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Abstract

Background Grape is a plant that is sensitive to low temperature and vulnerable to low-temperature damage. How-
ever, little is known about the roles of INcCRNAs, miRNAs and mRNAs in regulating the hypothermia response mecha-
nism in Vitis amurensis Rupr.

Methods In this study, the expression and regulatory network of low-temperature response genes were studied
in the phloem of grape under different low-temperature stress.

Results Here, we performed analyses related to RNA-seq and miRNA-seq on grape phloem tissues from five peri-
ods of cold resistance campaigns. Three RNAs (IncRNAs, miRNAs and mRNAs) obtained by KEGG and GO analyses
were used to identify starch and sucrose metabolism associated with cold resistance, and specific changes in BP, CC,
and MF were identified in four comparisons. Venn diagrams, thermograms and pathway maps were used to analyze
the differentially expressed genes (DEGs), and their specific gene expression during the cold exercise were obtained.
The six DEGs finally selected were used for gRT-PCR to verify the RNA-seq data. In addition, we found that the regula-
tory networks of miRNAs and IncRNAs correspond to the six DEGs. This study will contribute to further experimental
studies to elucidate the cold resistance mechanism of Vitis amurensis Rupr.

Conclusions The low-temperature response genes of grape are mainly enriched in the starch and sucrose metabo-
lism, and they are regulated by miRNAs and IncRNAs. The conclusions will provide basic information for further under-
standing of the cold resistance mechanism of grape in the future.
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Graphical Abstract
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Background

Grapes (Vitis amurensis Rupr.), one of the most signifi-
cant commercial fruit crops, are utilized in various food
and beverage businesses, including wine production, rai-
sins, juicing, and fresh cuisine [1]. Low temperature is
the most important abiotic stress for normal growth and
yield of grapes, and affects the area distribution of grapes
[2, 3]. As a result, low temperature is a significant envi-
ronmental issue that limits the ability of grapes to grow
and develop and has an impact on grape output and qual-
ity. To enhance grapes’ ability to withstand low tempera-
ture and make more research on grapes’ reaction to low
temperature, it is crucial to reveal the molecular mecha-
nism of grape resistance to low temperature.

As deciduous perennials, vines need to be sheltered
from freeze before each year’s freezing period to sur-
vive the winter [4]. Changing gene expression patterns is
an efficient and cost-effective strategy to deal with cold
stress [5, 6]. Furthermore, numerous cold-responsive
genes and the gene products are believed to contribute to
cold tolerance at the transcriptional and biochemical lev-
els, as evidenced by earlier research [7-9].

A class of endogenous tiny non-coding RNAs, known
as microRNAs (miRNAs), controls the expression of
genes [9]. Typically 19-24 nucleotides (nt) long, they
originate from stem-loop precursors that are pro-
duced by the DICER-LIKE 1 (DCL1) enzyme catalyzing

endogenous miR genes [10, 11]. In most eukaryotes, the
miRNAs control post-transcriptional gene expression
either by facilitating the cleavage of target messenger
RNAs (mRNAs) or by suppressing the translation of tar-
get mRNAs. This regulation is significant for pathogen
response, development regulation, and epigenetic modi-
fication [12-16]. Single-stranded RNA molecules are the
source of miRNAs [14, 17-19], which imperfectly form
secondary structures resembling hairpins locally. Dicer
nuclease breaks down these 21 nucleotide molecules
from a lengthy RNA precursor with a base pair reentry
structure [20]. Base pairing allows the single-stranded
version of miRNA to attach to the target RNA by form-
ing a ribonucleoprotein complex with AGO [21, 22].
miRNAs are important post-transcriptional regulators of
gene expression. Throughout their life cycle, plants face
several abiotic stressors and hormonal cues, to which
they might respond in a sequence-specific way. Numer-
ous miRNAs have been found and studied; for example,
miR156 is important in regulating the expression of its
target gene, SPL (PROMOTER BINDING-LIKE), which in
turn affects plant growth and development [11].

The first miRNA was discovered to regulate develop-
ment in C. elegans in 1993 and it was designated as Lin-4
[23]. Ath-miRNA171, the first plant miRNA, was discov-
ered in 2002 [24]. Recent research on miRNAs has dem-
onstrated the significant function miRNAs play in fruits
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such as apple (Malus domestica) and grape (Vitis vinif-
era) to response to biotic/abiotic stress [25-27].

Among grapes, 110 miRNAs have been identified [28],
including vvi-miR156a /b/ c¢ against Vv-SPL9, which
functions throughout plant growth [11], and vvimiR061
targets VWREV and VWWHOX32, which play a role in the
gibberellin signaling pathway [29]. In addition, miRNAs
may regulate certain transcription factors during copper
stress, including AP2, SBP, NAC, MYB and ARF [30].

Although it is known that long non-coding RNAs
(IncRNAs) control a wide range of biological activities,
what is still unknown is how the entire pool of grape
IncRNAs interacts with cold stress. The roles of plant
non-coding RNAs, the major types of long non-coding
RNAs (IncRNAs) in particular, have not been thoroughly
investigated. IncRNA is defined as a non-coding RNA of
more than 200 base pairs (bp) in length [31] and it can be
divided into four types based on transcript length, includ-
ing IncRNA, lincRNA (long-intergenic non-coding RNA,
large intervening non-coding RNA, long-intervening
non-coding RNA), vlincRNA (very long intergenic non-
coding RNA), macroRNA and PALR (promoter-associ-
ated long RNA) [32]. According to genome-wide analysis,
IncRNAs are widely found in plants, including grape [33],
Arabidopsis [34], rice [35, 36], maize [37], and cotton
[38]. The formation of human cancer cells, abiotic and
biological stress responses, plant photomorphogenesis,
and many other biological processes are affected by the
action of IncRNA [39-41]. A previous study found that as
a rival for YUCCA?7, the IncRNA TCONS_00021861 was
demonstrated to suppress miR528-3p-mediated cleav-
age of YUCCA? in rice, thus increasing plant tolerance
to drought stress [42]. Cotton [ncRNA973 overexpres-
sion improves salt tolerance in Arabidopsis [43]. IncRNA
asHSFB2a inhibited the expression of HSFB2a in Arabi-
dopsis, thus affecting the reaction of plants to heat stress
[44]. Similarly, COLD INDUCED IncRNA 1 (CILI), a
novel IncRNA, was found to be a positive regulator of the
plant response to cold stress [45]. LNC_016398-MtCIRI
controls CBE/DREBI gene expression in Medicago trun-
catula in response to cold treatment [46]. In grape,
IncRNA-mediated regulation of extrachromosomal
genes, namely mitochondrial and chloroplast coding
sequences, has been observed to be involved in processes
such as key biological “photosynthesis” and “oxidative
phosphorylation” [33].

Based on full transcriptome data of mRNAs, miRNAs
and IncRNAs, we performed four comparisons over five
different time periods in this study. The examination
of the whole transcriptome data input revealed a high
enrichment of mRNAs, miRNAs, and IncRNAs in the
starch and sucrose metabolism. Therefore, we carried
out an investigation of the interaction networks among
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mRNAs, IncRNAs, and miRNAs that were enriched in
the starch and sucrose metabolism, and some mRNAs
were selected for qRT-PCR verification.

Materials and methods

Plant materials and treatments

One-year old grapevine was used in this study, which
was developed from the cutting of Chinese wild Vitis
amurensis. Five different growth stages were selected,
including growth stage (A stage, 28+2 °C, Jul. 9, 2016),
earlier low temperature stage (B stage, 5+2 ‘C, Oct. 26,
2016), medium low temperature stage (C, 0+2 °C, Nov.
21, 2016), later low temperature stage (D, —5+2 °C, Dec.
28, 2016) and deep dormancy stage (E, —10+2 C, Jan. 9,
2017). The samples were collected from the experiment
nursery of Gansu Agricultural University (103° 41" E,
36° 5" N). The cultivation substrate includes nearly 30%
vermiculite, nearly 40% humus and peat mixed in the
proportion of 1:1, and nearly 30% perlite. We selected
well-developed trees, cut branches from the ground
40 cm place and quickly brought them to the labora-
tory. We used garden shears to cut 5-8 cm brachyblast
from Vitis amurensis branch, and after that, we used the
scalpel to remove the cortex and collected the phloem.
Three samples collected from each treatment were mixed
for transcriptome sequencing. After being gathered,
the samples were frozen in liquid nitrogen and kept at
—80°C.

RNA quantification and qualification

1.5% agarose gels were used to track RNA degradation
and contamination, particularly DNA contamination.
Thermo Fisher Scientific, Wilmington, DE’s Nano Drop
2000 Spectrophotometer was used to quantify the con-
centration and purity of RNA [47]. With the Agilent Bio-
analyzer 2100 System (Agilent Technologies, CA, USA)
RNA Nano 6000 Assay Kit, RNA integrity was evaluated
[48].

Small RNA library construction

The RNA sample preparation process required 2.5 ng of
RNA per sample as input material. With the help of the
NEBNext Ultra small RNA Sample Library Prep Kit for
Illumina (NEB, USA), and by following the manufac-
turer’s instructions, sequencing libraries were created.
Index codes were then applied to each sample to iden-
tify its sequences. Ligating the 3"SR Adaptor is the initial
step. After mixing RNA, Nuclease-Free Water, and 3’SR
Adaptor, the mixture was heated to 70 °C for two minutes
and then put in the ice. Next, 3" Ligation Enzyme and
3’ Ligation Reaction Buffer (2X) were added to create
the combination and the heat cycler was set to 25 °C for
an hour to attach the 3’'SR Adaptor. After the 3’ binding
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procedure, the excess 3'SR adaptors that are still free are
hybridized with SR RT primers to stop dimer adaptor
formation, which then transformed single-stranded DNA
(ssDNA) adaptors into double-stranded DNA (dsDNA)
molecules (dsDNA is not a ligation-mediated substrate).
The 5'SR Adaptor must be ligated in the second step.
And the first chain was synthesized through reverse
transcription. The last step includes PCR amplification
and Size Selection. PAGE gel was used for electropho-
resis and the fragment were sorted to form a small RNA
library. Agilent Bioanalyzer 2100 system [48] was used to
evaluate the library quality after PCR products were puri-
fied by using the AMPure XP system [49].

IncRNA and mRNA library construction

The Ribo-Zero rRNA Removal Kit (Epicenter, Madi-
son, WI, USA) was used to extract rRNA from the sam-
ples by using 1.5 pg of RNA per sample. The NEBNextR
UltraTM Directional RNA Library Prep Kit for IlluminaR
(NEB, USA) was used to produce sequencing libraries in
accordance with the manufacturer’s instructions. Index
codes were incorporated to assign sequences to indi-
vidual samples. Divalent cations were used in NEBNext
First Strand Synthesis Reaction Buffer (5X) at a high tem-
perature to carry out the fragmentation process. Random
hexamer primer and reverse transcriptase were used to
create first strand cDNA. Next, RNase H and DNA Poly-
merase I were used to synthesize second-strand cDNA
molecules. Through the use of exonuclease and poly-
merase, the remaining overhangs were transformed into
blunt ends. To get ready for hybridization, the 3’ ends
of DNA fragments were adenylated, and then the NEB-
Next Adaptor with a hairpin loop structure was ligated.
AMPure XP Beads (Beckman Coulter, Beverly, USA)
were used to purify the library fragments in order to
choose pieces with the ideal length of 150-200 bp [49].
Next, selector-ligated cDNA was treated with 3 ul USER
Enzyme (NEB, USA) at 37 °C for 15 min before PCR.
Then, Phusion High-Fidelity DNA polymerase, Univer-
sal PCR primers, and Index(X) primer were used to carry
out PCR. Finally, the AMPure XP system [49] was used
to purify the PCR products, and qPCR and the Agilent
Bioanalyzer 2100 [48] were used to evaluate the library
quality.

Clustering and sequencing

By following the manufacturer’s instructions, the index-
coded samples were clustered by using a cBot Clus-
ter Generation System and the TruSeq PE Cluster Kit
vd-cBot-HS (Illumina) [50]. After the cluster creation,
paired-end reads were produced and the library prepa-
rations were sequenced on an Illumina Hiseq 2500 plat-
form [51].
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Sequence analysis results of microRNA: mapping

and differential expression

Initially, internal Perl scripts were used to process the
raw data (raw readings) in the Fastq format. In this stage,
low-quality reads, adapter-containing reads, and ploy-N-
containing reads were eliminated from the raw data to
get clean data (clean reads). Next, sequences longer than
30 nt or less than 18 nt were removed from the readings
in order to trim and clean them. Concurrently, the clean
data’s Q20, Q30, GC-content, and sequence duplication
level were determined. The clear, high-quality data served
as the foundation for all downstream studies.

By using the Bowtie Tools software [52], Ribosomal
RNA (rRNA), small nuclear RNA (snRNA), small nucleo-
lar RNA (snoRNA), small nucleosomal RNA (snoRNA),
transfer RNA (tRNA), other non-coding RNAs, and
some repeats were filtered by using clean reads that were
sequenced against the GtRNAdb, Silva, Repbase, and
Rfam databases, respectively. By comparing the remain-
ing reads with known miRNAs from miRbase (https://
www.mirbase.org/), it was possible to identify the known
miRNAs and the novel miRNAs predicted. The pre-
diction of new miRNA secondary structures was done
by using Randfold. [53]. For every sample, the levels of
miRNA expression were estimated: 1. The precursor
sequence was mapped back to the sSRNAs; 2. The map-
ping findings were used to determine the read count of
each miRNA.

Prior to performing DEGs analysis, each sequenced
library’s two treatments were subjected to a differential
expression analysis by using IDEG6 for samples lacking
biological duplicates. The criterion for significantly dif-
ferential expression was established at qvalue<0.05 &
|log2 (foldchange) |>2 [54].

Sequence analysis results of IncRNA and mRNA: mapping
and differential expression

Initially, internal Perl scripts were used to process the
raw data (raw readings) in the Fastq format. In this stage,
low-quality reads, adapter-containing reads, and ploy-N-
containing reads were eliminated from the raw data to
get clean data (clean reads). Next, sequences longer than
30 nt or less than 18 nt were removed from the readings
in order to trim and clean them. Concurrently, the clean
data’s Q20, Q30, GC-content, and sequence duplication
level were determined. The clear, high-quality data served
as the foundation for all downstream studies.

Based on the sequences mapped to the reference
genome, the transcriptome was constructed by using
StringTie [55]. The collected transcripts were annotated
in the gffcompare software. To find potential IncRNAs,
the unidentified transcripts were screened. The tran-
scriptome was assembled by using the StringTie based
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on the reads mapped to the reference genome. The gff-
compare program was used to annotate the assembled
transcripts. The unknown transcripts were used to
screen for putative IncRNAs. In order to separate poten-
tial protein-coding RNAs from non-protein-coding RNA
candidates in the unidentified transcripts, four compu-
tational techniques—CPC/CNCI/Pfam/CPAT—were
combined. Potential RNAs that code for proteins were
eliminated based on a cutoff point for exon number and
minimum length. As IncRNAs candidates, transcripts
longer than 200 nt and including more than two exons
were chosen. These transcripts were then screened by
using CPC/CNCI/Pfam/CPAT, which can differenti-
ate between genes that code for proteins and those that
do not. Additionally, the various kinds of IncRNA—
lincRNA, intronic IncRNA, anti-sense IncRNA, and
sense IncRNA—were chosen through the application of
cuffcompare.

The FPKMs of the coding genes and IncRNAs in each
sample were determined by using StringTie (1.3.1) [56].
The FPKMs of transcripts in each gene group were added
up to calculate the gene FPKMs. Based on the length
of the fragment and the number of reads mapped to it,
FPKM stands for fragment per kilo-base of exon per mil-
lion fragments mapped.

Before performing a differential gene expression
analysis on samples without biological replicates, the
edgeR computer package corrected the read counts
for each sequenced library by using a single scaling
normalization factor. Two samples were subjected to
differential expression analysis by using the EBseq
(2010) R program. The posterior probability of being
DE, or PPDE, was used to modify the resulting FDR
(false discovery rate). The criterion for significantly
differential expression was set at FDR<0.05 & |log2
(fold change) |>2.

Functional analysis of DEGs

To determine which DEGs were significantly enriched in
GO keywords or metabolic pathways, functional enrich-
ment analysis by using KEGG and GO was carried out.
By utilizing the Wallenius non-central hyper-geometric
distribution based on GO seq R tools, GO enrichment
analysis of the DEGs was carried out [57]. Specifically,
large-scale molecular datasets produced by genome
sequencing and other high-throughput experimen-
tal technologies are the main source of information for
KEGG, a database resource for understanding high-level
functions and utilities of the biological system, such as
the cell, the organism, and the ecosystem (http://www.
genome.jp/kegg/) [58]. We tested the statistical enrich-
ment of differential expression genes in KEGG pathways
by using the KOBAS [59] software.
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Quantitative real-time PCR validation of RNA-seq data

In order to verify the expression of mRNA grape phloem
samples in five stages of A, B, C, D, and E, the RNA
returned by the sequencing company was reversely tran-
scribed into cDNA by using TaKaRa (Dalian, China) Pri-
meScriptTMRT Reagent Kit (Perfect Real Time). The
c¢DNA was then adopted for q-PCR experiments with
the help of a Bio-Rad iCycler iQ real-time quantitative
PCR instrument and SYBR Primer Ex TaqTM II reagent.
Sangon Biotech designed and synthesized the prim-
ers for qRT-PCR. The first cDNA strand of miRNA was
synthesized by tail addition method, and the 3 ’primer
was synthesized by Accurate Biotechnology (Hunan)
Co., Ltd. WGAPDH (NCBI reference sequence ID:
XM_0022663109) was used as an internal control gene
for mRNA and IncRNA expression standardization. And
Vwl6 was used as an internal control gene for miRNA
expression standardization. The primers used are shown
in the following Supplementary Table 1.

Statistical analysis

Excel 2010 was used to analyze the transcriptome data
and qRT-PCR results. Differences among means were
evaluated by the least-significant difference (LSD) with
the Statistical Program for Social Science 19 (SPSS, Chi-
cago, IL, USA). Graphs were generated with Origin 9.0.

Results

lllumina sequencing

To reveal the mechanism of the response to low-temper-
ature stress in Vitis amurensis Rupr., the whole transcrip-
tome sequencing was performed on phloems of different
low-temperature periods and the transcripts were com-
pared. Low-quality data were removed and quality anal-
ysis can be found in Supplementary Table 2. The total
reads of mRNA with IncRNA for the five samples of A, B,
C, D and E with different low-temperature exercise peri-
ods were 127.6, 132.4, 110.7, 108.7, 108.8, respectively.
And the total reads of miRNA for the five samples were
5.3,11.5,2.7, 9.5, 9.8 million, respectively. The total reads
of mRNA plus IncRNA were much higher than those of
miRNA. The Mapped Reads of mRNA and IncRNA in
5 samples were 56.17% at the lowest and 75.79% at the
highest. And the Mapped Reads of miRNA were all above
34%, with the lowest being 34.16% and the highest being
43.24%. Uniq Mapped Reads of each sample mRNA and
IncRNA were above 50%, and the highest was sample B,
reaching 74.07%. The Multiple Mapped Reads of each
sample were low, ranging from 1.34% to 1.80%. In addi-
tion, the Reads Map to '+’ of each sample was higher
than that to '—} the Reads Map to '+’ was higher than
20%, and the Reads Map to '—" was higher than 12%. The
GC content ranged from 46.44% to 52.55 and the Q30
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was above 95% in all samples. It can be seen that the
transcripts are of good quality and can be used for subse-
quent analysis.

Global gene analysis

Gene expression analysis of each comparison group
revealed that more than half of the gene expressions were
upregulated in each low-temperature treated sample
compared to those in the growth stage (A), with C VS A,
D VS A and E VS A upregulating almost three times more
genes than down-regulating genes (Fig. 1A). In addition,
with the deepening of low-temperature, the number
of DEGs in D period was the highest (5175), with 3686
upregulated genes and 1498 down-regulated genes. It can
be seen that after the low-temperature treatment, most
genes were upregulated in expression when in response
to low-temperature stress. Different from mRNAs, with
the deepening of low-temperature stress, the number of
upregulated miRNAs of B VS A was 1.67 times that of
down-regulated gene, and the number of upregulated
genes of C VS A, D VS A and E VS A were 0.78 times,
0.69 times and 0.975 times that of down-regulated gene,
respectively. These indicate a decrease in the number of
upregulated miRNAs. The changing trend of mRNA gene
expression was opposite (Fig. 1B). The number of dif-
ferential IncRNAs decreased sharply in C VS A, and the
number of upregulated IncRNAs was lower than that of
down-regulated IncRNAs. After the intensification of
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low-temperature stress, the number of differential IncR-
NAs gradually increased, and the number of upregulated
IncRNAs was higher than that of down-regulated IncR-
NAs in D VS A and E VS A, respectively (Fig. 1C).

The assembled data were analyzed against major data-
bases by using BLAST software to obtain annotation
information for all genes. A total of 20,260 genes were
annotated in the given protein database search. The
NR database had the most annotated genes (20,258),
the GO and Swiss-Prot databases also had more than
10,000 annotated genes (17,243 and 15,186, respectively),
while the KEGG database had the least annotated genes
(6062) (Fig. 1D). Similar to mRNAs, miRNAs and IncR-
NAs had the most annotations in the RN database, with
7567 and 15,066, respectively. The numbers of their genes
annotated in GO database ranked the second, 7267 and
13,397, respectively, while the numbers of their genes
annotated in KEGG database were the least, 2897 and
5516, respectively (Fig. 1E, F).

Differential gene enrichment analysis

DEGs enrichment analysis showed that in the KEGG
database, alpha-linolenic acid metabolism, flavo-
noid biosynthesis, circadian rhythm plant, starch and
sucrose metabolism, and alpha-linolenic acid metabo-
lism were the primary areas in which DEGs were abun-
dant (Fig. 2A). Proteins inferred from the identified RNA
sequences were mapped and grouped into 24 functional

C
[ Down B Up 1200

[ Downfi Up

1000

%
S
S

Number of DEGs
IS o
8 S
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200

B_VS_A C_VS_A D_VS_A

LncRNA
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Fig. 1 The number of DEGs was compared with the annotation library. Number of mRNAs, miRNAs and IncRNAs up- and down-regulated
at different low-temperature comparisons, A mRNA, B miRNA, C IncRNA. Basic local alignment search tool (BLAST) was used to compare nucleic
acid sequence to protein sequence library (BLASTx) against specific platforms, D mRNA, E miRNA, F IncRNA
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classes in KOG database, mostly annotated in the areas
of chaperones, protein turnover, signal transduction pro-
cesses, carbohydrate transport and metabolism, post-
translational modification, and the formation, transport,
and catabolism of secondary metabolites (Fig. 2B). DEGs
were classified into 55 functional groups by the GO data-
base, which were divided into 3 subclasses, including
biological processes, cell components, and molecular
functions (Fig. 2C). In the COG database, DEGs were
annotated and grouped into 23 categories, of which cell
motility was the least annotated (Fig. 2D).

Venn analysis of B_VS_A, C_VS_A, D_VS_A and E_
VS_A revealed that 2,378 genes co-occurred in the four
treatment groups, showing that all 2,378 genes were dif-
ferentially expressed with increasing levels of stress. Sub-
sequent analyses are carried out on these 2,378 genes
(Fig. 2E).

GO enrichment analysis was performed on 2,378
genes in B_VS_A, C_VS_A,D_VS_A and E_VS_A. It was
found that Biological process, cellular component and
molecular function contained 19, 14 and 14 functional
groups, respectively (Fig. 3A). In addition, the frequency
of upregulated genes in biological processes, cell com-
ponents and molecular functions reached 17,930, the
frequency of down-regulated genes was 5,650, and the
frequency of upregulated genes was three times that of
down-regulated genes. Further analysis showed that GO:
0016530 and GO: 0045735 were both upregulated genes
in molecular function.
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Meanwhile, KEGG enrichment of 2378 common
DEGs showed that the DEGs were mainly in pentose
and glucuronate interconversions, alpha-linolenic acid
metabolism, flavone and flavonol biosynthesis, Starch
and sucrose metabolism, flavonoid biosynthesis and
circadian rhythm-plant (Fig. 3B). After that, the target
genes of differentially expressed miRNAs and IncRNAs
were analyzed by KEGG classification (Fig. 4A, B). And
it was found that their target genes were classified into
five categories: metabolism, organismal systems, genetic
information processing, environmental information pro-
cessing, and cellular processes. The distinction is that in
the context of environmental information processing,
ABC transporters, phosphatidylinositol signaling system,
and plant hormone signal transduction were the target
genes of miRNAs. Conversely, the annotation of IncRNA
target genes was limited to the plant hormone signal
transduction pathway. In genetic information processing,
miRNAs were not annotated to the SNARE interactions
in vesicular transport pathway, and IncRNAs are not
annotated to the aminoacyl-tRNA biosynthesis pathway.
In metabolism, the target gene annotations of miRNAs
and IncRNAs varied greatly, but both of them were anno-
tated in the carbon metabolism and starch and sucrose
metabolism. Taken together, the significant enrichment
of mRNAs and the target genes of miRNAs and IncR-
NAs in the starch and sucrose metabolism suggest that
genes associated with the starch and sucrose metabo-
lism may respond to low-temperature stress. Therefore,
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Fig. 2 Annotation of differentially expressed genes (DEGs)
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in different databases and differential Venn plots. A KEGG database enrichment plot.
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treatments. In the second part, the number of different genes differs between different treatments



Ma et al. Chem. Biol. Technol. Agric. (2024) 11:143

Classification
[ viological process
[ cellular component

i, 6*‘@(‘1@
3

o [ [,

[ molecular function

Up_gene

-Logl0_Qvalue
Down_gene

N

Page 8 of 15

Statistics of Pathway Enrichment

Monoterpenoid biosynthesis =
Alanine, aspartate and glutamate metabolism <
Ether lipid metabolism <
Steroid biosynthesis -
‘Taurine and hypotaurine metabolism gene_nurmber
Fatty acid clongation .10
Diterpenoid biosynthesis - . 20
Arachidonic acid metabolism = ° 30
Linoleic acid metabolism - ® 40
Caffeine metabolism
Isoflavonoid biosynthesis = qvahieOO
Phenylalanine metabolism '
0.75
Phenylpropanoid biosynthesis < ®
Plant hormone signal transduction = ® 0.50
Pentose and glucuronate interconversions = e i 0.25
alpha-Linolenic acid metabolism 4« 0.00
Flavone and flavonol biosynthesis -
Starch and sucrose metabolism < @
Circadian thythm ~ plant < .
Flavonoid biosynthesis < .

8
Rich factor

Fig. 3 Annotation of differential DEGs in different databases. A GO database enrichment diagram. Outermost layer, the GO term; Second,
the number of genes enriched by the GO item; In the third layer, the number of upregulated (yellow-green) genes and down-regulated (yellow)

genes. B KEGG database enrichment map. The size of the bubble represents

Peroxisome [T 7 (4.35%)
B 7(435%)
is ) 5 (3.11%)
Plant hormone signal transduction
Phosphatidylinositol signaling system
ABC transporters
Protein processing in endoplasmic reticulum

Cellular Processes

13(8.07%)

C—13(186%)
0 201.24%)

Environmental Information Processing

)
Ubiquitin mediated proteolysis .73%)
mRNA surveillance pathway .73%)
tein export
RNA degradation
Ribosome biogenesis in eukaryotes
Aminoacyl-tRNA biosynthesis
Base excision repair
DNA replication
Nucleotide excision repair
RNA polymerase
Ribosome.
Basal transcription factors
Homologous recombination
Purine metabolism
Pyrimidine metabolism
arbon metabolism
Biosynthesis of amino acids
Cysteine and methionine metabolism
Glycerophospholipid metabolism
Oxidative phosphorylation
Inositol phosphate metabolism

_\.‘
]
E

Genetic Information Processing

86¢
86%)
8

)

11 (6.83%)

89T

(— 6
|
S 6
e 5
248
6%)

Amino sugar and nucleatide sugar metabolism

ther lipid metabolism

Fatty acid degradation

Faty acid metabolism

Galactose metabolism

Sesquiterpenoid and triterpenoid biosynthesis
yrosi

Metabolism

al
Tyrosine metabolism

Focooecadl

beta-Alanine metabolism
Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism
Biosynthesis of unsaturated faty acids
tanoate metabolism
Carbon fixation in photosynthetic organisms
Citrate.

Glycerolipid metabolism
Glycolysis / Gluconeogenesis
Pl interaction

63.73%) Organismal Systems

0%

§

the number of genes, and the larger the bubble, the more genes

B Endocytosis [EImmmm] 39 (2.63%)
Phagosome [ 39 (2.63%) Cellular Processes
Peroxisome (SR 25 (1.69%)
Plant hormone signal transduction 70 (4.73%) Environmental Information Processing
Ribosome 134 (905%)
Protein processing in endoplasmic reticulum 82 (5.54%)

Spliccosome

RNA transport [ ]
Ubiquitin mediated proteolysis [y 43 (2.90%)
RNA degradation [y 39 (2.63%)
mRNA surveillance pathway [ EERRR 35 (2.36%)
Ribosome biogenesis in cukaryotes [N 28 (1.89%)
Nucleotide excision repair [ 25 (1.69%)
DNA replication [ 24 (1.62%)
Proteasome (RSN 24 (1.62%)
RNA polymerase [ 22 (1.49%)
Protein export [y 19 (1.28%)
Basal transcription factors [ 13 )
Homologous recombination [ 18 )
SNARE interactions in vesicular transport [ 18 (1.22%)
Base excision repair [l 17 (1.15%)
Carbon metabolism (] 89 (6.01%)
Biosynthesis of amino acids [ 78 (5.27%)
ine metabolism [ 65 (4.39%)

Genetic Information Processing

Pyrimidine metabolism
Glycolysis / Gluconcogenesis [E)
Glutathione metabolism [ 4
Starch and sucrose metabolism 36/
Amino sugar and nucleotide sugar metabolism [y 34 (2.30%)
atty acid metabolism 03
Cysteine and methionine meta
Pyruvate metabolism
Carbon fixation in photosynthetic organisms
Glycerophospholipid metabolism
Glycine, serine and threonine metabolism
Phenylpropanoid biosynthesis
actose metabolism
Glyoxylate and dicarboxylate metabolism
Phenylalanine metabolism
cerolipid metaboli
Valine, leucine and isoleucine degradatior
alpha-Linolenic acid metaboli
Fructose and mannose metaboli
-Alanine metabolism
Fatty acid biosynthesis [ |
Terpenoid backbone biosynthesis [T 1
Pentose and glucuronate interconversions [N] 18 (1

S

Metabolism

SEN!NI
BEBpwry
3

TLoET

28%)
22%)
Photosynthesis [l 18 (1.22%)
Plant-pathogen interaction

75 (5.06%)

Organismal Systems
10%

g

Fig. 4 miRNA and IncRNA target gene KEGG annotation. A miRNA target gene KEGG annotation. B INcCRNA target gene KEGG annotation

subsequent analyses focus on the starch and sucrose
metabolism.

mRNA, miRNA and IncRNA length analysis

As shown in Fig. 5A, the length of mRNAs was above
200 nt, and the number of mRNAs of 200 nt in length
was 1358, which is less than that of mRNAs of 3000 nt
in length; the number of mRNAs of 400 nt in length
was the highest, with 103,766, and among those with
the length of over 400 nt, the longer, the fewer; the
total number of mRNAs of over 3000 nt in length was
26,315, which is lower than the number of mRNAs of

600 nt in length. The length of IncRNAs was over 400
nt, and the number of IncRNA fragments with the
length of 400 nt was the highest, which was 4669. As
the length of IncRNA fragments increased, the number
of IncRNAs longer than 400 nt decreased; there are 129
IncRNAs totaling 3200 nt in length (Fig. 5B).

The length of the miRNAs varied from 18 to 24 nt,
with 104 with the length of 21 nt, which is the most
common length. And there were 75 miRNAs with a
length of 24 nt, making it the second most common
kind. The fewest miRNAs among them are those with
the length of 18 or 19 nt, only 4 in total (Fig. 5C).
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Correlation analysis of mRNA with miRNA and IncRNA
based on FPKM value

Correlation analysis was performed on the FPKM
values with 41 mRNAs, 5 miRNAs and 17 IncR-
NAs. As is shown in Fig. 6, unconservative 4 28837,
unconservative_4._28838, unconservative_13 34980
and unconservative_13_34981 were positively corre-
lated with 29 mRNAs. The correlation patterns were
similar, but nconservative_4_28837 and unconserva-
tive_4_28838 had stronger correlation with 29 genes.
While vvi_miR3624_5p was positively correlated with
only 10 mRNAs. In addition, MSTRG.108081.3, MS
TRG.152515.1, MSTRG.10557.2, MSTRG.19181.1,
MSTRG.19130.1, MSTRG.19148.5, and MSTRG.20793.5
were positively correlated with most of the genes in the
starch and sucrose metabolism, and MSTRG.108081.3,
MS TRG.152515.1, MSTRG.10557.2 and MSTRG.19181.1
showed similar patterns of correlation.

Analysis of mRNA interactions with miRNA and IncRNA

To explore the expression of mRNAs in the starch and
sucrose metabolism and the interactions network rela-
tionship among mRNAs, miRNAs and IncRNAs, we drew
a heatmap of miRNA expression based on the FPKM
values and visualized the interaction network among
mRNAs, miRNAs and IncRNAs.

In Fig. 7A, heatmaps were drawn for the FPKM val-
ues of 41 genes enriched in the starch and sucrose
metabolism. TPP (trehalose 6-phosphate phosphatase),
CWINV (Cell wall invertase), and TPS (alpha,alpha-tre-
halose-phosphate synthase) were upregulated in D and
down-regulated in B, C, and E, INVA (invertase) was
upregulated in E and 4-a-GT (4-alpha-glucanotrans-
ferase) is upregulated in C, D, and E, compared with that
in A.

To clarify the interactions of mRNAs, miRNAs and IncR-
NAs, the interaction network was visualized by Cytoscape
(Fig. 7B, Supplementary Table 3). VIT_17s50053g00700

was found to be regulated by two miRNAs, uncon-
servative_13 34981 and umnconservative_13_34980. The
expression of TPP and 4-a-GT were regulated by uncon-
servative_4 28837 and unconservative_4_28838, and the
expression of 4-a-GT was also regulated by vvi-miR3624-
5p. In addition, the expression of VIT_0250154g00090 was
regulated by three IncRNAs, namely MSTRG.108081.6,
MSTRG.108081.3 and MSTRG.108081.1, and the
expression of VIT 11s0016g03020 was regulated by
MSTRG.19181.1, MSTRG.19130.1 and MSTRG.19148.5.
The expression of VIT 07s0005g01030 was regu-
lated by MSTRG.152678.1 and MSTRG.152676.1,
the expression of BG (beta-glucosidase) was regu-
lated by MSTRG.10557.2 and MSTRG.10557.1, and
the expression of VIT 03s0063g01510 was regulated by
MSRG.11516.1000101016. After that, based on the inter-
action genes that regulate low-temperature stress and
have different correlation types with miRNAs and IncR-
NAs, 6 mRNAs were selected for further analysis, and 1
interacted with 3 miRNAs, 1 interacted with 2 miRNAs,
1 interacted with 2 IncRNAs, 1 interacted with 1 IncRNA,
1 interacted with 1 mRNA, and 1 did not interacted
any miRNA or IncRNA (Fig. 7A). Meanwhile, miRNAs
(unconservative_4_28838, vvi-miR3624-5p, unconserv-
ative_13 34980) and IncRNAs (MSTRG.115204.7,
MSTRG.115190.2, MSTRG.171251.2, MSTRG.10557.1,
MSTRG.10557.2) that interacted with candidate mRNAs
and had inconsistent expression patterns were selected for
further analysis (Fig. 7C, D).

Transcriptome data qRT-PCR validation

In order to verify the results of RNA-seq, we performed
qRT-PCR verification, and selected 6 differentially
expressed mRNAs in the starch and sucrose metabolism.
Additionally, five IncRNAs and three miRNAs that inter-
act with the six genes mentioned above but have different
expression patterns were chosen for qRT-PCR. For every
gene, three biological replicates were carried out, and the
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Fig. 6 Correlation analysis of MRNA, miRNA and IncRNA based on FPKM values

relationship between the RNA-seq and qRT-PCR data
was examined. The results are shown in Fig. 8.

The expressions of TPS and TPP were down-regulated
under the condition of deepening low temperature, and
only upregulated briefly in period C. The expressions
of INVA and BG increased with the intensification of
low temperature, but INVA decreased in E period. 4-a-
GT and CWINV had similar expression patterns, both
of which were significantly upregulated at B, C and D
stages, and reached the peak expression at C stage. The
relative expression level of vvi-miR3624-5p significantly
increased in D and E period, and the relative expres-
sion level of MSTRG.115204.7 significantly increased
in D period. The relative expression of wunconserva-
tive_4_28837 dramatically increased in E period, and
the expression of unconservative_4_28838 significantly
increased in B period. The relative expression level of
MSTRG.115190.2 increased with the deepening of low
temperature except in the C period, while the expres-
sion trend of MSTRG.171251.2 and MSTRG.10557.1 was
opposite to that of MSTRG.115190.2. The relative expres-
sion of MSTRG.10557.2 increased gradually with the
intensification of low temperature, and decreased dra-
matically in E period.

Both BG and vvi-miR3624-5p showed differences in
transcriptome sequence data at stage A, umconserva-
tive_ 4 28837 showed differences in transcriptome
sequencing data at stage E, and MSTRG.10557.2 showed
differences in transcriptome sequencing data at stage
B. The remaining genes showed consistent expression
trends in RNA-seq and RT-qPCR at all stages, indicating
that there was the consistency between transcript abun-
dance determined by RNA-seq and data obtained from
RT-qPCR.

Discussion

Based on the sequencing quality of the whole transcrip-
tome data (as shown in Supplementary Table 2), it can
be seen that the sequencing quality is good enough to
be used for later data analysis. Among all types of RNA
distributions, mRNAs were the most, followed by IncR-
NAs, and miRNAs were the least. From the overall distri-
bution of three expression levels, it is concluded that the
five samples have a high degree of coincidence, and their
peaks are basically the same. After identifying the length
distributions of IncRNAs, mRNAs and miRNAs, we have
found that the length of IncRNAs and mRNAs is over 200
nt, and that the length of miRNAs is mainly concentrated
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at 21nt, followed by 24 nt. Due to the specificity of Dicer
and DCL enzymes, the length of mature miRNAs mainly
ranges from 20 to 24 nt. Among animals, the length of
miRNAs is mainly 22 nt, but for plans, 21 nt or 24 nt is
the most common length of miRNAs [60].

With the help of KEGG enrichment analysis, the expan-
sion analysis was effectively carried out on a specific
pathway. DEGs can be identified throughout the path-
way, and upstream and downstream relationship nodes
can be obtained [61]. Numerous DEGs were considerably
enriched in the production of flavones and flavonols, as
well as in the starch and sucrose metabolism, according
to KEGG expression analysis. Both miRNAs and IncR-
NAs have target genes that are abundant in the starch
and sucrose metabolism, according to the KEGG classi-
fication of those genes. It can be seen that genes related
to starch and sucrose metabolism significantly respond
to low-temperature stimulation under low-temperature
exercise. GO Database established by GO Organization
(Gene Ontology Consortium) is a structured standard

biological annotation system, built in 2000. The purpose
is to establish a standard vocabulary system of product
knowledge and its genes, which is applicable in various
species [62]. In this paper, GO analysis of DEGs showed
that a large amount of DEGs was enriched in the molecu-
lar functional module, and a small amount of DEGs was
distributed in the cellular component module. The results
showed that the molecular function played a significant
role under low-temperature stimulation.

The primary glucose-related pathways found in KEGG
are those linked to the starch and sucrose metabolism,
fructose and mannose, galactose, glycosaminoglycan
degradation of pentose and glucuronic acid interconver-
sion, and glycans. Although the target gene annotation
pathways of IncRNAs and miRNAs were different, they
were both annotated in the starch and sucrose metabo-
lism. Coincidentally, mRNA is also significantly enriched
in the starch and sucrose metabolism.

The starch and sucrose metabolism were selected, and
the differentially expressed mRNAs were analyzed by
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heatmap, and the interactions among mRNAs, miRNAs
and IncRNAs were mapped. Six differentially expressed
mRNAs in the pathway that were positively regulated
by miRNAs and IncRNAs were used for further analysis.
There were only seven miRNAs that regulate mRNAs,
most of which were unknown miRNAs, and the only
known miRNA was wi-miR3624-5p. Previous studies

have found that vvi-miR3624 can be induced by cold
stress, and its expression tends to increase when treated
at low temperatures [63]. The study confirmed that Metal
Ion Binding Protein mRNA is the target of miR3624-3p
[25, 63]. Nevertheless, the lack of related reports in other
species suggests that miR3624 is unique to Vitis. More-
over, the regulatory link between miRNA and mRNA is
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evident: several miRNAs can control a single mRNA, and
one miRNA can control several mRNAs. Then, from the
correlation analysis of 42 key miRNAs to IncRNAs, and
to mRNAs, it can be seen that miRNAs are closely related
to IncRNAs and mRNAs. The evidence suggests that
non-coding RNA, especially miRNA, is a key regulator of
cold stress in plants [64, 65].

Certain IncRNAs function as decoys, mimicking the
target DNA or RNA, to control proteins or microRNAs
(miRNAs). For example, Arabidopsis microRNA targets
mimic IPS1 IncRNA and bait ASCO IncRNA [66, 67].
This demonstrates the competitive endogenous RNA
(ceRNA) idea, which has gained widespread acceptance
and substantial support [68, 69]. Given that the quantity
of each individual miRNA is restricted, the ceRNA the-
ory postulates that mRNA, IncRNA, pseudogenes, and
other miRNA sponges share a similar miRNA binding
site [69].

Conclusions

Grape cold-responsive genes were mainly enriched in
starch and sucrose metabolism and were regulated by
miRNAs and IncRNAs (Fig. 9), and the qRT-PCR results
of most genes were consistent with the sequencing
results. These results will provide basic information for

further understanding of cold resistance mechanisms in
grapevine in the future.
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