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Abstract

Background: MiRNAs (microRNA) are 18-24 nt endogenous noncoding RNAs that regulate gene expression at
the post-transcriptional level, including tissue-specific, developmental timing and evolutionary conservation gene
expression.

Results: This study used high-throughput sequencing technology for the first time in Larix olgensis, predicted 78
miRNAs, including 12,229,003 reads sRNA, screened differentially expressed miRNAs. Predicting target genes was helpful
for understanding the miRNA regulation function and obtained 333 corresponding target genes. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional annotation were analysed, mostly including nucleic
acid binding, plant hormone signal transduction, pantothenate and CoA biosynthesis, and cellulose synthase. This study
will lay the foundation for clarifying the complex miRNA-mediated regulatory network for growth and development. In
view of this, spatio-temporal expression of miR396, miR950, MiR164, miR166 and miR160 were analysed in Larix olgensis
during the growth stages of not lignified, beginning of lignification, and completely lignified in different tissues (root,
stem, and leaf) by quantitative real-time PCR (gRT-PCR). There were differences in the expression of miRNAs in roots,
stems and leaves in the same growth period. At 60 days, miR160, miR166 and miR396-2 exhibited the highest
expression in leaves. At 120 days, most miRNAs in roots and stems decreased significantly. At 180 days, miRNAs were
abundantly expressed in roots and stems. Meanwhile, analysis of the expression of miRNAs in leaves revealed that
miR396-2 was reduced as time went on, whereas other miRNAs increased initially and then decreased. On the other
hand, in the stems, miR166-1 was increase, whereas other miRNAs, especially miR160, miR164, miR396 and miR950-1,
first decreased and then increased. Similarly, in the roots, miR950-2 first decreased and then increased, whereas other
miRNAs exhibited a trend of continuous increase.

Conclusions: The present investigation included rapid isolation and identification of miRNAs in Larix olgensis through
construction of a sRNA library using Solexa and predicted 78 novel miRNAs, which showed differential expression levels
in different tissues and stages. These results provided a theoretical basis for further revealing the genetic regulation
mechanism of miRNA in the growth and development of conifers and the verification of function in target genes.
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Background

MiRNAs are a class of endogenous single-stranded non-
coding RNAs approximately 18—24 nt in length. Derived
from single-stranded precursor RNAs that can form
hairpin structures [1, 2], miRNAs regulate gene expres-
sion primarily at the post-transcriptional level [3]. As
miRNAs are structurally conserved, bioinformatics
methods can be used to predict miRNAs and their target
genes. Given that miRNA sequences are short and
expressed only in specific tissues/cells or at specific
stages in cells, researchers have overlooked miRNAs. In
1993, Lee discovered the first miRNA in Caenorhabditis
elegans(C. elegans), miRNA-lin4* [4], which temporally
regulates embryonic development. Later, numerous
follow-up studies found that in higher plants, miRNA
plays an important role at the post-transcriptional level
by regulating its target mRNA through silencing or de-
grading mRNA [5-7]. The first miRNA in plants was
identified in Arabidopsis in 2002 [8].

Gymnosperms and angiosperms differentiated ap-
proximately 300 million years ago. Gymnosperms have
evolved and developed distinct miRNAs over a long
evolutionary time scale. These distinct miRNAs may play
important roles in the growth and development of gym-
nosperms. As of 2012, miRBase (18.0), a miRNA data-
base established by the University of Manchester and
the University of Cambridge, has published 18,226
miRNA precursor sequences in 168 species, among
which 52 are plant species. However, the majority of
plant species are angiosperms, and Pinus taeda and
Picea asperata represent the only gymnosperms in-
cluded in the database. The scarcity of miRNA informa-
tion from gymnosperms has greatly hindered the
progress of miRNA studies. The application of emerging
sRNA library high-throughput sequencing technology
can help solve this problem, especially for conifers with
large genomes and little information on ESTs. Solexa se-
quencing can obtain miRNA information in a high-
throughput, rapid and efficient manner.

miRNA degrades its mRNA target or blocks the trans-
lation of the mRNA target mainly by complementary
pairing to the mRNA target. When miRNA complemen-
tarily pairs with its mRNA target, the bases at positions
2-8 at the 5" end of the miRNA first specifically pair
with the fragment of the target site on the mRNA [9, 10]
to form a primary transcript pri-miRNA by RNA poly-
merase II. Then, mediated by the Dicer-like 1(DCL1) en-
zyme complex in the nucleus, pri-miRNA is cleaved to
form a pre-miRNA with a hairpin structure. Next, pre-
miRNA is processed to form a mature miRNA:miRNA*
[11, 12]. Finally, one strand of the miRNA:miRNA* binds
with the Argonautel (AGO1) protein to form an RNA-
induced silencing complex (RISC) that performs its
function; this strand is termed miRNA and the other
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complementary strand is miRNA*. Numerous studies
have confirmed that miRNA* is readily degraded and
may play a very important role as a negative regulator of
gene expression in eukaryotes, which to a certain extent
broadens the network of miRNA-mediated gene regula-
tion [13]. In plants, a large proportion of miRNAs and
their mRNA target genes have less than four mismatches
[14]; thus, plant miRNAs perform their functions mainly
through binding to the AGO1 protein to form RISC,
cleaving from the middle of the pairing region to the 5
‘end of mRNA [15, 16]. Numerous previous studies have
confirmed that most of the target genes of plant miR-
NAs are transcription factors, stress response factors,
and F-box proteins [17-19], underscoring the central
position of miRNAs in the expression and regulation of
genes involved in plant development. In addition, studies
in recent years have found that plant miRNAs are also
involved in signal transduction pathways, plant hormone
induction, synthesis and metabolism of organic com-
pounds, and ion transport, indicating the important bio-
logical significance of miRNAs.

Larix olgensis is an important economic and ecological
species and a major afforestation species in north-
eastern China. The genetic gain of Larix olgensis
obtained by conventional improvement methods will de-
crease with continued generations. On the other hand,
Larix olgensis has a very complex genetic background
and a large genome, and studies of the molecular mech-
anisms of its growth and development lag behind.
Therefore, a small RNA library library was constructed
using Solexa high-throughput sequencing technology,
which allows the rapid isolation and identification of
miRNAs. Upon removing low-quality sequences and
screening for clean reads, miRNA prediction was
followed by gene identification and functional annota-
tion of target genes. Finally, differential expression ana-
lysis of miRNAs was performed in Larix olgensis by
qRT-PCR to gain a preliminary understanding of the
regulatory roles of miRNA in the growth and wood
property development of Larix olgensis.

Results

Quality analysis of sRNA library

After testing, the concentration and purity of RNA con-
formed to the requirements of high-throughput sequen-
cing. Finally, a total of 21,095,170 raw reads for the SO1
sample and 16,395,342 raw reads for the S02 samples
were obtained to construct the miRNA library. A total of
2721 M clean reads was obtained. There were 15,294,
797 (72.50%) and 11,913,982 (72.67%) clean reads in the
S01 and S02 samples, respectively. The proportion of
the clean reads in the corresponding raw reads was more
than 50% in the two samples, which suggested that the
quality of the sequencing data was high.
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Sequence analysis of small RNA

Using Bowtie [20] software, the filtered clean reads were
applied to the Silva database, GtRNAdb database, Rfam
database and Repbase database for sequence alignment
and to filter out ncRNAs, such as rRNA, tRNA, snRNA,
snoRNA and repbase sequences to obtain unannotated
reads. The classification and annotation of samples S01
and S02 are shown in Table 1.

Analysis of miRNAs

Due to the differences in the length percentage of
miRNA from different species, the classification statistics
for potential miRNA were predicted with length. The 21
nt product was the highest; in the SO1 sample, it
accounted for 25.76% of all the sequences and in the S02
sample it was 26.71%. The second most common were
20 nt (SO1 17.34%, S02 21.11%) and 22nt (SO1 17.11%,
S02 16.58%).

The predicted structure of the miRNA precursor is
presented in Fig. 1. A total of 78 new miRNAs was pre-
dicted in all samples. Given that no miRNAs in larch
were included in the miRBase library, the predicted
number of known miRNAs was zero, and all of the pre-
dicted miRNAs may be novel miRNAs, including con-
served and unconserved. Due to the specificity of Dicer
and the DCL enzyme, the lengths of the final mature
miRNAs mainly range from 20 to 24 nt. In particular,
plant miRNAs were predominantly 21 nt. This result
was mainly related to the selected DCL enzyme [21].

The length distribution of the novel miRNAs was
studied. The mature miRNA length of Larix olgensis was
mostly 21 nt, occupying 55.13% in all of the predicted
miRNAs, and the predicted miRNA length was mainly
concentrated in the range of 21 nt to 22 nt, which was
consistent with the conventional conclusion. In addition,
studying the base preference in Larix olgensis revealed
that U at the first base in the 21 nt product accounted
for 53.49%, and in 22 nt it was 71.43%, which was higher
than the other bases in the position sum of all propor-
tion, the same as the miRDeep2 prediction results.

Analysis of differentially expressed miRNAs
Screening of differentially expressed miRNAs
A total of 49 differentially expressed miRNAs was ob-
tained by comparing the miRNAs among the samples,
including 11 conserved miRNAs and 38 unconserved

Table 1 sRNA annotation classification statistics of samples
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miRNAs. Thirty-three miRNAs were upregulated, and
16 miRNAs were downregulated. Given that miRNAs
are involved in various plant life activities and processes
and two samples were obtained from the beginning and
the peak of the thickening growth period, the growth
and development between the two sample time points
may be orchestrated by a variety of miRNAs that play
important roles in plant growth and development.

Cluster analysis of differentially expressed miRNAs

Before screening for differentially expressed miRNAs,
the expression levels of miRNAs in both samples were
statistically quantified and then normalized using the
transcripts per million (TPM) algorithm [22]. The TPM
normalization formula is TPM = Readcount*1000/Map-
pedReads, where readcount denotes the number of reads
aligned to a given miRNA, and MappedReads denotes
the number of reads aligned to the reference genome.
The expression abundance was then used to screen for
differentially expressed miRNAs.

In the detection of differentially expressed miRNAs for
Larix olgensis species with no biological replications, dif-
ferential expression analysis was performed using IDEG6
[23] and employing |log2(FC)| > =1 and FDR < =0.05 as
screening criteria, where the fold change (FC) indicates
the ratio of the expression level between two samples.
Given that the differential expression analysis of miR-
NAs includes a large number of independent statistical
hypothesis tests for miRNA expression levels, a false
positive problem exists. To address this problem, the
Benjamini-Hochberg correction method [24] was used
to adjust the significant p-values obtained from the ori-
ginal hypothesis tests, and the false discovery rate (FDR)
was used as a key indicator to screen for differentially
expressed miRNAs.

The differentially expressed miRNA was analysed by
hierarchical cluster analysis based on complete linkage.
The miRNA with the same or similar expression was
clustered. The cluster results for differentially expressed
miRNAs are shown in Fig. 2. According to the expres-
sion abundance, all miRNAs predicted conventional (low
expression) and high abundance (high expression)
expression.

The differential expression of the same miRNAs in
two samples showed that the differentially expressed
miRNAs (49) accounted for 62.82% of all the miRNAs

Sample Types rRNA SCRNA SNRNA snoRNA tRNA Repbase Unannotated Total
SO1 2,991,972 0 1670 467 65,264 6421 12,229,003 15,294,797
S02 1,951,303 0 1059 322 35,933 4279 9,921,086 11,913,982

Notes: rRNA Annotated ribosomal RNA reads, scRNA Annotated cytoplasmic small RNA reads, snRNA Annotated small RNA reads in the nucleus, snoRNA Annotated
nucleolide small RNA reads, tRNA Annotated the transfer of RNA reads, Repbase Annotated repeat sequence reads, Unannotated Unannotated reads, they will be
used for subsequent analysis, Total Filtered reads
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Fig. 1 Structure of the miRNA precursor. Notes: Figure A shows the secondary structure prediction of miRNA precursors by miRDeep?2 software; The red
mark is mature sequence, the right most circle is a ring structure; The above of Figure B is the reads distribution aligned to the precursor of this strip, and
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(78), and most of the differentially expressed miRNAs
were expressed in high abundance. Most of the differen-
tially expressed miRNAs were upregulated. The results
showed that the proportion of miRNAs upregulated in
sample SO1 was higher, while the proportion of miRNAs
downregulated in sample S02 was higher. In addition, it
can be seen from the figure that some differentially
expressed miRNAs were stably expressed, and some
were constantly changing with growth and development.

MiRNA target gene prediction and function annotation
Target gene prediction

Plants can exercise their regulatory function by combin-
ing miRNA and mRNA or degrading mRNA. Based on
the mechanism of plant miRNA, the predicted miRNA
and corresponding gene sequence are used with Target-
Finder software to predict target genes (Table 2).

In the SO1 and SO02 samples, 76 and 73 miRNAs, re-
spectively, that have corresponding target genes were
predicted, and the total numbers of the target genes
were 325 and 302, respectively. In the two samples, the
total number of target genes for the 78 predicted miR-
NAs was 333. Differentially expressed miRNAs carry out

their functions ultimately through regulating mRNAs.
Therefore, to understand the functions and regulation
patterns of miRNAs, preliminary understanding and
knowledge of their target genes is essential. The results
show that one miRNA may regulate more than one tar-
get gene. Similarly, a target gene may be regulated by
multiple miRNAs.

The target gene annotation of differentially expressed
miRNAs

The predicted target gene sequences were aligned to NR
[25], Swiss-Prot [26], GO [27], COG [28], KEGG [29],
KOG [30] and Pfam [31] databases by BLAST software,
and the annotation information for target genes was ob-
tained. Annotation information was obtained for only
222 of 333 predicted target genes, and all the miRNA
target gene annotation numbers (Table 3) and differen-
tial miRNA target gene annotation numbers were
counted (Table 4).

When the target gene sequence length is greater than
1000, the number of target genes that has been anno-
tated through alignment in each database is greater than
when the target gene sequence length is between 300
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Table 2 Statistics for miRNA target genes number

Types All miRNA miRNA with Target Target gene
S01 76 76 325
S02 73 73 302
Total 78 78 333

Notes: Types miRNA type, All miRNA Total number of miRNAs, miRNA with
Target Number of miRNAs predicted to target genes, Target Gene Number of
target genes predicted

and 1000. Additionally, the total number of annotated
target genes for those with sequence length greater than
1000 accounted for 63.06% of the total number of target
genes in these databases. Annotation analysis for the tar-
get genes of the differentially expressed miRNAs demon-
strated that the number of annotated target genes was
the largest in the NR database, including all the annota-
tion information for the target genes of differentially
expressed miRNAs. The next largest databases were
Swiss-Prot and GO, which accounted for 68.66 and
67.16% of the annotation information for the target
genes of differentially expressed miRNAs, respectively.
The COG and KEGG databases contained the least
annotation information. These results indicate that a
miRNA target gene has the same miRNAs, whereas a
miRNA does not necessarily have a single target gene,
which also demonstrates the complexity of miRNAs and
their target gene regulatory network.

GO annotation for differentially expressed miRNA target genes
The GO database is a structured standard biological anno-
tation system applicable to all species, which establishes a
standard information system for gene and protein research,
and can describe the properties of genes and their products
in detail. GO function analysis includes three ontologies:
cellular component, molecular function, and biological
process [32]. GO classification annotation of target genes
predicted for all miRNAs and difference expression miR-
NAs were analysed and listed as class I and class II, which

Table 3 Statistics for the target genes number of all miRNAs

Anno_Database Annotated_Number 300 < =length length >=
<1000 1000

COG_Annotation 43 4 39
GO_Annotation 140 54 86
KEGG_Annotation 33 4 29
KOG_Annotation 81 15 66
Pfam_Annotation 145 33 112
Swissprot_Annotation 162 52 110
nr_Annotation 220 81 139
All_Annotated 222 82 140
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Table 4 Statistics for the target gene numbers of differentially
expressed miRNAs in two samples

Type COG GO KEGG Swissprot NR KOG Pfam Total
SO0T_vs_S02 12 90 10 92 134 25 79 134

Notes: The first column represents the sample combination, the second
column to the last column represents the function database, and the last
column represents the sum of the comments

could reflect biological characteristics of differentially
expressed genes. The results are shown in Fig. 3.

GO analysis showed that 563 target genes were anno-
tated in all of the predicted miRNAs. The target gene an-
notation of difference miRNA was 315, accounting for
55.95% of the total number of target genes annotated.
Among them, target gene relevant cellular components
were 117, of which 39 were differentially expressed miRNA
target genes, accounting for 33.33% of all target genes. The
three largest percentages were cell (8), organelle (8) and
cell part (8). Target gene relevant molecular functions were
191, of which 129 were differentially expressed miRNA tar-
get genes, accounting for 67.54% of all target genes. The
catalytic activity (54) term and binding (70) term occupied
the largest numbers of genes. Target gene relevant bio-
logical processes were 255, of which 147 were differentially
expressed miRNA target genes, accounting for 57.65% of
all target genes. The three largest percentages were meta-
bolic process (38), cellular process (37) and response to
stimulus (45). The figure shows GO secondary function
enrichment of all the miRNAs and different expression of
target genes, which reflected their positions. Having an
obvious proportional difference secondary function sug-
gested that the enrichment tendency was different between
differentially expressed miRNA target genes and all target
genes. According to enrichment tendency, the life activities
direction regulated by miRNAs could be simply predicted,
for example, among cellular components, different expres-
sion of target genes without membrane-enclosed lumen;
among molecular functions, without receptor activity,
electron carrier activity, enzyme regulator activity; and
among biological processes, without reproduction, viral
reproduction, reproductive process, signaling and multi-
organism process, suggested that the miRNAs involved in
these processes were relatively stably expressed during
growth and development in Larix olgensis. However, there
were also some miRNA target genes that were annotated
more than others, such as catalytic activity, binding, re-
sponse to stimulus, cellular process, and biological regula-
tion, which indicated that more than one miRNA
regulated their target genes to complete the normal growth
and development process. In conclusion, it can be very in-
tuitive to understand that these GO terms are enriched by
different expression of miRNAs in the categories of cellular
component, molecular function, or biological processs.
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two contexts

\

Correspondingly, sample 1 was in the early stages of

growth, and sample 2 was in the vigorous growth period.

Most miRNAs target genes were in the category of general
function prediction and function unknown that the expres-

COG annotation for differentially expressed miRNA target genes
sion level was the highest, suggesting most miRNAs partici-

The COG database is constructed based on the phylogen-

etic relationships of bacteria, algae and eukaryotes. The
COG database can be used for homologous classification of

pation in the entire life process and needing further

verification.

proteins. COG classification annotation results for differen-
tially expressed miRNA target genes are shown in Fig. 4.
These target genes are involved in amino acid transport
and metabolism, coenzyme transport and metabolism, lipid,
inorganic ion transport and metabolism; translation, riboso-
mal structure and biogenesis, cell wall/membrane envelope
biogenesis; transcription; replication, recombination and
repair; life activity processes, such as posttranslational
modification, protein turnover, and chaperones; function
prediction, such as signal transduction mechanisms.
Among the different function classifications, the proportion
of differential miRNA target genes annotated reflects the
information on the physiological or metabolic bias in the

corresponding period and environment. As shown in the

Enrichment for differentially expressed miRNAs
GO enrichment for the target genes of differentially

expressed miRNAs
The topGO software was used to perform enrichment ana-
lysis for the differentially expressed genes between the sam-
ples, and the hierarchical relationship of the significantly
enriched terms in the GO system was intuitively displayed
in the form of directed acyclic graph visualization. Bio-
logical process hierarchy analysis in GO enrichment for the
target genes of the differentially expressed miRNAs be-
tween samples SO1 and S02 is presented in Fig. 5. As noted
in Fig. 5, a total of 76 enriched GO terms in the biological
process classification was obtained. The most significantly

enriched term is the response to stimulus of endogenous
hormones and organic matter, followed by the regulation of
metabolic processes of cell macromolecules (including bio-

figure, relating to these processes were transcription; repli-
synthesis of RNA, nucleic acids, and organic matter) and

cation, recombination and repair; cell wall/membrane enve-
lope biogenesis; posttranslational modification, protein
turnover, chaperone life activity processes; and coenzyme
transport and metabolism. The expression level of these
target genes was relatively high, suggesting that the samples
were in a vigorous growth and development period.
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. A: RNA processing and modification
. B: Chromatin structure and dynamics
. C: Energy production and conversion
D: Cell cycle control, cell division, chromosome partitioning
. E: Amino acid transport and metabolism
. F: Nucleotide transport and metabolism
. G: Carbohydrate transport and metabolism
. H: Coenzyme transport and metabolism
. I: Lipid transport and metabolism
.J: Translation, ribosomal structure and biogenesis
. K: Transcription
. L: Replication, recombination and repair
. M: Cell wall/membrane/envelope biogenesis
[ N: Cell motility
.O: Posttranslational modification, protein turnover, chaperones
- P: Inorganic ion transport and metabolism
. Q: Secondary metabolites biosynthesis, transport and catabolism
. R: General function prediction only
. S: Function unknown
. T: Signal transduction mechanisms
. U: Intracellular trafficking, secretion, and vesicular transport
. V: Defense mechanisms
. W: Extracellular structures
- Y: Nuclear structure
. Z: Cytoskeleton

the regulation of gene expression. Of note, these terms
enriched in different categories are enriched in cellular sig-
nal transduction. Cells sense the stimulation of information
molecules through the cell membrane or intracellular re-
ceptors; thus, functions of the entire cell can be impacted.
The transcriptional activity of target genes may be altered,
thereby inducing the cellular response process. In the clas-
sification of Molecular Function, 38 enriched GO terms
were identified. The most significantly enriched target
genes included nucleotide binding followed by the activity
of transferase, DNA, ribonucleosides, and ion binding. The
above consensus results indicate that some Larix olgensis
miRNAs are likely involved in regulation at the transcrip-
tional level. The top 10 of topGO enrichment are the target
genes in the classification of Molecular Function, as shown
in Table 5.

As noted in the Table 5, the number of target genes of
the differentially expressed miRNAs that were annotated
as nucleotide binding accounted for 84.93% of the total
number of target genes, which had the highest enrichment
rate. Transferase activity, accounting for 78.38% of the total
target genes that were annotated, exhibited the second
highest enrichment rate. The enrichment of target genes
for these two types of differentially expressed miRNAs is
extremely significant, indicating that these miRNAs play
an important role in life activities.

KEGG annotation and pathway enrichment in differential
expression miRNA targets

In vivo, different genes interact with each other to perform
biological functions. To further understand the functions of
difference expression miRNAs and their targets, GO en-
richment and KEGG pathway annotation analysis for all
miRNAs and their targets were performed. The pathway
significant enrichment analysis can help us ensure that dif-
ferentially expressed target genes are involved in the main
biochemical metabolic pathways and signal transduction
pathways. The miRNA differential target genes of two sam-
ples were classified according to metabolic pathways, and
two samples gave information of 16 metabolic pathways
(Table 6). There are 8 miRNA target genes involved in the
metabolic process, including valine, leucine and isoleucine
biosynthesis, fatty acid biosynthesis, N-glycan biosynthesis,
pantothenate and coA biosynthesis, butanoate metabolism,
propanoate metabolism, pyruvate metabolism, and C5-
Branched dibasic acid metabolism, which composed 50% of
the differentially expressed target genes. In addition, enrich-
ment target genes involved in the genetic information
process were 5 terms that occupied 31.25%. In addition,
there were plant hormone signal transduction and plant-
pathogen interaction genes. This indicates that more than
one metabolic pathway participates in combination during
growth and development, and these metabolic pathways
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Fig. 5 TopGO-directed acyclic graph for the target genes of differentially expressed miRNAs. Notes: enrichment was performed for each GO node, and
the most significant 10 nodes are represented with boxes in the plot. The corresponding relationships between the layers are also included. The content
description and enrichment significance value of the GO node is provided inside each box (or oval). Different colours represent different enrichment

significance, and a deeper colour indicates a higher significance

are completed coordinatedly by more than one miRNA.
However, how the miRNAs regulate target genes needs fur-
ther study and verification.

Analysis of miRNA temporal and spatial expression patterns
Small RNA sequencing predicted 78 miRNAs. As Larix
olgensis does not have a genomic database, the functions
of the target genes of these miRNAs cannot be accur-
ately defined. Based on the above research findings [33—
40], eight miRNAs were chosen that may be related to

growth and development to undergo additional quantita-
tive fluorescence analysis to understand the relative ex-
pression of these miRNAs during several growth and
development stages in larch. MiRNAs and target genes
annotation are presented in Table 7. In addition, 5.8S
rRNA was selected as the control reference, with the pri-
mer sequence 5SACGTCTGTCT#GGGCGTCG 3'. The
upstream primer was a universal primer provided by the
TransGen Biotech (Beijing, China). The downstream
primers are presented in Table 8.
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GO ID Term Annotated gene Significant gene Expected gene KS
GO:0000166 nucleotide binding 73 62 49.07 1.10E-05
GO:0016740 transferase activity 37 29 24.87 0.01
GO:0016772 transferase activity, transferring phosp... 31 25 20.84 0.015
GO:0043531 ADP binding 1 " 7.39 0.04
GO:0043168 anion binding 53 42 35.62 0.049
GO:0032549 ribonucleoside binding 52 41 34.95 0.069
G0:0032559 adenyl ribonucleotide binding 52 41 34.95 0.069
G0:0017076 purine nucleotide binding 52 41 34.95 0.069

Notes: Term GO functional description, Annotated gene The number of genes annotated with this function among all the genes, Significant gene The number of
target genes annotated with this function among the target genes of differentially expressed miRNAs, Expected gene The expected number of target genes with
differentially expressed miRNA target genes, KS Statistical significance of enrichment terms, with a smaller KS value indicating more significant enrichment

Table 6 Statistics of KEGG enrichment top 16

Kegg_pathway ko_ID enrichment_factor Cluter_frequency Genome_frequency Regluate P-value Corrected_ Target ID
P-value

Ribosome ko03010 0.32 1 outof 8 1 out of 25 (4%) up (1) 032 1 €65500.graph_c0
(12.5%)

Fatty acid biosynthesis  ko00061 0.32 1 out of 8 1 out of 25 (4%) down 032 1 €82138.graph_c0
(12.5%) )

N-Glycan biosynthesis ~ ko00510 0.32 1 out of 8 1 out of 25 (4%) up (2) 0.32 1 c75325.graph_c0
(12.5%)

Plant hormone ko04075 0.32 1 out of 8 1 out of 25 (4%) down 032 1 €80883.graph_c0

signal transduction (12.5%) Q)

Propanoate ko00640 0.32 1 out of 8 1 out of 25 (4%) down 032 1 €82138.graph_c0

metabolism (12.5%) m

Endocytosis ko04144 032 1 outof 8 1 out of 25 (4%) up (1) 032 1 €79817.graph_c0
(12.5%)

Butanoate ko00650 0.32 1 outof 8 1 out of 25 (4%) up (2 032 1 €83046.graph_c0

metabolism (12.5%)

Valine, leucine ko00290 0.32 1 outof 8 1 out of 25 (4%) up (3) 032 1 €83046.graph_c0

and isoleucine (12.5%)

biosynthesis

Ribosome biogenesis ~ ko03008 0.32 1 out of 8 1 out of 25 (4%) down 032 1 c40049.graph_c0

in eukaryotes (12.5%) (]

Plant-pathogen ko04626 0.32 1 out of 8 1 out of 25 (4%) down 032 1 c71353.graph_c0

interaction (12.5%) (]

Pyruvate ko00620 0.32 1 out of 8 1 out of 25 (4%) down 032 1 ¢82138.graph_c0

metabolism (12.5%) Q)

C5-Branched ko00660 0.32 1 out of 8 1 out of 25 (4%) up (1) 032 1 €83046.graph_c0

dibasic acid (12.5%)

metabolism

Protein processing ko04141 0.64 1 out of 8 2 out of 25 (8%) up (2 0.546666667 1 €79817.graph_c0

in endoplasmic (12.5%)

reticulum

Pantothenate and ko00770 0.64 1 out of 8 2 out of 25 (8%) up (1) 0.546666667 1 €83046.graph_c0

CoA biosynthesis (12.5%)

Spliceosome ko03040 0.64 1 out of 8 2 out of 25 (8%) up (1) 0.546666667 1 €79817.graph_cO
(12.5%)

RNA transport ko03013 0.96 1 out of 8 3 out of 25 (12%) down 0.704347826 1 c40049.graph_c0
(12.5%) 4)

Notes:ko_ID KEGG pathway ID, Cluter_frequency The ratio that sample-to-sample miRNAs predicted to target genes annotated to the pathway target genes
number accounted for sample-to-sample predicted target genes of miRNAs annotation to KEGG. Genome_frequency: the ratio that target genes number of all
miRNAs predicted were annotated to the target genes number of the pathway, which accounted for the target genes of all miRNAs annotated to the pathway; P-
value: Significance of enrichment, the smaller the P-value, the higher the enrichment
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miRNA ID mMiRNA Target gene ID Target gene annotation Reference species
conservative_c67876.graph miR160 €79046.graph_c0 auxin response factor 16 Pinus massoniana
042013 c47433.graph_c0 putative auxin response Cycas rumphii
factor 10/16/17
€67876.graph_cO hypothetical protein Corchorus capsularis
CCACVL1_17746
conservative_c100220. miR164 €82138.graph_c0 Carboxyl transferase Macleaya cordata
graph_c0_21 ¢51789.graph_c0 cup-shaped cotyledon Picea abies
€100220.graph_c0 ABC transporter ATP- Archaeoglobus veneficus
binding protein
conservative_c81519. miR166-1 ¢75192.graph_c0 class Il HD-Zip protein Pinus taedas
graph_c0_113869 c81519.graph_c0 unknown Picea sitchensis
conservative_c101915. miR166-2 c101915.graph_cO DEAD/DEAH box helicase Pedobacter sp. KBW06
graph_c0_183
conservative_c53169. miR396-1 €53169.graph_c0; No
graph_c0_14321 €76194.graph_cO0;
€84439.graph_c0;
¢80217.graph_c0 hypothetical protein COLO4 Corchorus olitorius
conservative_c84439. miR396-2 €76194.graph_c0; No
graph_c0_145702 €84439.graph_c0
€85259.graph_c0 mannitol dehydrogenase Glonium stellatum
€75801.graph_c0 unnamed protein product Arabidopsis halleri
conservative_c79262. miR950-1 €72897.graph_c0; No
graph_c0_97269 €83878.graph_c0;
€79262.graph_cO;
€70968.graph_c0 unknown Picea sitchensis
€69006.graph_c0 putative TIR-NBS-LRR protein Pinus monticola
unconservative_c72897. mMiR950-2 c60781.graph_c0 unknown Picea sitchensis
graph_c0_60887 €79262.graph_cO; No
€83878.graph_c0;
€72897.graph_c0;
€83910.graph_c0 NB-ARC Pinus tabuliformis

€79134.graph_c0

putative TIR-NBS-LRR protein

Pinus monticola

Note:target genes annotation was based on other species in Nr, Swissprot, Pfam database. “No” indicated no alignment results

For the selected reference 5.8S rRNA, when the sam-
ple template concentration and volume are basically
the same, the expression of the 5.85 rRNA gene of all
samples was relatively stable; the Ct value difference
between samples was less than 2 and conformed to the
reference standard. The dissolution curves of real-time
quantitative PCR were all single peak, indicating that
the PCR product was more specific.

Expression analysis of miRNAs in different tissues
Differences exist in the expression of the same miRNAs
in different plant tissues. Using leaf tissue as the refer-
ence, the relative expression of each miRNA in the
roots, stems and leaves of 60 days (120 days, 180 days)
seedlings are presented in Fig. 6a (b, c).

As noted in Fig. 6, differences in miRNA expression in
roots, stems, and leaves are noted at the same growth
stage. At 60 days, miR160, miR166, and miR396-2 exhib-
ited the highest expression in leaves; however, their
expression in leaves was not significantly different from
those in stems. miR950-2 exhibited the lowest expression
in leaves, and its expression in stems was significantly in-
creased compared with roots and leaves, indicating that
miR950-2 likely played an important role in stem elong-
ation. At 120days, except for the slight increase in
miR166-1 expression in roots, the relative expression of
other miRNAs in the roots and stems decreased signifi-
cantly. The highest expression was noted in leaves. In par-
ticular, the expression of miR160, miR164 and miR950-2
in stems was significantly reduced compared to leaves.
These miRNAs were abundantly expressed in leaves
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miRNA miRNA sequence (5-3") length (nt) reverse primer sequence (5-3")
miR160 ugccuggeucccuguaugeca 21 TGCCTGGCTCCCTGTATGC
miR164 uggagaagcagggcacgugcg 21 ATGGAGAAGCAGGGCACGT
miR166-1 ucggaccaggcuucauuccce 21 TCGGACCAGGCTTCATTCC
miR166-2 aaacgcauuucguacggacuga 22 AAACGCATTTCGTACGGACTGA
miR396-1 ucccacagcuuucuugageuu 21 TCCCACAGCTTTCTTGAGCTT
miR396-2 gaaagcuguggaagagcau 19 GGGAAAGCTGTGGAAGAGCAT
miR950-1 ucacaucugggccacgaugguu 22 TCACATCTGGGCCACGATG
miR950-2 ugacaucugggccacgaugguu 22 TGACATCTGGGCCACGATG

potentially because they were closely related to the growth
and development of leaves. At 180 days, miRNAs were
abundantly expressed in roots and stems (miR950 expres-
sion in the roots was considerably increased compared to
leaves), suggesting that these miRNAs are tightly con-
nected with the formation of lateral roots and adventitious
roots during this stage.

Expression analysis of miRNAs at different growth stages
Understanding the differential expression and regulatory
relationship of miRNAs and their target genes in roots,
stems, and leaves at different growth stages aids in the
exploration of the regulatory mechanisms and biological
functions of miRNAs and their target genes in the
growth and development of Larix olgensis. The relative
expression of each miRNA in the root (stem and leaf)
tissues at 60—180 days is presented in Fig. 7a (b, c).

As noted in Fig. 7, miRNAs exhibit different expres-
sion levels in roots, stems and leaves at different growth
stages. miRNA has different variation trends among
roots, stems and leaves. For the leaves, the relative
expression of miR396-2 was reduced during the growth
period, whereas the other seven miRNAs increased ini-
tially and then decreased. In particular, miR160, miR164,
and miR950-2 exhibited a pronounced pattern of such a
trend. On the other hand, the relative expression of miR-
NAs in the stems, miR166—1 and miR396-2, continu-
ously increased, whereas the expression of all the other
miRNAs, especially miR160, miR164, miR396-1 and
miR950-1, first decreased and then increased. Similarly,
the relative expression of miRNAs in roots, miR950-2
expression first decreased and then increased, whereas
other miRNAs exhibited a trend of continuously increas-
ing. Therefore, it was hypothesized that miRNA166-1
and miR396-2 expression in stems and roots increases
with growth and development, indicating that they were
likely related to the formation of xylem. In contrast,
miR160, miR166-1, miR166-2, and miR396-2 exhibit the
highest expression in leaves at the non-lignification
growth stage but the lowest expression in the full lignifica-
tion growth stage, indicating that these miRNAs may be

involved in secondary metabolism in cells. Additionally,
60 and 120 days were the turning points for miRNA ex-
pression changes, indicating that they might be the key
stages for miRNA to regulate the growth of Larix olgensis.

Discussion

sRNA sequencing methods

Small RNA sequencing analysis is a very important topic
in miRNA research. This analysis involves the late-stage
prediction and identification of miRNAs for further un-
derstanding the expression of miRNAs in specific tissues
and at specific stages to screen for corresponding miR-
NAs in directed studies. Earlier studies isolated and
identified miRNAs mainly via constructing libraries
followed by direct cloning and sequencing. For example,
Lu et al. [9] used this method to study the regulation of
miRNAs in Pinus taeda after infection with the fusiform
rust Cronartium quercuum f. sp. fusiforme. Yakovlev et
al. [41] also used this method to study how small RNAs
are involved in regulating the epigenetic mechanism of
climate adaptation in zygotic embryos during the em-
bryogenesis process in Picea abies. The method of li-
brary construction followed by direct cloning and
sequencing is relatively simple and represents an effect-
ive and credible method for obtaining plant miRNAs.
This method also allows the identification of known and
new miRNAs. Nevertheless, such a method takes time,
and the detection efficiency is low. In addition, the small
RNAs obtained by this method include not only miR-
NAs but also other sRNAs, such as siRNAs, which
severely hinders the identification of miRNAs. At
present, the recent extensively adopted molecular biol-
ogy experimental sequencing technologies make up for
the above shortcomings. Since 2005, high-throughput se-
quencing technologies, such as massively parallel signa-
ture sequencing (MPSS) [42], 454-FLX [43] and Solexa,
have been developed for the mining and analysis of small
RNAs. Roussley et al. [44] performed high-throughput se-
quencing on wild rice using 454-FLX sequencing technol-
ogy and found differentially expressed genes via alignment
with their own rice genomes. Solexa is a novel sequencing
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method based on SBS (sequencing by synthesis), which
utilizes a single-molecule array to perform PCR in a small
flow cell. In addition, new reversible terminator technol-
ogy is used to synthesize only one base at a time. Then,
the fluorescent gene is labelled, and the fluorescence sig-
nal captured, which allows reading of the base informa-
tion. Solexa sequencing generates reads within 35bp in
length, which are well suited for sequencing analysis of
small RNAs, such as miRNAs. Additionally, millions or
even billions of reads can be obtained in a short period of
time. For conifers, miRNA studies can be performed
through small RNA library construction and sequencing
in P. taeda and P. abies [9, 10]. The characteristics of effi-
cient and effective data collection using this method have
largely accelerated miRNA research in animals and plants.

Analysis of miRNAs and their targets

Previous studies indicated that many kinds of miRNAs
were identified in angiosperms, and had been classified in
the form of family [45, 46] but are rarely reported in the
gymnosperms [47-49]. Recent studies have identified
miRNA targets related to many aspects, mainly including
transcription factors, signal transduction, plant growth and
development [50], plant hormone signal transduction [51],
RNA transporter [52], sSRNA biosynthesis [53] and plant
defence [54, 55]. However, for Larix olgensis, a study of
miRNAs has not been reported previously. To obtain infor-
mation pertaining to miRNA and target gene annotation, a
sRNA library was constructed and then sequenced.
Seventy-eight miRNAs and 333 target genes were obtained
from 7,715,641 unique sequences, indicating that the
growth and development process of Larix olgensis is regu-
lated by many miRNAs. In addition, a large part of the
sRNA was not annotated in this study, including sample
S01 12,229,003 (79.96%) and sample S02 9,921,086
(83.27%), which may have been because there is no genome
information in any of the databases for Larix leptolepis.
Therefore, it is possible that there is also a large number of
function-specific and novel miRNAs, suggesting that much
information is available to be excavated.

When studying miRNA function, it is important to dir-
ectly find the corresponding regulated target genes. The
main target genes annotated were transcription factors, sig-
nal transduction, and cell wall and cell membrane biosyn-
thesis in this study. In a previous study, the miRNA target
genes were mostly transcription factors, which implies that
miRNAs may participate in the regulation of more than
growth and development. This study also suggested that a
miRNA may regulate more than one target gene, and differ-
ent miRNAs may also regulate the same target genes [56].
From the miRNA and target gene annotation information,
it can be seen that miRNA has more than one target gene
in Larix olgensis, and the same target gene not only regu-
lates one miRNA. In addtion, miR950 was just annotated in

Page 15 of 20

conifer species, besides, there are functions unknown in
some species, it suggested that miR950 may be special in
Larix olgensis. Previous studies found that miRNAs were
mainly negative regulation target genes. Theoretically, they
should be negatively correlated, but there was very little
negative correlation between the expression of miRNA and
the target gene in maize. Therefore, it is possible that the
regulation of target genes is affected by many factors, not
just by miRNA regulation. In a pathway analysis study, the
differentially expressed miRNAs were mainly involved in
the biosynthesis of organic and macromolecules and inor-
ganic ions and signal transduction, and target genes were
not always involved in a metabolic pathway, For example,
the predicted target genes of miR164 participate in three
metabolic pathways and miR2592 in four metabolic path-
ways. It is also further confirmed that the interaction
between miRNAs and their target genes is influenced by a
variety of factors.

Expression pattern of miRNAs by qRT-PCR

The temporal and spatial expression patterns of miRNA
provide some ideas for functional research, which is also
one of the important components of miRNA research.
Different miRNAs are temporal- and tissue-specific in
plants, showing that temporal and spatial expression may
not only determine the functional specificity of tissues and
cells but are also involved in complex gene regulation,
which plays an important role in the growth and develop-
ment of plants. Most of the miRNAs were differentially
regulated in different tissues in Prunus persica [57]. In
previous studies, miR164 could regulate floral organ de-
velopment by cleaving CUC1 (cup 1 shaped cotyledon)
and CUC2 mRNAs [33]. Moreover, the mechanism by
which miRNAs regulate the translational mechanism of
mRNAs is reversible, during which miRNAs and mRNAs
are both expressed [40]. Cleavage of NAC1 (N-acetyl-L-
cysteine) mRNA downregulates the hormone signalling of
lateral root development [34]. Some Prunus mume NACs
were downregulated during flower bud opening, and some
NAC genes were highly expressed in stems during winter
[58]. Auxin plays an important role in plant growth and
development. ARF17, a member of the ARF (auxin re-
sponse factor) gene family, was one of the target genes of
miR160. miR160 negatively regulates ARF17 expression
and plays an important role in response to early auxin sig-
nalling [35]. Overexpressing the precursor of ptcmiR396¢
under the control of pCaMV35S in the transgenic tobacco
lines, the different lines showed delays in the growth and
development and consequently delays in floral transition
at three months stages of growth. Therefore, miR396 may
play an important role in the growth and development of
plants. [59]. In maize, miR166 regulated the differentiation
of stem cells and miR166 enhanced plant adaptability to
low-temperature stress by inhibiting NAC1 and ATHB-8
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(Arabidopsis thaliana homeobox 8). Moreover, miR166¢/f
in the miR166 family may be related to the differentiation
of plant microtubule cells and the formation of meristems
and lateral roots; it is mainly involved in the metabolic
process of auxin signal transduction, thereby regulating
plant adaptability to stress conditions such that plants can
develop towards favourable conditions [45]. MiR951
cleaves non-protein coding sequences homologous to plant
disease-resistant proteins in Pinus taeda and produces
short peptides or secondary siRNAs. It is hypothesized that
miR950 may also exhibit this function [3]. Peptides are a
class of plant signalling molecules that play important roles
in growth and development and cannot be replaced by
auxins or cytokinins [46, 47]. In Brassica rapa, many novel
miRNAs, many with few target genes and low expression,
suggest rapid evolution of the miRNA genes [60].

MiRNA is an important regulation gene that responds to
environmental change rapidly. This study used qRT-PCR to
detect the relative expression levels in leaves, stems and
roots from three important periods in Larix olgensis growth
and development. It was found that miR160, miR166 and
miR396-2 had the highest expression in leaves at 60 days,
but the expression of miR950 was the lowest, while in
stems and leaves, it was significantly higher than that in
roots. It is possible that the former is closely related to the
growth and development of leaves, and miR950 may be re-
lated to the formation of the lateral root and lignin. At 120
days, it was just lignification. Except for miR166-1, other
miRNAs had the highest expression in leaves. During the
study period, the photosynthesis absorption of plants was
relatively strong, so it was speculated that these miRNAs
could promote the growth and development of leaves.
When the plant was fully lignified over 180 days, the ex-
pression of all the miRNAs in the leaf was the lowest, but
they were expressed abundantly in the stems. In particular,
the expression of miR950 in roots was significantly higher
than that in the stem, indicating that it plays a very import-
ant role in lateral root development. Previous studies had
also found that miR950 can promote lateral root develop-
ment in Larix leptolepis. The relative expression of miRNAs
in roots, stems and leaves at different growth and develop-
ment stages was found to be different, and the miRNA had
different trends of variation. The relative expression of miR-
NAs first increased and then decreased in leaves, except
miR396-2, while the result was a different expression pat-
tern from stems and leaves, there was an increased trend in
roots, except for miR950. It is possible that many miRNAs
participate in the same metabolic process and play a very
important role in the growth process. Identifying the re-
lated miRNAs would lay the foundation for growth and de-
velopment mechanisms in Larix olgensis.

In previous studies, it was mentioned that the miR164
family regulated the R2R3-MYB structural protein involved
in growth and development, signal transduction, and anti-
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stress response [61]. This indicates that miR164 plays an
important role in growth and development as well as stress
tolerance. The target gene NAC of miR164 can convert the
plant hormone signal, consequently producing the lateral
root in maize, and the increased expression of miR164
could reduce the lateral root [62]. This is consistent with
the results of this study. When the plant grew for 120 days,
the most vigorous development should have occurred in
the lateral roots. At this time, the results show that the rela-
tive expression of miR164 was very low, which led to a large
number of lateral roots. MiR166/miR165 played an import-
ant role in leaf curl, and it could inhibit the expression of
the leaf roll gene rld by increasing miRNA expression and
improving plant tolerance. In addition, miR166 was found
to be involved in the regulation of root morphology in
alfalfa. The expression of precursor miR166 reduced the ex-
pression of the class-III HD-ZIP (homeodomain-leucine
zipper) gene, and there was abnormal development on the
side of the symbiotic joint and lateral root [63]. In addition,
miR160 also had a certain regulatory effect on leaf forma-
tion, indicating that the regulation of the leaf involves the
participation of multiple genes. In this study, the expression
of miR166 in the root increased as time went on, but in-
creased first and then decreased in the leaf. Studies have
also found that the target genes of miR160 and miR167
might play an opposite role in regulating the expression of
GH3.6 (Gretchen Hagen3.6) [64, 65]; that is, the reduction
of the miR160 target gene can activate the increase in auxin
and adventitious roots, while miR167 target genes are the
opposite. This also suggested that the miRNA was involved
in the regulation of many levels of growth and develop-
ment. This study predicted that the miR160 target gene
was ARF. The lowest abundance expression of miR160 was
found in root, but the expression of the target gene ARF
was the highest in the analysis of the mature miRNA and
target genes, speculating that it is possible to promote
miR160 plant growth by regulating target gene ARF. Stud-
ies of miR396 showed that the target gene ARF is a tran-
scription factor gene related to drought. However, this
study discovered that miR396 plays a regulatory role in
Larix olgensis growth and development, indicating that
the gene had more than one function. MiR950 in the root
was highly expressed at 180 days. As we all know, it is dif-
ficult to make Larix olgensis root in tissue culture by or-
ganogenesis or somatic embryogenesis. We can clone
miR950, and then proceed to genetic transformation in
Larix olgensis, thus improved root rate. In the future, the
pathway of differentially expressed miRNA and their tar-
gets can be analysed to understand other functions or a
regulation network of Larix olgensis.

Conclusions
This study of 78 novel miRNAs has enriched the Larix
olgensis genome. Differentially expressed miRNAs were
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analysed. Most of the expression levels were different in
different tissues and stages, which suggested that miRNA
expression levels are spatio-temporally variable. In short,
the plant miRNA involved in every process of plant
growth and development through the interaction between
miRNA and its target gene can directly regulate plant
growth and development and can also indirectly regulate
growth and development of plants through their corre-
sponding target genes. Some plant miRNAs physically
clustered together as a polycistron, suggesting that these
miRNAs have a function potentially regulating gene ex-
pression in a coordinated fashion. miRNAs in plants have
important biological functions in the growth and develop-
ment process, and studying their molecular mechanism
has very important biological significance for regulating
target genes in plant life activities. According to the
expression pattern of miRNAs, it is possible to predict
their functions. If validation of miRNAs and target gene
function is needed, it is necessary to realize it through the
genetic transformation of miRNAs. This is also a key
problem urgently requiring a solution.

Materials and methods

Materials

SRNA sequencing materials

The materials for sequencing were collected from the
Mao’ershan Experimental Forest Farm of Northeast For-
estry University, Heilongjiang, China. According to the
growth phenophase of Larix olgensis, the cambium and its
surrounding parenchyma tissues were obtained at the be-
ginning of the thickening growth period (May 5th) and the
peak of the thickening growth period (June 15th), respect-
ively. Samples were immediately placed in liquid nitrogen
for cryopreservation and then taken to the laboratory and
placed in a — 80 °C freezer until RNA extraction.

The qRT-PCR materials

For seed sowing and nursery growth, Larix olgensis
plants were placed and grown in a thermostatic seedling
chamber at 24 +1°C with a light duration of 16h.d™'
and light intensity of 35 umol-m™*", When the plants
had grown for 60 days (not lignified), 120 days (begin-
ning of lignification), and 180 days (completely lignified),
three tissues (roots, stems, and leaves) were sampled.
The collected samples were rinsed with pure water, dried
with absorbent paper, and then quickly placed in liquid
nitrogen for miRNA extraction.

Methods
Construction and sequencing of sRNA library

sRNA library construction The purity, concentration
and integrity of RNA samples were detected using a Nano-
drop spectrophotometer (BioRad, Philadelphia, PA, USA), a
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Qubit 2 fluorometer (Invitrogen, Carlsbad, CA, USA) and
an Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA), respectively, to ensure that qualified sam-
ples were sequenced. For Illumina sequencing (Illumina,
San Diego, CA, USA)), a sRNA library was constructed
using the small RNA Sample Pre Kit as well as the sSRNA
passing quality test. Briefly, the small RNA (18-30 nt) was
first connected to a 3" adaptor; primers for the reverse reac-
tion were added; and a 5 adaptor was ligated to the small
RNA. Finally, a reverse transcription reaction was followed
by several cycles of PCR to obtain sufficient product for
sequencing, and the target fragments were screened by
PAGE gel electrophoresis. The small RNA library was con-
structed using all sequences from the fragments..

Library quality control and sequencing After the sSRNA
library was constructed, a Qubit 2.0 fluorometer and an
Agilent 2100 bioanalyzer were used to test the library con-
centration and insert size of the SRNA library, respectively.
In addition, the Q-PCR method was used to accurately
quantitate the effective concentration of the library to
ensure the quality of the library. After accurate quantifica-
tion, the SRNA was sequenced using the high-throughput
[lumina sequencing platform HiSeq2500, and the sequence
reads were single-end 50 nt products.

Statistical analysis of sequencing data

Production of clean reads The raw reads obtained by
sequencing contain an adaptor sequence or a low quality
sequence. To ensure the accuracy of information ana-
lysis, it was necessary to control the quality of raw data
and obtain clean reads. The quality control standards of
the original sequence were as follows:

(1) Filtering out the low quality reads (the base
quality value is less than 30, which is occupied
more than 20%);
(2) Filtering out the reads with unknown base N
whose content was more than 10%;
(3) Cutting the 3" end adapters and barcode sequence;
(4) Discarding the reads smaller than 18 nt and
longer than 30 nt.

The prediction of miRNAs and target genes The miRNA
transcription start site (TSS) is located in the reverse com-
plementary sequence derived from the intergenic region,
the intron and the encoding sequence, forming a precur-
sor with a hairpin structure. The 60-70nt precursor is
transported to the cytoplasm and cleaved by the Dicer en-
zyme to form mature miRNA [66, 67]. The clean reads
were mapped to the reference sequence (The reference
here is based on based on transcriptome assembly
sequence) using the program miRDeep2 to identify
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conserved and novel miRNA. Then, 18-30 nt nucleotide
sequence alignment was undertaken for specific species in
the miRBase database by miRDeep2. Sequences were
unmapped to the reference sequence filtered by the elim-
inating adaptor, followed by extension of the miRNA base
number to predict the miRNA structure and obtain the
new miRNA. Finally, using the software TargetFinder to
predict the target gene, the predicted miRNA of the high-
est sequencing abundance was used as the query
sequence, and transcriptional data were used as a target
gene screening database.

MiIRNA extraction and reverse transcription

MiRNA extraction was performed using the EasyPure®
miRNA Kit, a miRNA extraction kit purchased from
TransGen Biotech (Beijing, China). The reverse transcrip-
tion reaction of the miRNA was performed using Trans-
Script® miRNA First-Strand ¢cDNA Synthesis SuperMix
(containing tailing enzyme and reverse transcriptase), a re-
verse transcription kit purchased from TransGen Biotech
(Beijing, China). The cDNA obtained from reverse tran-
scription was diluted 5-fold for use in qRT-PCR.

gRT-PCR analysis of miRNAs

Analysis results revealed that differentially expressed
miRNAs were identified in Larix olgensis. To infer
whether these miRNAs with either upregulated or
downregulated expression exhibit tissue specificity or are
involved in growth and development, the expression
levels of some differentially expressed miRNAs in differ-
ent tissues of Larix olgensis were analysed by qRT-PCR.

The qRT-PCR reaction for miRNAs was performed
using a qRT-PCR kit from TransGen Biotech (Beijing,
China), and SYBR dye was used in the reaction. The qRT-
PCR instrument was ABI7500 (Applied Biosystems, USA,
and PCR instrument used for gene expression analysis).
Three technical replicates were included for each reaction.
The reaction procedure was as follows: 94.°C for 30s; 40
cycles of 94°C for 55, 60°C for 155, 72°C for 355s; 95°C
for 155s; 60°C 1 min; 95°C 30s. When the amplification
reaction was completed, melting curve analysis was
performed to ensure that the melting curve was unimodal,
to ensure the unity of the PCR amplification product,
which also indicated that the PCR amplification product
exhibited high specificity.

Because plant cells contain a cell wall and are more
difficult to lyse, the cell tissue is made grinding powder
using liquid nitrogen grinding. The spoon, mortar and
pestle were placed in the autoclave at 121 °C for 15 min.
Then, 0.1% DEPC water was used to treat the plastic
materials in order to prevent the RNA enzyme from
degrading RNA. In addition, in the last step of the ex-
periment, when adding RNase free H,O, it is best to
place it into a constant-temperature water bath to
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preheat to 60 °C and add it to the centre of the filter as
soon as possible, which can improve the extraction effi-
ciency of miRNA. Before the real-time quantitative PCR,
the added MIX must be fully mixed in order to reduce
the effect on the error of the addition.

Data collation and statistical analysis

The raw data from this study were processed with Excel
97-2003. The relative expression of miRNAs in each
treatment was quantitatively analysed using the 2 A<
method [68]. Using 5.8S rRNA as the internal control
gene for mature miRNAs, the gene expression levels of
miRNAs were normalized. Calculation and analysis of
miRNA differential expression were subsequently
performed.

Abbreviations

AGO1: Argonaute; ARF: Auxin response factor; ATHB-8: Arabidopsis thaliana
homeobox8; COG: Clusters of Orthologous Groups of proteins; CUCT: Cup 1
shaped cotyledon; DCL: Dicer-like; FC: Fold change; FDR: False discovery rate;
GH36: (Gretchen Hagen3.6); GO: Gene Ontology; HD-ZIP: Homeodomain-leucine
Zipper; KEGG: Kyoto Encyclopedia of Genes and Genomes; miRNA: MicroRNA;
MPSS: Massively parallel signature sequencing; NAC: N-acetyl-L-cysteine;

nt: Nucleic acid; gRT-PCR: Quantitative real-time PCR; RISC: RNA-induced silencing
complex; SBS: Sequencing by synthesis; SE: Somatic embryogenesis; SRNA: Small
RNA; TPM: Transcripts per million; TSS: Transcription start site

Acknowledgements
Not applicable.

Authors’ contributions

Conceived and designed the experiments: HGZ and LZ. Performed the
experiments: SFZ, SSY, and PQA. Analyzed the data: SFZ, JLZ, HHX and JHW.
Wrote the paper: SFZ. All authors read and approved the final manuscript.

Funding

The manuscript was written with the funding from National Science and
Technology Major Project (2018ZX08020-003) and Chinese National Natural
Science Foundation (31700595). The design of the experiment and the
collection of samples was supported by Chinese National Programs for High
Technlogy Research and Development (2013AA102704). lllumina sequencing
and data analysis were supported by the Fundamental Research Funds for the
Central Universities(2572016CA08) .

Availability of data and materials

The raw sequences generated during the current study are available in the
National Center for Biotechnology Small Reads Archive (NCBI SRA, http://
www.nebi.nlm.nih.gov/sra) under Bioproject PRINA544580 and BioSample
accessions SAMN 11843655, SAMN11843656. The datasets generated or
analyzed during this study are included in this published article.

Ethics approval and consent to participate

Not applicable. Neither human or animal subjects, human or animal materials
nor human or animal data were used on this manuscript. Collections of plant
material comply with institutional, national, and international guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory of Tree Genetics and Breeding (Northeast Forestry
University), Harbin 150040, China. “State Key Laboratory of Tree Genetics and
Breeding (Chinese Academy Of Forestry), Beijing 100081, China.


http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra

Zhang et al. BMC Plant Biology

(2019) 19:247

Received: 11 March 2018 Accepted: 28 May 2019
Published online: 11 June 2019

References

1.

20.

21.

22.

23.

24,

25.

Chen XM. Small RNAs and their roles in plant development. Annu Rev Cell
Dev Biol. 2009,25:21-44.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116:281-97.

Brodersen P, Sakvarelidze-Achard L, Bruun-Rasmussen M, Dunoyer P,
Yamamoto YY, Sieburth L, Voinnet O. Widespread translational inhibition by
plant miRNAs and siRNAs. Science. 2008;320:1185-90.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis
elegans. Nature. 1998;391:806-11.

Llave C, Xie Z, Kasschau KD, Carrington JC. Cleavage of scarecrow-like
mRNA targets directed by a class of Arabidopsis miRNA. Science. 2002,
297:2053-6.

Aukerman MJ, Sakai H. Regulation of flowering time and floral organ
identity by a microRNA and its APETALA2-like target genes. Plant Cell. 2003;
15:2730-41.

Bari R, Datt PB, Stitt M, Scheible WR. PHO2, microRNA399, and PHR1 define
a phosphate-signaling pathway in plants. Plant Physiol. 2006;141:988-99.
Reinhart BJ, Weinstein EG, Rhoades MW, et al. MicroRNAs in plants. Genes
Dev. 2002;16(13):1616.

Lu Sf SYH, Amerson H, Chiang VL. MicroRNAs in loblolly pine (Pinus taeda L) and
their association with fusiform rust gall development. Plant J. 2007,51:1077-98.
Yakovlev IA, Fossdal CG, Johnsen O. MicroRNAs, the epigenetic memory
and climatic adaptation in Norway spruce. New Phytol. 2010;187:1154-69.
Carrington JC, Ambros V. Role of microRNAs in plant and animal
development. Science. 2003;301(5631):336-228.

Jones-Rhoades MW, Bartel DP, Bartel B. MicroRNAS and their regulatory
roles in plants. Annu Rev Plant Biol. 2006;57:19-53.

Yang JS, Phillips MD, Betel D, et al. Widespread regulatory activity of
vertebrate microRNA*species. RNA. 2011;17(2):312-26.

Qi Y, Denli AM, Hannon GJ. Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell. 2005;19(3):421-8.

Yoon WH, Meinhardt H, Montell DJ. miRNA-mediated feedback inhibition of
JAK/STAT morphogen signalling establishes a cell fate threshold. Nat Cell
Biol. 2011;13(9):1062-9.

Gandikota M, Birkenbihl RP, Hohmann S, et al. The miRNA156/157
recognition element in the 3'UTR of the Arabidopsis SBP box gene SPL3
prevents early flowering by translational inhibition in seedlings. Plant J.
2007;49(4):683-93.

Shi T, Wang K, Yang PF. Ancient microRNA families that regulate
transcription factors are preferentially preserved during plant radiation.
Plant Signal Behav. 2016;11(12):1-3.

Jones-Rhoades MW, Bartel DP. Computational identification of plant
microRNAs and their targets, including a stress-induced miRNA. Mol Cell.
2004;14(6):787-99.

Chen M, Meng Y, Gu H, et al. Functional characterization of plant small
RNAs based on next-generation sequencing data. Comput Biol Chem. 2010;
34(5-6):308-12.

Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol. 2009;10:R25.

Starega-Roslan J, Galka-Marciniak P, Krzyzosiak WJ. Nucleotide sequence of
miRNA precursor contributes to cleavage site selection by dicer. Nucleic
Acids Res. 2015;43(22):10939-51.

Fahlgren N, Howell MD, Kasschau KD, Chapman EJ, Sullivan CM, Cumbie JS,
Givan SA, Law TF, Grant SR, Dangl JL, Carrington JC. High-throughput
sequencing of Arabidopsis microRNAs: evidence for frequent birth and
death of MIRNA genes. PLoS One. 2007;2(2):.e219.

Romualdi C, Bortoluzzi S, D'Alessi F, Danieli GA. IDEG6: a web tool for
detection of differentially expressed genes in multiple tag sampling
experiments. Physiol Genomics. 2003;12(2):159-62.

BenjaminiHochberg. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. 1995;57:289-300.
Yu K, Zhang T. Construction of customized sub-databases from NCBI-nr
database for rapid annotation of huge metagenomic datasets using a
combined BLAST and MEGAN approach. PLoS One. 2013;8(4):59831.

26.

27.

28.

29.

30.

31.
32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

49.

50.

52.

Page 19 of 20

Apweiler R, Bairoch A, Wu CH, et al. UniProt: the universal protein
knowledgebase [EB/OLI. Nucleic Acids Res. 2004;32(Database Issue):115-9.
Ashburner M, Ball CA, Blake JA, et al. Gene ontology:tool for the 35 unification of
biology. The gene ontology consortium. Nat Genet. 2000;25(1):25-9.

Tatusov RL, Galperin MY, Natale DA, et al. The COG database: a tool for
genome scale analysis of protein functions and evolution. Nucleic Acids Res.
2000;28(1):133-6.

Kanehisa M, Goto S, Kawashima S, et al. The KEGG resource for deciphering
the genome. Nucleic Acids Res. 2004;32(Database issue).D277.

Koonin EV, Fedorova ND, Jackson JD, et al. A comprehensive evolutionary
classification of proteins encoded in complete eukaryotic genomes.
Genome Biol. 2004;5(2):R7.

Eddy SR. Profile hidden Markov models. Bioinformatics. 1998;14(9):755-63.
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski
K, Dwight SS, Eppig JT, Hill DP, Lssel-Tarver L, Kasarskis A, Lewis S, Matese JC,
Richardson JE, Ringwald M, Rubin GM, Sherlock G. Gene ontology: tool for the
unification of biology. Nat Genet. 2000,25(1):25-9.

Laufs P, Peaucelle A, Morin H, Traas J. MicroRNA regulation of the CUC genes is
required for boundary size control in Arabidopsis meristems. Development. 2004;
131(17):4311-22.

Guo HS, Xie Q, Fei JF, Chua NH. MicroRNA directs mRNA cleavage of the
transcription factor NACT to downregulate auxin signals for Arabidopsis lateral root
development. Plant Cell. 2005;17:1376-86.

Mallory AC, Baitel DP, Battel B. MicroRNA directed regulation of Arabidopsis
auxin response factor17 is essential for proper development and modulates
expression of early auxin response genes. Plant Cell. 2005;17(5):1360-75.

Liu D, Song Y, Chen Z, et al. Ectopic expression of miR396 suppresses GRF
target gene expression and alters leaf growth in Arabidopsis. Physiol Plant.
2009;136(2):223-36.

Rodriguez RE, Mecchia MA, Debernardi JM, Schommer C, Weigel D, et al. Control of
cell proliferation in Arabidopsis thaliana by microRNA miR396. Development. 2010;
137(1):103-12.

Zhou X, Wang G, Zhang W. UV-B responsive microRNA genes in Arabidopsis
thaliana. Mol Syst Biol. 2007,3:103.

Yang H, Matsubayashi Y, Nakamura K, et al. Oryza sativa PSK gene encodes
a precursor of phytosulfokine-alpha, a sulfated peptide growth factor found
in plants. Proc Natl Acad Sci U S A. 1999;96(23):13560-5.

Lindsey K, Casson S, Chilley P. Peptides:new signaling molecules in plants.
Trends Plant Sci. 2002;7(2):78-83.

Yakovlev 1A, Asante DK, Fossdal CG, et al. Differential gene expression related to an
epigenetic memory affecting climatic adaptation in Norway spruce. Plant Sci. 20171;
180(1):132-9.

Brennecke J, Aravin AA, Stark A, Dus M, Kellis M, Sachidanandam R, Hannon GJ.
Discrete small RNA generating loci as master regulators of transposon activity in
Drosophila. Cell. 2007;128(6):1089-103.

Margulies M, Egholm M, Altman WE, et al. Genome sequencing in microfabricated
high-density picolitre reactors. Nature, 2005437(7057):376-80.

Rounsley S, Marri PR, Yu Y, et al. De novo next generation sequencing of plant
genomes. Rice. 2009;2(1):35-43.

Chen X. A microRNA as a translational repressor of APETALA2 in Arabidopsis
flower development. Science. 2004;303(5666):2022-5.

Nils S, Andreas S. Regulation of plant peptide hormones and growth factors
by post-translational modification. Plant Biol. 2019;21(Suppl 1):49-63.

Oh TJ, Wartell RM, Cairney J, Pullman GS. Evidence for stage-specific
modulation of specific microRNAs (miRNAs) and miRNA processing
components in zygotic embryo and female gametophyte of loblolly pine
(Pinus taeda). New Phytol. 2008;179(1):67-80.

Morin RD, Aksay G, Dolgosheina E, Ebhardt HA, Magrini V, Mardis ER, Sahinalp SC,
Unrau PJ. Comparative analysis of the small RNA transcriptomes of Pinus contorta
and Oryza sativa. Genome Res. 2008;18(4):571-84.

Qiu D, Pan X, Wilson IW, Li F, Liu M, Teng W, Zhang B. High throughput sequencing
technology reveals that the taxoid elicitor methyl jasmonate regulates microRNA
expression in Chinese yew (Taxus chinensis). Gene. 2009436(1-2):37-44.

Cakir C, Gillespie ME, Scofield SR. Rapid determination of gene function by
virus-induced gene silencing in wheat and barley. Crop Sci. 2010;50:577-84.
Liu Q, Chen YQ. Insights into the mechanism of plant development:
interactions of miRNAs pathway with phytohormone response. Biochem
Biophys Res Commun. 2009;384(1):1-5.

Achakzai HK, Barozai MYK, Din M, et al. Identification and annotation of
newly conserved microRNAs and their targets in wheat (Triticum aestivumL.).
PLoS One. 2018;13(7):¢0200033.



Zhang et al. BMC Plant Biology

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

(2019) 19:247

Xie Z, Kasschau KD, Carrington JC. Negative feedback regulation of dicer-
Like1 in Arabidopsis by microRNA-guided mRNA degradation. Curr Biol.
2003;13(9):784-9.

Deng Y, Wang J, Tung J, et al. A role for small RNA in regulating innate
immunity during plant growth. PLoS Pathog. 2018;14(1):1-22.

Sunkar R, Chinnusamy V, Zhu J, Zhu JK. Small RNAs as big players in plant
abiotic stress responses and nutrient deprivation. Trends Plant Sci. 2007;
12(7):301-9.

Joshi H. In silico identification and target prediction of microRNAs in
sesame (Sesamum indicum L.) expressed sequence tags. Int J Curr Microbiol
Appl Sci. 2018;7:1275-84.

Zhu H, Xia R, Zhao BY, et al. Unique expression, processing regulation, and
regulatory network of peach (Prunus persica) miRNAs. BMC Plant Biol. 2012;12:49.
Zhuo XK, Zheng TC, Zhang ZY, et al. Genome-wide analysis of the NAC
transcription factor gene family reveals differential expression patterns and
cold-stress responses in the Woody Plant Prunus mume. Genes. 2018;9(10):494.
Baucher M, Moussawi J, Vandeputte O M, et al. A role for the miR396/GRF
network in specification of organ type during flower development, as
supported by ectopic expression of\r, Populus trichocarpa miR396¢\r, in
transgenic tobacco. Plant Biology. 2013;15(5):892-8.

Bumjin K, Hee-Ju Y, et al. Identification and profiling of novel microRNAs in
the Brassica rapa genome based on small RNA deep sequencing. BMC Plant
Biol. 2012;12:218.

Lu X, H D, Lian C, et al. The role of peu-miR164 and its target PeNAC genes
in response to abiotic stress in Populus euphratica. Plant Physiol Biochem.
2017;115:418-38.

Li J, Guo G, Guo W, et al. miRNA164-directed cleavage of ZmNACT confers
lateral root development in maize (Zea mays L.). BMC Plant Biol. 2012;12:220.
Boualem A, Laporte P, Jovanovic M, et al. McicroRNA166 controls root and
nodule development in Medicago truncatula. Plant J. 2008;54(5):876-87.
Gutierrez L, Mongelard G, Flokova K, et al. Auxin controls Arabidopsis
adventitious root initiation by regulating jasmonic acid homeostasis. Plant
Cell. 2012;24(6):2515-27.

Tian CE, Muto H, Higuchi K, et al. Disruption and overexpression of auxin
response factor 8 gene of Arabidopsis affect hypocotyl elongation and root
growth habit, indicating its possible involvement in auxin homeostasis in
light condition. Plant J. 2004;40(3):333-43.

Schmittgen TD, Lee EJ, Jiang JM, Sarkar A, Yang LQ, Elton TS, Chen C. Real-time
PCR quantification of precursor and mature microRNA. Methods. 2008:44(1):31-8.
Qin YR, Duan ZX, Xia XL, Yin WL. Expression profiles of precursor and
mature microRNAs under dehydration and high salinity shock in Populus
euphratica. Plant Cell Rep. 2011;30(10):1893-907.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
realtime quantitative PCR and the 2(—Delta Delta C(T)) method. Methods.
2001;25:402-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 20 of 20

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Quality analysis of sRNA library
	Sequence analysis of small RNA
	Analysis of miRNAs
	Analysis of differentially expressed miRNAs
	Screening of differentially expressed miRNAs
	Cluster analysis of differentially expressed miRNAs

	MiRNA target gene prediction and function annotation
	Target gene prediction
	The target gene annotation of differentially expressed miRNAs
	GO annotation for differentially expressed miRNA target genes
	COG annotation for differentially expressed miRNA target genes

	Enrichment for differentially expressed miRNAs
	GO enrichment for the target genes of differentially expressed miRNAs
	KEGG annotation and pathway enrichment in differential expression miRNA targets
	Analysis of miRNA temporal and spatial expression patterns
	Expression analysis of miRNAs in different tissues
	Expression analysis of miRNAs at different growth stages


	Discussion
	sRNA sequencing methods
	Analysis of miRNAs and their targets
	Expression pattern of miRNAs by qRT-PCR

	Conclusions
	Materials and methods
	Materials
	sRNA sequencing materials
	The qRT-PCR materials

	Methods
	Construction and sequencing of sRNA library
	Statistical analysis of sequencing data
	MiRNA extraction and reverse transcription
	qRT-PCR analysis of miRNAs
	Data collation and statistical analysis
	Abbreviations


	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

