs were as follows: LTCONS-00053938 showed
highest expression in the GE stage and the lowest
expression in the EC stage according to qPCR, but its
expression was lowest in the GE stage and highest in the
EC stage in RNA-Seq. The expression level of
LTCONS-00010999 decreased from the EC to ICpEC to
GE stage in qPCR, but increased from the EC to ICpEC
to GE stage in RNA-Seq. The expression of
LTCONS-00031272 in the GE stage was higher in qPCR
than in RNA-Seq. For LTCONS-00030223, LTCONS-
00006334 and LTCONS-00045113, the expression in
qPCR was highest in the EC stage and in RNA-Seq was
highest in the GE stage. The expression of
LTCONS-00055024 and LTCONS-00045469 was highest
in the ICpEC stage in qPCR, but highest in the GE stage
in RNA-Seq.
In the qPCR analysis of 11 lncRNAs and their poten-

tial target genes (mRNAs), except for LTCONS-
00013909 and the target gene MTCONS-00013943 of
LTCONS-00027337, all of the lncRNAs and their target
genes were detected (Fig. 4c). According to the expres-
sion patterns of the lncRNAs and their target genes
mRNAs, LTCONS-00022307, LTCONS-00045469 and
LTCONS-00010999 were found to target cis mRNAs 20
kbp downstream (cis mRNA dw20k), while LTCONS-
00029834, LTCONS-00022673, LTCONS-00037848 and
LTCONS-00038201 were trans-acting, and LTCONS-
00050060 and LTCONS-00031543 targeted cis mRNAs
10 kbp upstream (cis mRNAs up10k).
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Fig. 4 Analyses of differentially expressed lncRNAs and their targets in the RNA-Seq libraries and qPCR. Twenty-four differentially expressed
lncRNAs were selected from the EC, ICpEC and GE samples. Heat maps were constructed for (a) relative expression levels in qPCR (b) and log2
(FPKM) values in the RNA-Seq library. The colors ranging from red to green indicate high to low correlation. c Expression patterns of nine
lncRNAs corresponding to the heat map and their potential target genes. DlRan3B was used as a reference gene to normalize lncRNA and mRNA
expression data
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Among the three cis mRNA dw20k-type lncRNAs,
only LTCONS-00022307 negatively regulated its
potential target genes during early longan SE; the other
two lncRNAs were positive regulators. Among the four
trans-acting lncRNAs, LTCONS-00022673, LTCONS-
00037848 and LTCONS-00038201 had a significant
positive correlation with their target genes. Of the two
cis mRNAs up10k lncRNAs, LTCONS-00031543 had a
positive regulatory effect on its target gene. From the
above results, we deduced that the regulation of target
genes by the lncRNAs did not entirely depend on the
positional relationship between the lncRNAs and their
target genes.

Functions of lncRNAs in the lncRNA-miRNA expression
network in longan early SE
There were a large number of differentially expressed
miRNAs and lncRNAs in longan SE, so to study the
regulatory roles of lncRNAs in longan SE, we focused on
three aspects, including lncRNAs acting as eTMs for
miRNAs, lncRNAs acting as precursors to miRNAs and
lncRNAs as miRNA target genes.
As a new type of regulatory factor, eTMs play an

important regulatory role in the process of plant cell
differentiation and development [25, 35]. By binding a
miRNA, an eTM blocks miRNA cleavage and thus iso-
lates the miRNA from its target mRNAs. In the present
work, 40 lncRNAs were predicted to function as eTMs
for 15 miRNAs (Fig. 5b) with TAPIR. Based on their se-
quence conservation, these 15 miRNAs came from 15
different miRNA families, including miR403, miR406
and miR400. Because miRNAs have a significant regula-
tory effect on their target mRNAs, we speculated that
the lncRNAs acting as eTMs for miRNAs during early
longan SE could greatly affect the miRNA regulatory
network.
Genome-wide studies have shown that a significant

fraction of lncRNAs may function as precursors of small
RNAs < 200 nucleotides (nt) in length. Of the 7643 pre-
dicted lncRNAs, seven were identified as potential
miRNA precursors of three families (Table 1). LTCONS-
00010286, LTCONS-00010359 and LTCONS-00010360
might serve as precursors of the miR162 family,
LTCONS-00022889 was predicted to be a precursor of
the miR319 family, and LTCONS-00025684, LTCONS-
00025685 and LTCONS-00032074 might serve as pre-
cursors to the miR156 family. During target gene predic-
tion and annotation for these seven lncRNAs, only
LTCONS-00025685 and LTCONS-00032074 were found
to have potential target mRNAs, which were annotated
as TFIID and eukaryotic initiation Factor 4A-11.
Some of the lncRNAs responding to early longan SE

might be regulated as targets by miRNAs. The “psRNA-
Target” program (expectation ≤5) was used to predict

the possible roles of miRNA targets among the 7643
lncRNAs (Additional file 6). In total, 1765 lncRNAs were
predicted to be targets of 85 miRNAs in 74 families.
One lncRNA could be targeted by multiple miRNAs. For
example, LTCONS-00000242 was targeted by miRNAs
belonging to six different families. Conversely, one
miRNA could also target multiple lncRNAs, e.g.
Dlo-miR1436 was predicted to target 182 different
lncRNAs. Based on the above predictions, a miRNA
targeting regulatory network for the lncRNAs was
constructed (Fig. 5a), and it was speculated that a large
number of lncRNAs were regulated as targets of miR-
NAs during early longan SE.

Relationship between lncRNAs and potential target genes
involved in auxin signal transduction
Studies have shown that auxin plays a regulatory role
in plant embryogenesis and regulates embryo develop-
ment via the regulation of auxin-responsive transcrip-
tion [36, 37]. In KEGG enrichment analysis of the
39,119 differentially expressed potential target genes
during the early development of longan SE, 30 differ-
entially expressed genes (5.33% of genes annotated to
the pathway) in EC vs. GE, 2 differentially expressed
genes (2.67%) in EC vs. ICpEC, and 31 differentially
expressed genes (8.33%) in ICpEC vs. GE were
enriched in the phytohormone signaling pathway. Five
target genes in the auxin signaling pathway were
identified by lncRNA target gene prediction, including
ARF4 targeted by LTCONS-00025525, IAA6 and
AUX22 targeted by LTCONS-00008111, ABF targeted
by LTCONS-00030223 and LTCONS-00055024, and
AUX2 targeted by LTCONS-00006334 (Fig. 5c).
To profile the expression patterns of the lncRNAs

associated with auxin response factors, five lncRNAs,
their target genes (auxin response factors) and the corre-
sponding miRNAs were analyzed by qPCR in EC, ICpEC
and GE (Fig. 6). Although there were some differences
in expression levels, the qPCR and RNA-Seq data
showed the same changes trends. The qPCR results
showed that LTCONS-00025225 regulated ARF4 and
LTCONS-00055024 regulated ABF5–1, both of which
were cis mRNA up10k types and were highly expressed
in GE. LTCONS-00006334 regulated AUX2 and
LTCONS-00008111 regulated IAA6/AUX22, and these
target genes were cis mRNA dw20k types. LTCONS-
00030223 regulated ABF5–5, which was an overlapping
cis mRNA, and both were highly expressed in EC. While
there was a negative regulatory relationship between
LTCONS-00006334 and its target gene, the other four
lncRNAs positively regulated their target genes. Thus,
lncRNAs with different modes of action were involved
in the auxin signaling pathway, with different potential
target genes and corresponding differential expression
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patterns in different stages of longan SE, which indicated
that lncRNAs were involved in the auxin signaling
pathway through complex regulatory mechanisms.
In summary, the lncRNA-miRNA-mRNA regulatory

network in the auxin signaling pathway was constructed
from lncRNAs, miRNAs and mRNAs, and verified by
qPCR of five lncRNAs and related miRNAs (Additional
file 7). The results showed that only related miRNAs
were differentially expressed during the early deve-
lopment of longan SE, including Dlo-miR157d, which
was related to LTCONS-00025525 targeting ARF4,

Dlo-miR482a and Dlo-miR482a, which were related to
LTCONS-00030223 targeting ABF5–5, and miR172a,
Dlo-miR417, Dlo-miR162a*, and Dlo-miR806a, which
were associated with LTCONS-00055024 targeting
ABF5–1. The remaining miRNAs showed no significant
difference during early longan SE.

Overexpression and inhibition of miR172a, miR159a.1 and
miR398a in longan embryogenic callus
After predicting the relationships between lncRNAs, miR-
NAs and mRNAs, three networks of miRNAs closely

Fig. 5 Prediction of lncRNA-miRNA-mRNA relationships in early longan SE. a In total, 1765 lncRNAs were predicted as targets of 85 miRNAs by
psRNATarget (expectation ≤5). b Forty lncRNAs were predicted to function as eTMs for 15 miRNAs by TAPIR. c Five lncRNAs involved in auxin
response factor mRNA and miRNA networks. The black arrows indicate relationships between lncRNAs and miRNAs and the red arrows indicate
relationships between lncRNAs and mRNAs
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related to SE (miR172a, miR159a.1 and miR398a) were se-
lected for qPCR verification in longan. In the miR172a net-
work, LTCONS-00042843 targeted Dlo-018542.1 and
acted on miR172a as an eTM (Fig. 7a). The expression of
Dlo-miR172a tended to be stable during the early stages of
longan SE with no significant changes. However, the ex-
pressions of LTCONS-00042843 and Dlo-018542.1 was
significantly different in ICpEC and GE compared with the
EC stage. LTCONS-00042843 had the highest expression
level at the ICpEC stage, while Dlo-018542.1 had the
highest expression level at the GE stage (Fig. 7b). Expres-
sion comparisons between LTCONS-00042843 and
Dlo-018542.1 under overexpression and inhibition of
miR172a in longan EC were conducted, and the results
showed that the expression of LTCONS-00042843 and
Dlo-018542.1 decreased when Dlo-miR172a was overex-
pressed but increased when Dlo-miR172a expression was
inhibited compared with the control check (CK) (Fig. 7c),
which was consistent with the predicted relationships
among lncRNAs, mRNAs and miRNAs in longan SE. and
indicated that inter-regulation among them might exist.

In the miR159a.1 network (Additional file 8),
LTCONS-00046326 was predicted to be a Dlo-miR159a.1
target gene and to act as an eTM for Dlo-miR529d, and
both Dlo-017525.1 and Dlo-028266.1 were predicted to be
target genes of LTCONS-00046326. Surprisingly, both
overexpression and inhibition of Dlo-miR159a.1 promoted
the expression of the target gene LTCONS-00046326, im-
plying the existence of a complicated regulatory network
of lncRNA, miRNA and mRNA.
In the miR398a network (Additional file 9),

Dlo-miR398a acted on the target genes LTCONS-
00032074 and LTCONS-00039356, which in turn acted as
eTMs for Dlo-miR157d and Dlo-miR406, respectively.
Using primers targeting different sites, it was found that
the expression level of LTCONS-00039356, a target gene
of Dlo-miR398a, was not significantly different from that
of CK under overexpression and inhibition of
Dlo-miR398a in longan EC; however, LTCONS-00039356,
as an eTM of Dlo-miR157d and Dlo-miR406, showed
significantly different expression compared with CK.
There was a significant change in response tendencies

Table 1 LncRNAs corresponding to miRNA precursors

lncRNAs ID miRNA ID Length of lncRNAs identity Evalue

LTCONS-00010286 rco-MIR162 3447 91 2.00E-28

mes-MIR162 3447 92.39 8.00E-28

LTCONS-00010359 rco-MIR162 2564 91 2.00E-28

mes-MIR162 2564 92.39 8.00E-28

LTCONS-00010360 rco-MIR162 583 91 2.00E-28

mes-MIR162 583 92.39 8.00E-28

LTCONS-00022889 lus-MIR319a 2612 87.15 5.00E-40

ppe-MIR319b 2612 84.55 2.00E-16

mes-MIR319b 2612 91.62 4.00E-59

LTCONS-00025684 tcc-MIR156g 5776 99.09 4.00E-55

gma-MIR156h 5776 92.05 2.00E-25

gma-MIR156k 5776 91.3 5.00E-23

vun-MIR156a 5776 90.43 3.00E-24

mes-MIR156e 5776 94.44 8.00E-34

ppe-MIR156e 5776 90.48 2.00E-18

LTCONS-00025685 tcc-MIR156g 6221 99.09 4.00E-55

gma-MIR156h 6221 92.05 2.00E-25

gma-MIR156k 6221 91.3 5.00E-23

vun-MIR156a 6221 90.43 3.00E-24

mes-MIR156e 6221 94.44 8.00E-34

ppe-MIR156e 6221 90.48 2.00E-18

LTCONS-00032074 ptc-MIR156b 5681 88.46 3.00E-21

mdm-MIR156b 5681 90.7 2.00E-23

mdm-MIR156o 5681 95.56 9.00E-34

mes-MIR156c 5681 87.78 6.00E-16
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Fig. 6 Expression of five lncRNAs that regulate auxin response factors in RNA-Seq and qPCR. Most of the five genes showed the same trend. FSD
was used as a reference gene to normalize lncRNA and mRNA expression data
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with overexpression and inhibition of Dlo-miR398a in
longan EC, but Dlo-miR157d and Dlo-miR406 showed no
significant response trends in the same material. The
above results shows that lncRNAs bound to miRNAs at
different binding sites and had different expression in the
same material.

Discussion
Longan may require a large amount of lncRNA to initiate
GE formation
Many researchers have focused on lncRNAs in recent
years, and remarkable progress has been made, espe-
cially in human and animals [38]. Conversely, studies on
lncRNAs in plants are still in their infancy, and most
have focused on crops such as model plants [11, 39] and
rice [40]. To date, there have been no reports on the in-
volvement of lncRNAs in plant SE; thus, the present
work is the first genome-wide identification and
characterization of lncRNAs in plant SE. Here, 6005
novel lncRNAs were identified as associated with early
longan SE, i.e. the EC, ICpEC and GE stages. Compared

with lncRNA identification in other horticultural plants,
e.g. cucumber [41] (fruit and root; 3274 lncRNAs), sun-
flower [42] (early flower bud; 25,327 lncRNAs), Brassica
napus [43] (leaf; 9880 lncRNAs), the number of
lncRNAs obtained from early longan SE was moderate,
the poor conservation of lncRNAs among different spe-
cies and the different tissues might be an important rea-
son for the significant differences in the number of
lncRNAs identified during early SE. In the three stages
of early longan SE, 375 lncRNAs were specifically
expressed in the GE stage, which was much more than
in the EC stage (159) and the ICpEC stage (153). Among
the three stages of the longan SE, the number of differ-
entially expressed lncRNAs was highest in the EC vs.
GE, and the number of differentially expressed lncRNAs
in ICpEC vs. GE was 4.55 times that in EC vs. ICpEC.
Thus, in longan SE, the establishment of embryo morph-
ology and structure requires more lncRNA involvement,
and achieving embryonic status (GE) requires signifi-
cantly different molecular mechanisms to omnipotence
maintenance (EC) and embryogenesis initiation (ICpEC).

Fig. 7 qPCR validation of the Dlo-miR172a lncRNA-miRNA-mRNA network. Dlo-miR164a was used as a reference gene to normalize miRNA
expression data; DlRan3A was used to normalize lncRNAs and mRNAs. a LTCONS-00042843 targeted Dlo-018542.1 and acted on miR172a as an
eTM. The blue arrows indicate a relationship between lncRNAs and miRNAs as predicted eTMs and the red arrows indicate a relationship
between lncRNAs and mRNAs as predicted targets. b qPCR expression trends of Dlo-miR172a, LTCONS-00042843 and Dlo-01842.1 during early
longan SE. c Dlo-miR172a overexpression inhibited lncRNA-miRNA-mRNA expression in the sample material
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lncRNAs are mainly involved in plant-pathogen
interaction and phytohormone signaling pathways during
longan early SE
In total, 74.39% of the lncRNAs involved in the early
stages of longan SE had only one or two exons, which
might account for their low expression levels. The
conservation of lncRNAs among species is poor, which
also hinders research on lncRNAs. It has been reported
that lncRNAs play a regulatory roles by acting on
protein-coding genes [44, 45]. Therefore, differential
enrichment analysis of the target genes (protein-coding
genes) of lncRNAs during early longan SE provided
valuable information. In this study, the plant-pathogen
interaction, plant hormone signaling, sulfur metabolism
and various kinds of amino acid metabolism pathways
were revealed to be closely related to early longan SE. Of
the top five most enriched pathways, three were com-
monly enriched in EC vs. GE and ICpEC vs. GE, and the
number of differentially expressed lncRNAs in ICpEC vs.
GE was 4.55 times that in EC vs. ICpEC. These results
indicate that similar molecular mechanisms are active
between the pre-embryonic EC and the embryogenic
ICpEC, and the main change leading to GE formation
occurs in the ICpEC to GE stages. Thus, it can be seen
that the molecular mechanisms of embryo formation
can change dramatically.
Previous studies reported that the plant-pathogen

interaction pathway was enriched in lncRNAs [46], miR-
NAs [47, 48] and gene transcripts [23], which suggested
the importance of plant-pathogen interactions in the
embryonic developmental network in longan and other
plants. Plant hormones play important roles in plant
growth and SE in plants [49]. In a study of SE of Hevea
seeds, it was found that an excess of auxin and cytokinin
inhibited the embryogenic ability of callus [50]. Zhu
et al. studied the effects of plant hormones on SE and
plant regeneration in cassava (Manihot esculenta Crantz)
[51]. The phytohormone signal transduction pathway
includes auxin, kinetin, gibberellin and abscisic acid,
among which auxin is an important factor in plant SE,
e.g. it regulates embryonic development by regulating
ARF-mediated transcription [36, 37], and Aux/IAAs also
participate in the regulation of auxin by inhibiting ARF--
mediated transcription [52]. Our laboratory has studied
related genes including TIF1 [53], DlARF8 [17], ARF3/4
[18] and ARF10, − 16, and − 17 [19] that regulate the
auxin response. In the KEGG enrichment results, it
seemed that longan had begun to establish disease resist-
ance mechanisms and other metabolic components
based on hormones in the GE stage. This change not
only involved a large number of mRNAs, but also a large
number of lncRNAs that participate in the molecular
regulation and morphogenesis of the GE stage by
regulating target genes (mRNA).

lncRNAs regulate the expression of target genes in cis
or trans through a variety of mechanisms. Previous stud-
ies have shown that cis regulation by lncRNAs includes
enhancer activity [54] and insulator functions [55]. A
common method of trans-regulation is the upregulation
of target gene expression by forming dimers with neigh-
boring mRNAs that increase mRNA stability [56, 57]. In
this study, the locations of 14 pairs of lncRNAs and their
target mRNAs were verified by qPCR analysis. Ten pairs
of cis-regulated mRNAs and lncRNAs were identified,
including seven pairs that had positively regulated and
three pairs that had negatively regulated genes. Four
pairs of trans-regulated mRNAs and lncRNAs were
found in longan SE, including three pairs with positive
regulatory relationships and one pair with a negative
regulatory relationship. The target genes of the five
lncRNAs associated with auxin response factors were
cis-regulated, which implied that the lncRNAs associated
with auxin response factors mainly function as cis-acting
regulators during early longan SE.

lncRNAs acting as eTMs for miRNAs may be an important
regulatory mechanism during longan early SE
lncRNAs were observed to function as eTMs for miR-
NAs, revealing a new mechanism for the regulating of
miRNAs by lncRNAs in plants. lncRNAs bind to miR-
NAs as endogenous trapping targets of miRNAs and re-
duce the miRNAs’ function to inhibit target expression.
In Arabidopsis, the lncRNAs IPS1 bound to ath-miR399
and a three-nucleotide bulge was formed between the
10th and 11th positions of the 5 ‘end to prevent the
cleavage of IPS1 by ath-miR399 [11]. In addition,
miR160a* largely interacted with its predicted eTMs
during the GE and EC stages [19], and the interaction
between miR172 and eTMs could delay flowering and
eliminate top-of-the-range benefits [58, 59]. MiRNAs
and their predicted eTMs have also been reported during
longan SE: miR167 cleaved the DlARF8 mRNA during
longan SE [17], and an eTM down-regulated miR167,
and the regulation of miR160 and its predicted eTM
were involved in hormone signaling in longan [19].
In our study, 40 lncRNAs were predicted to function as

eTMs for 15 miRNAs and four lncRNAs were validated as
eTMs of four miRNAs (Dlo-miR172a, Dlo-miR529d,
Dlo-miR157d, and Dlo-miR406). LTCONS-00042843,
LTCONS-00046326, LTCONS-00032074, and LTCONS-
00039356 were respectively identified as eTMs for
Dlo-miR172a, Dlo-miR529d, Dlo-miR157d, and Dlo-
miR406. Additionally, the qPCR results showed that
LTCONS-00042843 and LTCONS-00046326 inhibited the
expression of Dlo-miR172a and Dlo-miR529d, respect-
ively. Our study is the first to discover that lncRNAs act
as eTMs of miR172a and miR529d in the EC stage in
longan.
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Multiple regulatory mechanisms may exist among
lncRNA, miRNA and mRNA during early SE in longan
In addition to the above lncRNAs acting as eTMs for
miRNAs, lncRNAs may also interact with miRNAs as
miRNAs precursors and act as miRNAs target genes.
During the early stages of longan SE, only seven
lncRNAs were predicted to be precursors of miRNAs
(miR156 family, miR319 family and miR162 family). In
longan SE, members of the Dlo-miR156 family were
associated with different developmental stages of early
embryo cultures [16], and Dlo-miR162 regulated specific
stages of SE through multiple miRNAs [60]. miR319b.1
was significantly accumulated at the cotyledon stage in
lily SE [61]. In addition, miR156 regulated rice seed and
pollen development [62], miR319 affected leaf develop-
ment in Arabidopsis [63] and participated in rice stress
responses [64], and miR162 might be involved in gene
expression regulation and cotyledon formation during
germination in Asteraceae. Functional annotation of
target genes predicted for the lncRNAs suggested that
Dlo-015497.1 and Dlo-019109.1 might be involved in
transcriptional initiation as transcription initiation
factors. Based on the functions of miRNAs and mRNAs
in longan and other plants, we speculate that some
lncRNAs are involved in regulation of gene expression
by acting as miRNA precursors during early longan SE.
In the present work, based on miRNA target predic-

tion, 1765 lncRNAs were predicted to be targets of 85
miRNAs of 74 families. Thus, the majority of lncRNAs
regulation might be achieved via miRNAs during early
longan SE, and lncRNAs might indirectly regulate the
expression of mRNAs by regulating the number of miR-
NAs. Five lncRNAs related to the auxin response factors
selected for miRNA target prediction, and seven miR-
NAs (lncRNAs as miRNA target genes) were predicted
to be involved in the action of lncRNAs. Notably, both
lncRNAs and t protein-coding genes could act on the
same miRNA at the same time. For example,
LTCONS-00030223 and MTCONS-00030224 are both
target genes for Dlo-miR810b, Dlo-miR482a, Dlo-miR417
and Dlo-miR172a, and MTCONS-00030224 was
predicted to be a target gene for LTCONS-00030223.
Additionally, LTCONS-00055024 was a target gene for
three miRNAs (Dlo-miR160a, Dlo-miR1774b and
Dlo-miR806a). Studies have shown that dlo-miR160a
targets DlARF10, − 16 and − 17 [19]. The target gene
MTCONS-00055015 (ABF-5) of LTCONS-00055024 also
regulates hormone signal transduction. Therefore, we
speculate that LTCONS-00055024, MTCONS-00055015
and Dlo-miR160a might exist in a regulatory network.
To verify the relationships among lncRNAs, miRNAs

and mRNAs during the early development of longan SE,
qPCR was performed on Dlo-miR172a, Dlo-miR159a.1
and Dlo-miR398a. Through qPCR analysis of the EC

samples with Dlo-miR172a, Dlo-miR159a.1 and Dlo-
miR398a overexpression and inhibition, we found
regulatory interactions of Dlo-miR172a and the corre-
sponding lncRNA and mRNA during early SE in longan.
However, the regulating relationshipS among
Dlo-miR398a, Dlo-miR159a.1 and the corresponding
mRNAs and lncRNAs were complicated and needed to
be further explored.

Conclusions
In this study, 6005 expressed lncRNAs were identified
during the early stage of SE in longan. The number of
lncRNAs specifically expressed in the GE stage was
much greater than that in the EC stage and the ICpEC
stage. We speculate that the GE stage requires more
lncRNAs to regulate. The most highly enriched KEGG
pathways were plant-pathogen interactions and phyto-
hormone signaling. qPCR verification of five ARF-
related lncRNAs and their target genes (mRNA) sug-
gested that lncRNAs tend to positively regulate target
genes in the early stages of longan SE. In
lncRNA-miRNA-mRNA relationship predictions, some
lncRNAs were predicted to function as eTMs for miR-
NAs and some were identified as potential miRNA pre-
cursors. In addition, we verified the lncRNA-miRNA-
mRNA regulatory relationships by transient expression,
and speculate that they comprise a regulatory network.
Our results contribute to the understanding of lncRNA
regulation in plant SE.

Methods
Plant materials
Synchronized embryogenic cultures at different develop-
mental stages, consisting of friable-embryogenic callus
(EC), incomplete compact pro-embryogenic cultures
(ICpEC) and globular embryos (GE) were obtained fol-
lowing previously published methods for longan [15, 65].
The plant materials were stored at − 80 °C for later use.

lncRNAs library construction and Illumina HiSeq
sequencing
RNA samples were extracted from the three abovemen-
tioned cultures using Trizol reagent (Invitrogen, Carlsbad,
CA, USA). The RNA was detected with an Agilent 2100
detection kit and the NanoDrop assay. The integrity of
RNA was detected by 1.0% non-denaturing agarose gel
electrophoresis. After the quality and concentration were
checked, cDNA strands were synthesized with random
primers and reverse transcriptase from the TruSeq®
Stranded kit, and double-stranded cDNA was synthesized
and amplified by using DNA polymerase I and RNaseH to
obtain cDNA libraries. Raw reads were obtained using the
Illumina HiSeq sequencing platform, and low-quality
reads (quality Q ≤ 10 bases accounted for > 50% of the
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entire read), adapter contamination, and reads with a high
content of N (containing an N ratio > 10%) were removed
to get clean reads.
The clean reads were aligned to the longan reference

genome [24] using the alignment software HISAT [66] for
transcript assembly, and transcripts with lower expression
(FPKM ≤0.5) and lengths below 200 bp were filtered out.
The transcripts were identified as mRNAs or lncRNAs by
using the software programs CPC [67], txCdsPredict and
CNCI [68], and the Pfam database [69]. Inter-sample dif-
ferential analysis of the obtained lncRNAs was carried out
using the differential analysis method PossionDis [70]
(fold change ≥2.00 and FDR ≤ 0.001), and by comparing
the expression of the samples, genes with insignificant
changes in expression were excluded and genes with sig-
nificant differences were retained. The lncRNAs families
were analyzed with NFERNAL [71], which annotates
lncRNAs to families by aligning them to the Rfam data-
base. The expression of the three samples was analyzed as
a time series according to previous studies [72, 73].

lncRNAs targets prediction and annotation
The potential target genes of the lncRNAs were pre-
dicted according to their regulatory methods, which
were divided into cis- and trans-acting. The basic
principle for the prediction of cis target genes is that the
functions of lncRNAs are related to the protein coding
genes near their coordinates [74]. Therefore, the neigh-
boring mRNAs of lncRNAs were screened as target
genes. Trans regulation is not dependent on positional
relationships, and is predicted by calculating the binding
energies [75]. To better understand the functions of the
lncRNAs and their corresponding target genes, NT, NR,
KOG, KEGG, and SwissProt annotations were assigned
to the assembled novel and known mRNAs using Blast
[76] or Diamond [77], Gene ontology (GO) annotations
were assigned using Blast2GO [78] and NR, and
InterPro annotations were assigned using InterProScan5
[79]. An FDR ≤ 0.01 was used to indicate significant
enrichment.

Prediction of the relationships between lncRNAs, miRNAs
and mRNAs
Some lncRNAs can form miRNA precursors through
intracellular shearing [80]. To identify lncRNAs as
miRNA precursors during the early development of lon-
gan SE, the lncRNAs were aligned to miRBase [81] using
Blast [77] (http://blast.ncbi.nlm.nih.gov/Blast.cgi). When
looking for potential miRNA precursors, lncRNAs with
miRNA precursor alignments greater than 90% were se-
lected and considered precursor of lncRNAs. To predict
lncRNAs as the target genes of miRNAs, the longan
lncRNAs and miRNAs data were submitted to “psRNA-
Target” (http://plantgrn.noble.org/psRNATarget/) [82]

with expectation ≤5. lncRNAs were predicted as eTMs
for miRNAs and target trapping was identified by TAPIR
(http://bioinformatics.psb.ugent.be/webtools/tapir/) [83],
The Cytoscape_v3.5.1 software was used for network
mapping of lncRNAs and related miRNAs and mRNAs.

Real-time quantitative PCR
The 20 lncRNAs with the most significant differences
were screened in four length intervals (0–500 bp, 500–
1000 bp, 1000–1500 bp and 1500–2000 bp) of signifi-
cant lncRNAs from the EC to GE stage, and specific
primers were designed according to the obtained gene
sequences. cDNA synthesis of cDNA was performed
according to SMART™ RACE cDNA Amplification Kit
and TransScript miRNA First-Strand cDNA Synthesis
SuperMix Instruction Manual. Ten-fold dilutions of
cDNAs from longan somatic embryos at three stages
were used as templates for qRT-PCR amplification on a
Roche LightCycler 480 instrument (Roche Applied Sci-
ence, Switzerland). The gene qRT-PCR was carried out
using a SYBR premix Ex Taq™ kit (TaKaRa) with a 20 μL
reaction system containing, 10 μL SYBR, 1 μL cDNA
template, 0.8 μL each of forward and reverse primers
and 7.4 μL of ddH2O. The procedure was as follows:
95 °C predenaturation 30 s, 95 °C denaturation 10 s, 60 °C
annealing 30 s, 72 °C extension 15 s, 40 cycles. miRNA
qPCR using TransStart Tip Green qPCR SuperMix, the
reaction system was 20 μL, the application of Tip 10 μL,
cDNA template 1 μL, specific and universal primers
0.8 μL, ddH2O 7.4 μL, procedures: 95 °C predenaturation
for 30 s and 40 cycles of 95 °C denaturation for 10 s, 60 °C
annealing for 30 s, and 72 °C extension for 15 s. miRNA
qPCR was performed using TransStart Tip Green qPCR
SuperMix in a 20 μL reaction system containing 10 μLTip
Green SuperMix, 1 μL cDNA template, 0.8 μL specific
and universal primers, and 7.4 μL ddH2O. The procedure
was: 95 °C denaturation for 30 s and 40 cycles of 95 °C
denaturation for 10 s, 60 °C annealing for 30 s, and 72 °C
extension for 10 s. The 2−ΔΔCt method was used to
calculate expression values. The primers used for qPCR
are listed in Additional file 9.
Heat maps of lncRNAs were produced using the

online website Omicshare (http://www.omicshare.com).
The heat maps were generated by Z-core processing of
qPCR and RNA-Seq expression, which was the expres-
sion of each gene minus the mean of the gene in all
samples and divided by the standard deviation.

Transfection of miRNA inhibitors or miRNA mimics
Overexpression (agomir) and expression-inhibiting
(antagomir) vectors of Dlo-miR172a, Dlo-miR159a.1 and
Dlo-miR398a were synthesized by GenePharma. The
Lipofectamine™ 2000 Transfection Reagent was used as
a transfection reagent to transfer overexpression and
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expression-inhibiting carriers into longan calli [84].
The processing system was: 445 μL MS, 30 μL transfec-
tion agent and 25 μL carriers (overexpression or inhibition
of expression). Dlo-miR172a, Dlo-miR159a.1 and
Dlo-miR398a overexpression and inhibition of expression
materials were obtained after 24 h dark culture.
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