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Fruit cracking tremendously damages the appearance of fruit, easily leads to
pathogen invasion, greatly reduces the marketability and causes immense
economic losses. The pivotal role of long non-coding RNAs (IncRNAs) in
diverse biological processes has been confirmed, while the roles of IncRNAs
underlying fruit cracking remain poorly understood. In this study, the incidence
of fruit cracking was 7.26% under the bagging treatment, the control group was
38.11%, indicating that bagging considerably diminished the fruit cracking rate.
LncRNA libraries for fruit cracking (FC), fruit non-cracking (FNC) and fruit non-
cracking under bagging (FB) in pomegranate (Punica granatum L.) were
performed and analysed via high-throughput transcriptome sequencing. A
total of 3194 IncRNAs were obtained with a total length of 4898846 nt and an
average length of 1533.77 nt in pomegranate. We identified 42 differentially
expressed INcRNAs (DELs) and 137 differentially expressed mRNAs (DEGs) in FC vs
FNC and 35 DELs and 160 DEGs in FB vs FC that formed co-expression networks
respectively, suggesting that there are involved in phytohormone signaling
pathway, lignin catabolic process, lipid transport/binding, cutin biosynthetic
process and cell wall organization. We also found that 18 cis-acting DELs
regulated 18 target genes, and 10 trans-acting DELs regulated 24 target genes
in FC vs FNC, 23 DELs regulate 23 target genes for the cis-acting IncRNAs and 12
DELs regulated 36 target genes in FB vs FC, which provides an understanding for
the regulation of the fruit cracking. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis results demonstrated that DELs
participated in calcium ion binding, glycerophospholipid metabolism, flavonoid
biosynthetic process, cell wall biogenesis, xyloglucan metabolic process,
hormone signal transduction and starch and sucrose metabolism. Our findings
provide new insights into the roles of INcCRNAs in regulating the fruit cracking and
lay the foundation for further improvement of pomegranate quality.

KEYWORDS

pomegranate, bagging, IncRNA, target genes, functional analysis, fruit cracking

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.943547/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.943547/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.943547/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.943547/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.943547&domain=pdf&date_stamp=2022-10-11
mailto:zhyuan88@hotmail.com
https://doi.org/10.3389/fpls.2022.943547
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.943547
https://www.frontiersin.org/journals/plant-science

Wang et al.

Introduction

Pomegranate (Punica granatum L.) is a deciduous shrub or
small tree of genus Punica in the Lythraceae family (Yuan et al,
2017; Lyu et al,, 2020) and it is native to Central Asia such as
Iran, Afghanistan and the Caucasus (Qin et al., 2017).
Pomegranate possesses an outstanding ornamental and
medicinal value and has become an emerging functional fruit
due to the richness of ellagitannin-based compounds in the peel
and aril, which have antioxidant, antibacterial, anti-
inflammatory, anticancer, antidiabetic and cardiovascular
health promoting properties (Vlachojannis et al., 2015; Baghel
et al,, 2021). At present, the research on pomegranate mainly
focuses on evolution, ovule, flower, seed coat, fruit development
(Saminathan et al., 2016; Yuan et al., 2017; Zhao et al., 2020; Qin
et al., 2020), natural product biosynthesis (Ono et al.,, 2011),
pericarp color synthesis (Zhao et al., 2015) and salt stress
response (Liu et al., 2020). Few studies have focused on the
quality of pomegranate peel appearance and its
regulation mechanism.

Fruit cracking affects its appearance and quality, resulting in
a decrease in the commercial value and marketability, resulting
in economic loss (Ginzberg and Stern, 2019). Fruit cracking is an
intricate biological process involving phytohormone signaling
pathway, lipid metabolism, cutin biosynthetic process and cell
wall organization, etc (Chen et al., 2019; Wang et al., 2019; Jiang
etal., 2019). The outer layer of pericarp is covered with cutin and
wax, which plays a vital role in resisting pathogens, reducing
water loss and enhancing the storage and quality of fruit
(Lewandowska et al., 2020; Li et al., 2021; Wang et al., 2022).
Previous studies commonly reported to be prone to cracking
include pomegranate (Galindo et al., 2014), cherry (Quero-
Garcia et al, 2021), grape (Zhang et al, 2021), apple (Joshi
etal, 2018), jujube (Li et al., 2020b), Akebia trifoliate (Niu et al.,
2020) and tomato (Capel et al, 2017). Fruit cracking is
influenced by genetic factors (fruit genotype, cuticle and
epidermal cells, cell wall, etc.) (Cortes et al., 1983; Correia
et al., 2020), environmental factors (humidity, light and
temperature, etc.) (Wang and Camp, 2000; Galindo et al,
2014), cultivation management practices (irrigating, bagging
and spraying of plant growth regulators and minerals, etc.)
(Joshi et al., 2018; Xue et al., 2020; Li et al., 2020c; Correia
et al., 2020) and postharvest storage factors (hydrocooling and
postharvest calcium treatment, etc.) (Wang and Long, 2015;
Singh et al,, 2021). The pomegranate fruit cracking was closely
related to fruit volume and shape (Sharifani, 2014). Galindo et al.
(Galindo et al,, 2014) suggested that pomegranate fruits were
sensitive to water deficit at the end of fruit growth and ripening
period. Rainfall can greatly affect previously water-stressed
pomegranate plants, and an increase in aril turgor stresses the
pericarp and makes it susceptible to cracking. Joshi et al. (2021)
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showed that high growth rates weakened the pericarp and
increased the susceptibility of the fruit to cracking. Multiple
previous studies have shown that bagging immensely reduces the
incidence of sunburn and fruit cracking (Grinan et al, 2019
Asrey et al., 2020). Hosein-Beigi et al. (2019) investigated the
effect of calcium (Ca) (0, 0.75% and 1.5%), boron (B) (0 and 3000
ppm) and gibberellin (GA;) (0, 75 and 150 ppm) on ‘Malase-
Torshe-Saveh” pomegranate fruit, the application of boron can
increase the water content of the peel, thereby combination
spraying of Ca, B and GA; was more effective than spraying
alone, with the least symptoms of fruit cracking and sunburn.

Non-coding RNAs (ncRNAs) refers to the general term for
RNAs that do not encode proteins, including ribosomal RNAs
(rRNAs), transfer RNAs (tRNAs), microRNAs (miRNAs), long
non-coding RNAs (IncRNAs), circular RNAs (circRNAs), etc
(Kim and Sung, 2012). LncRNAs transcripts are longer than 200
nucleotides and no protein-encoding function (Ulitsky and
Bartel, 2013; Laurent et al., 2015). LncRNAs were originally
considered to be the ‘noise’ of genome transcription, without
biological function (Ulitsky and Bartel, 2013; Fatica and
Bozzoni, 2014; Chekanova, 2015). Recent studies have shown
that IncRNAs can regulate gene expression at epigenetic,
transcriptional and post-transcriptional levels, and are
involved in a variety of crucial regulatory processes such as
photomorphogenesis, fruit softing and ripening, which are
closely related to the growth and development of plants
(Hadjiargyrou and Delihas, 2013; Wang et al., 2014; Berry and
Dean, 2015; Correa et al., 2018). With the speedy development of
high-throughput sequencing, considerable number of IncRNAs
have been widely identified in Arabidopsis thaliana (Liu et al,
2012; Zhu et al,, 2014), Oryza sativa (Li et al., 2007), Solanum
lycopersicum (Zhu et al, 2015; Xue et al, 2020), Medicago
truncatula (Wang et al.,, 2015) and Ginkgo biloba (Wu et al,
2019b). However, the function of IncRNAs in fruit cracking is
rarely limited. Thus, it is considerable and urgent to reveal and
investigate the function of IncRNAs in fruit cracking
of pomegranate.

The pomegranate cultivar used was Punica granatum L. cv.
‘Daqingpitian’, an excellent variety and main planted variety in
Zaozhuang City, Shandong Province, accounting for about 80%
of the total cultivation. The fruit of ‘Daqingpitian’ is large-sized,
with bright pericarp and wonderful appearance, nevertheless, it
is cracking-susceptible. Base on this, we performed high-
throughput transcriptome sequencing to reveal IncRNAs
involved in pomegranate fruit cracking, and carried out
coexpression analysis of differentially expressed IncRNAs
(DELs) and differentially expressed mRNAs (DEGs).
Furthermore, the cis- and trans-target genes of DELs were
explored to expound the putative biological functions. Those
results provide a foundation for future research of the molecular
mechanism of fruit cracking.
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Materials and methods
Plant materials and bagging treatment

Pomegranate cultivars ‘Daqingpitian’ was used in our
experiment. Pomegranate trees that were about 15 years old
were selected from an orchard in Zaozhuang City, Shandong
Province, China (34°77° N, 117°56’ E). Fruits on ten trees were
covered with white single-layer bags on 110 days after full bloom
(DAFB), 2020, fruits on ten trees without bagging treatment. In
addition, these trees were subject to the same orchard management
strategies. Types and incidence of fruit cracking were investigated
at the final fruit ripening stage. Total fruit numbers for bagging and
control are 358 and 307, respectively. We collected samples of fruit
from non-cracking (FNC) to fruit cracking (FC) and non-cracking
under bagging (FB) during late ripening. Three non-cracking fruits
from three pomegranate trees with the same direction of light were
selected as a biological replicate, the cracking fruits, non-cracking
fruits under bagging were the same as that of non-cracking fruits
and three biological replicates of each group of samples. The
pericarps were immediately isolated into 15 ml centrifuge tubes,
snap frozen in liquid nitrogen for 10 min and stored at -80°C.

RNA extraction and
transcriptome sequencing

The total RNA from these pericarps (FNC, FC and FB) was
extracted using a mirVana miRNA Isolation Kit (Ambion-1561)
in accordance with the manufacturer’s instructions. The RNA
integrity, and quality were checked using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Following analysis was performed on samples with RNA
integrity number (RIN)> 7. Then, 6 libraries were constructed
and sequenced on an Illumina HiSeqTM X platform used for
reference transcriptome sequencing. Trimmomatic software
(Bolger et al., 2014) was used to filter out adapter, N and low-
quality reads contained in raw reads to obtain clean reads. After
comparing clean reads to the reference genome (ASM765513v2)
using Hisat2 (Kim et al., 2019) and obtaining a bam file of the
comparing results, the reads comparing to the genes were
subsequently assembled using StringTie (Pertea et al, 2015)
and the individually assembled transcripts from each sample
were merged a complete transcript. The raw data was deposited
in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra/)
under accession number PRJNA773212.

Identification of IncRNAs

The IncRNAs can be classified into intergenic IncRNA
(lincRNA), intronic IncRNA, anti-sense IncRNA, sense-
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IncRNA, bidirectional-IncRNA and other types according to
the position relationship between IncRNA and coding
sequence. Based on the characteristics of IncRNAs, the
candidate IncRNAs were obtained by a rigorous four-step
screening method: (1) The cuffcompare software (Ghosh and
Chan, 2016) was used to compare merged transcripts with
reference transcripts one by one to identify the location types
of the remaining transcripts. Then, through the screening of
candidate IncRNA transcripts, the transcripts with T, ‘0’, X, and
‘0’ were reserved. (2) Transcripts were screened according to the
length of more than 200 nt and the number of exons greater than
or equal to 2. (3) The transcripts obtained were analyzed for
coding ability prediction using four software, CPC2 (Kang et al.,
2017), CNCI (Sun et al., 2013), Pfam (Sonnhammer et al., 1998)
and PLEK (Li et al., 2014), and transcripts with coding potential
were screened out. (4) For the species with known IncRNA, the
IncRNA sequences predicted in the third step were aligned with
the known IncRNA sequences by using BLASTN software.
Quantitative analysis was performed after combining with
known IncRNA sequences. For species with no known
IncRNA, the IncRNA sequences obtained in the third step
were directly used for quantitative analysis.

Expression level quantification and DEG,
DEL screening

The FPKM method (Roberts et al,, 2011) eliminates the
effect of transcript length and sequencing amount differences on
the calculation of transcript expression, this method was applied
to calculate the transcript expression level. Then, DESeq
software (Anders and Huber, 2012) was used to standardize
the number of counts of each sample mRNA, IncRNA and
calculated the difference multiple, and negative binomial
distribution test (NB) was used to test the difference
significance of the reads number, and finally the
difference mRNAs, IncRNAs were screened based on the
difference multiple (|log2 FC| >1) and difference significance
test results (P-value< 0.05).

DELs and DEGs localization and
coexpression network construction

A plot was generated to display the localization and
abundance of DELs and DEGs in the pomegranate genome by
Circos software (Krzywinski et al., 2009). Expression correlation
was calculated based on DELs and DEGs expression data using
Pearson correlation test, and pairs with correlation coefficients of
not less than 0.8 and p values less than or equal to 0.05 were
selected and considered that there was a co-expression
relationship. Cytoscape (Shannon et al, 2003) was used to
construct a co-expression network.
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Target gene prediction and
enrichment analysis

Potential target genes of IncRNAs were predicted according
to different regulatory patterns in cis or trans-acting,
respectively. The principle of cis-target gene prediction is that
the function of IncRNAs is related to their neighboring protein-
coding genes. LncRNAs located upstream may intersect with
promoters or other cis-acting elements of co-expressed genes,
thus regulating gene expression at the transcriptional or post-
transcriptional level; IncRNAs located in the 3’UTR or
downstream of genes may be involved in other regulatory
roles. All coding genes that were near the IncRNAs in the up-
or down-stream 100 kb and significantly co-expressed with the
IncRNA were defined as target genes. The function of trans-
acting target genes for IncRNAs is not related to the location of
the coding genes, but rather to the protein-coding genes they co-
express. The target genes were predicted by the correlation
analysis method between the expression of IncRNAs and
protein-coding genes. To preferably comprehend functions of
the IncRNA target genes, GO and KEGG enrichment analyses
were carried out.

Quantitative real-time PCR
(gRT-PCR) validation

Ten DELs were randomly selected from the outcomes of
the transcriptional research and qRT-PCR was performed on
the Applied Biosystems 7500. Specific primers of ten DELs
were designed (Table S1). The Actin of pomegranate (F:
AGTCCTCTTCCAGCCATCTC and R: CACTGAGCACA
ATGTTTCCA) was used as the internal reference gene. All
reactions were carried out in three biological replicates. The
Amplification procedure of qRT-PCR was 95°C for 5 min; 95°C
for 15 s, 58°C for 45 s, a total of 40 cycles. The relative
expression level was normalized by 27" method (Livak
and Schmittgen, 2001).

FIGURE 1
Types of fruit cracking.

Frontiers in Plant Science

04

10.3389/fpls.2022.943547

Results
Types and incidence of fruit cracking

The four types of fruit cracking in pomegranate was
investigated, including longitudinal cracking, transversal
cracking, longitudinal and transversal cracking and irregular
cracking (Figure 1). Among them, the longitudinal cracking
ratio was the highest about 70% (The number of longitudinal
cracking fruits and total are 19 and 26 in fruit bagging, and 81
and 117 in control), and the other three were about 30%. We
calculated that the incidence of fruit cracking under the bagging
treatment was 7.26%, while the control group was as high as
38.11% (Table 1), indicating that bagging substantially reduced
the fruit cracking rate.

RNA sequencing and identification
of IncRNAs

In total, we obtained a total of 287.43 M, 282.83 M and
280.02 M raw reads from pomegranate fruit non-cracking
under bagging (FB), fruit cracking (FC), fruit non-cracking
(FNC), respectively (Table 2). After filtering out low quality
sequences, approximately 284.96M, 280.5 M and 277.65 clean
reads were generated from FB, FC and FNC, Q30 bases were
distributed in 95.04~95.57%, with an average GC content of
50.08%. In addition, through coding potential calculator
(CPC), coding-non-coding index (CNCI), protein families
(Pfam) and predictor of long noncoding RNAs and
messenger RNAs based on an improved k-mer scheme
(PLEK) analysis, 3194 IncRNAs were identified with a total
length of 4898846 nt and an average length of 1533.77 nt. The
length distribution of IncRNAs showed that the maximum
number of IncRNAs greater than 2000 bp was 701, accounting
for 22% of the total number, and the minimum number of
IncRNAs less than or equal to 200 bp was only 2 (Figure 2A). In
addition, through the positional relationship between IncRNAs
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TABLE 1 The incidence of fruit cracking under the bagging
treatment and control.

Treatment No. Total Number of cracked Fruit cracking

fruits rates
Fruit bagging 1 52 6 11.54%
2 41 5 12.20%
3 28 3 10.71%
4 49 2 4.08%
5 31 0 0
6 36 0 0
7 33 7 21.21%
8 34 2 5.88%
9 26 1 3.85%
10 28 0 0
358 26 7.26%
Control 1 51 28 54.90%
2 18 5 27.78%
3 21 10 47.62%
4 14 1 7.14%
5 24 10 41.67%
6 21 2 9.52%
7 25 11 44.00%
8 29 18 62.07%
9 48 20 41.67%
10 56 12 21.43%
307 117 38.11%

and known protein-coding transcripts, IncRNA types are
counted from three levels, namely direction (sense and
antisense), type (intergenic and genic), location (upstream,
downstream, exonic and intronic). Among them, the
direction was sense, and the number of IncRNAs in
intergenic-upstream was at most 616 (Figure 2B). The exons
number of IncRNAs indicated that the majority of IncRNAs
contained 2 exons (Figure 2C).

TABLE 2 Quality of the sequencing data.

Sample Raw Reads Raw Bases Clean Reads
FB1 95.56M 14.33G 94.74M
FB2 93.34M 14.00G 92.53M
FB3 98.53M 14.78G 97.69M
FC1 95.65 M 1435 G 94.85 M
FC2 94.00 M 14.10 G 9325 M
FC3 93.18 M 13.98 G 92.40 M
FNCI1 96.12 M 1442 G 9532 M
ENC2 9218 M 13.83 G 91.42 M
ENC3 9172 M 13.76 G 90.91 M
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LncRNAs expression level analysis

The fragments per kilobase per million reads (FPKM) was
used to evaluate expression levels of 3194 IncRNAs transcripts in
pomegranate FB, FC and FNC (Table S2). The overall expression
levels of IncRNAs were different between FB, FC and FNC
(Figure 3A). In addition, the results indicated differences in
transcript numbers and distributions of gene expression values
(Figure 3B). Approximately FPKM values of half of the
transcripts were between 0 and 0.5 and about FPKM values of
one-third of the transcripts were greater than or equal to 10.

Differential expression and
localization analysis

A total of 61 DELs were identified with a P-value< 0.05 and |
log2 FC| > 1 in FC vs ENC (Table S3), 62 DELs in FB vs FC
(Table S4). Among them, 31 were up-regulated and 30 were
down-regulated in the FC vs FNC, 18 were up-regulated and 44
were down-regulated in the FB vs FC, as shown in a volcano plot
(Figures 4A, B). Also, the expression patterns of the FC vs FNC,
FB vs FC were compared, red and blue revealed the highest and

lowest expression level, respectively. The heat map clustering
showed that FC vs FNC, FB vs FC appear in the same cluster by
hierarchical clustering analysis, indicating the genes in the same
cluster may have similar biological functions (Figures 4C, D).

To display the position of DELs and DEGs more intuitively,
Circos software was used to show them (Figure 5). The Circos
diagram clearly revealed that the distribution of DELs and DEGs
on chromosomes was not uniform. Among FC vs FNC, DELs
were less distributed on chromosome 3 and chromosome 7, and
were the least distributed on chromosome 6 (2), the same as FB
vs FC; DELs were most distributed on chromosome 6 (12)
(Figure 5A). In addition, the number of DELs distributed on
chromosome 4 were the largest 12 in FB vs FC, followed by
chromosome 5 (Figure 5B).

Clean Bases Valid Bases Q30 GC
13.01G 90.77% 95.41% 49.90%
12.79G 91.37% 95.12% 49.64%
13.55G 91.68% 95.04% 50.45%
1298 G 90.44% 95.44% 50.07%
12.95 G 91.82% 95.44% 50.18%
1279 G 91.53% 95.36% 50.22%
13.15G 91.18% 95.37% 50.28%
12.70 G 91.82% 95.57% 50.12%
12.65 G 91.93% 95.20% 49.85%
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Coexpression analysis of DELs and DEGs

To further explore the temporal and spatial transcription
patterns and biological functions between DELs and DEGs, a
coexpression network was constructed. The results suggested that
a total of 42 DELs and 137 DEGs formed a coexpression network in
FC vs ENC (Figure 6). Network analysis showed that one DEL co-
regulated with one DEG or several DEGs and vice versa. It is
suggested that there is a complex interaction between DELs and
DEGs. Among them, XR_004158164.1 co-regulated with ten DEGs
(LOC116201766, LOC116202352, LOC116198068, LOC116202713,
LOC116213464, LOC116212471, LOC116212884, LOC116206401,
LOC116211848 and LOC116200280) involved in ethylene-activated
signaling pathway, lignin catabolic process, lipid transport/binding,
cutin biosynthetic process and cell wall. XR_004156395.1 co-
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regulated with six DEGs (LOC116214125, LOC116208411,
LOC116212683, LOC116210477, LOC116207007 and
LOCI116213296) involved in lipid transport/binding, cutin
biosynthetic process and cell wall. TCONS_00001938 co-regulated
with LOC116197025 (Polygalacturonase-1, PG1) involved in lipid
transport, wax biosynthetic process and cell wall organization. In
addition, XR_004157290.1 co-regulated with LOC116206904 (E3
ubiquitin-protein ligase-23, PUB23) and LOC116197199
(Polygalacturonase-2, PG2) involved in phytohormone signaling
pathways, including ethylene-activated/abscisic acid- activated/
jasmonic acid mediated signaling pathway.

Among FB vs FC, 35 DELs and 160 DEGs constituted
coexpression network (Figure 7). Among them, TCONS_00009904
co-regulated with 17 DEGs involved in lignin catabolic/biosynthetic
process, secondary metabolic process, suberin biosynthetic process,
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cell wall biogenesis, flavonoid biosynthetic process, cell wall and
xyloglucan:xyloglucosyl transferase activity. TCONS_00016729 co-
regulated with six DEGs (LOC116187260, LOC116210407,
LOC116201343, LOC116202072, LOC116212833 and
LOC116202017) participate in secondary metabolic process, chitin
catabolic process, cell wall macromolecule catabolic process,
polysaccharide catabolic process, lignin catabolic/biosynthetic
process, integral component of membrane and cell wall. In
addition, TCONS_00017083, TCONS_00018960,
TCONS_00022257 and XR_004156511.1 were all engaged in cell
wall macromolecule catabolic process, polysaccharide catabolic
process, lignin catabolic/biosynthetic process. XR_004155454.1,
XR_004157024.1and XR_004157312.1 all engaged in flavonoid
biosynthetic process, cell wall biogenesis, xyloglucan metabolic
process and xyloglucan:xyloglucosyl transferase activity. As can be
seen from the results of FC vs FNC and FB vs FC, phytohormone
signaling pathways, lignin catabolic process, lipid transport/binding,
cutin biosynthetic process and cell wall played significant roles in
fruit non-cracking to fruit cracking. Fruit bagging affected flavonoid
biosynthetic process, cell wall biogenesis, xyloglucan metabolic
process and xyloglucan:xyloglucosyl transferase activity.

Functional analysis of DEL target genes

Gene regulation may occur in the form of cis-/trans-acting.
To explore the putative biological function of DELs, we divined
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the candidate targets of cis-/trans-acting IncRNA. For the cis-
acting IncRNAs, 18 DELs regulate 18 target genes within the
upstream and downstream 100 kb range in FC vs ENC (Table
S5). For the trans-acting IncRNAs, the results revealed that there
were 10 DELs regulated 24 target genes (Table S6; Figure 8A). In
FB vs FC, 23 DELs regulate 23 target genes for the cis-acting
IncRNAs (Table S7) and 12 DELs regulated 36 target genes
(Table S8; Figure 8B). Among them, TCONS_00021929,
XR_004158164.1 and TCONS_00001938 have complex
regulatory relationships with 17, 1 and 10 target genes,
respectively. Besides, four DELs (TCONS_00003922,
TCONS_00003921, XR_004154769.1 and XR_004154615.1)
have the same target gene LOC116211906. Three DELs
(TCONS_00008395, TCONS_00022810, XR_004151985.1)
displayed one-to-one associations with three DEGs
(LOC116192249, LOC116211189, LOC116201615).

To deeply investigate the function of the cis- and trans-targets
of DELs, GO and KEGG pathways were carried out (Figure 9). GO
analysis demonstrated that DELs participated in chitin, calcium ion
binding, as well as metal ion binding in FC vs ENC (Figure 9A) and
cell wall biogenesis, xyloglucan metabolic process and xyloglucan:
xyloglucosyl transferase activity in FB vs FC (Figure 9C). KEGG
analysis showed that DELs were involved in the phospholipase D
signaling pathway (ko04072) and glycerophospholipid metabolism
(ko00564) in FC vs ENC (Figure 9B) and plant hormone signal
transduction (ko04075) and starch and sucrose metabolism
(ko00500) in FB vs FC (Figure 9D).
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node and the green circular node represent DELs and DEGs.
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node and the green circular node represent DELs and DEGs.

Quantitative real-time PCR (qRT-PCR)
validation of DELs

To validate the reliability and authenticity of the RNA-seq
data, ten DELs were randomly selected by quantitative real-time
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The co-expression network of differentially expressed IncRNAs (DELs) and differentially expressed mRNAs (DEGs) in FB vs FC. The red arrow
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PCR (qRT-PCR) to determine their expression levels. The results
showed that DELs displayed similar expression inclination to
those obtained by the transcriptome data, which verify the
reproducibility and reliability of transcriptomic analysis results
(Figure S1). It would be helpful for further studies of the
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The coexpression network of trans-acting differentially expressed IncRNAs (DELs) and differentially expressed mRNAs (DEGs) in FC vs FNC
(A) and FB vs FC (B). The red arrow node and the green circular node represent DELs and DEGs.
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Functional Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of long non-coding RNA (IncRNA) target
genes. GO enrichment analysis of IncRNA targets genes in FC vs FNC (A) and FB vs FC (C). KEGG enrichment analysis of IncRNA targets genes
FC vs FNC (B) and FB vs FC (D).
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IncRNAs that involve in lipid transport, wax biosynthetic
process, cell wall organization, phytohormone signaling
pathways and calcium ion binding in fruit cracking and fruit
non-cracking of pomegranate.

Discussion
Analysis of fruit cracking under bagging

Fruit cracking occurs during fruit development and greatly
reduces the quality, shelf life and marketability of the fruit,
resulting in tremendous economic losses. Among the factors that
cause fruit cracking, in addition to environmental factors, the
resistance of the fruit itself to cracking is crucial. Therefore, the
mechanism of fruit cracking is still poorly understood.

There are multiple types of fruit cracking, such as
longitudinal cracking, transversal cracking, longitudinal and
transversal cracking, irregular cracking, calyx-end cracking,
internal ring cracking, circular cracking and cuticular cracking
(Ginzberg and Stern, 2019; Wang et al., 2021). In the present
study, pomegranate fruit cracking types were longitudinal
cracking, transversal cracking, longitudinal and transversal
cracking, irregular cracking (Figure 1). Among them, the
proportion of longitudinal cracking accounted for more than
half of the amount. The fruit cracking rate of pomegranate under
bagging treatment was less than 10%, while that of the control
group was about 40%, indicating that bagging played a gigantic
role in reducing the fruit cracking rate, which was consistent
with previous studies (Grinan et al., 2019; Asrey et al., 2020).

An dataset of IncRNAs associated with
fruit cracking in pomegranate

LncRNAs exert an essential role in diverse biological
processes such as leaf-color mutation, fruit development and
ripening of plants and have been extensively studied in recent
years (Zhang et al., 2018; Wu et al., 2019b). High-throughput
sequencing technology for transcriptome analysis has been
expeditiously ameliorated and dozens of IncRNAs have been
identified in plants. For instance, 25,699, 3857, 6253 and 3679
IncRNAs were identified in Fragaria pentaphylla, Cucumis melo,
Pyrus pyrifolia and Solanum lycopersicum, respectively (Zhu
et al., 2015; Bai et al., 2019; Tian et al., 2019; Li et al., 2020a).
Nevertheless, little is known about IncRNAs in pomegranate
fruit cracking. In the present study, 3194 IncRNAs were
identified with a total length of 4898846 nt and an average
length of 1533.77 nt by strict filtration, among them, 61 DELs in
FC vs FNC and 62 DELs in FB vs FC were differentially
expressed. LncRNAs expression levels was confirmed by qRT-
PCR analysis, which fully demonstrated the authenticity and
accuracy of transcriptome results. Furthermore, we revealed that
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the distribution of DELs and DEGs on chromosomes was not
uneven (Figure 3), this was consistent in the case of S.
lycopersicum (Zhu et al., 2015).

Functional analysis of DELs and DEGs

To further analyze the functions between DELs and DEGs,
we constructed a coexpression network of 42 DELs and 137
DEGs in FC vs FNC (Figure 6) and 35 DELs and 160 DEGs in FB
vs FC (Figure 7). The DEL XR_004158164.1 co-regulated with
ten DEGs involved in ethylene-activated signaling pathway,
lignin catabolic process, lipid transport/binding, cutin
biosynthetic process and cell wall in FC vs FNC. The cuticle,
composed of cutin and wax, is an essential part of the pericarp
and plays a significant role in fruit cracking (Dominguez et al,
2011; Espaa et al., 2014; Petit et al., 2016; Jakobson et al., 2016).
Ethylene is extensively involved in plant growth and
development, and plays an essential regulatory role in fruit
ripening, softening and cracking (Bapat et al, 2010; Chen
et al,, 2019). ERFs are located downstream of the ethylene
signaling pathway, previous studies have shown that ERF4 was
associated with fruit ripening and cracking in watermelon and
tomato (Liao et al,, 2019; Hu et al., 2022).

The main function of polygalacturonase (PG) is to hydrolyze
polygalacturic acid, degrade pectin and disintegrate cell wall
(Dautt-Castro et al., 2019). There is increasing evidence that PGs
play an important role in fruit development in tomato,
strawberry, apple, apricot and pear (Chen et al, 2016; Ke
et al, 2018; Hou et al, 2019; Zhang et al., 2019; Paniagua
et al,, 2020). Dautt-Castro et al. (2019) found that MiPG14/17/
21/22/49/69 were highly upregulated during fruit ripening. In
addition, it was shown that PG was involved in pectin
degradation in atemoya cv. African Pride, affecting fruit
ripening and dehiscence (Chen et al., 2019). The PG homologs
ARABIDOPSIS DEHISCENCE ZONE
POLYGALACTURONASE1 (ADPG1) and ADPG2 were key
factors causing fruit pod cracking in Arabidopsis thaliana
(Ogawa et al, 2009). In our study, TCONS_00001938 co-
regulated with LOC116197025 (Polygalacturonase-1, PG1)
involved in lipid transport, wax biosynthetic process and cell
wall organization. Zhu et al. (2020) found that genes related to
cell wall metabolism and cuticle biosynthesis play a pivotal role
in fruit cracking by performing peel transcriptome sequencing of
the grape berry cv. Xiangfei (Vitis vinifera L.). In addition,
XR_004157290.1 co-regulated with other genes such as
LOCI116197199 (Polygalacturonase-2, PG2) involved in
ethylene-activated/abscisic acid-activated/jasmonic acid
mediated signaling pathway to affect fruit cracking.

In FB vs FC, XR_004155454.1, XR_004157024.1and
XR_004157312.1 were involved in flavonoid biosynthetic
process, cell wall biogenesis, xyloglucan metabolic process and
xyloglucan:xyloglucosyl transferase activity.
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Cis-/trans-acting of the IncRNAs and
their target genes involved in lipid
metabolism, chitin, and calcium ion
binding, cell wall biogenesis, xyloglucan
metabolic process

LncRNAs may regulate gene expression in the form of cis-/
trans-acting manner (Fatica and Bozzoni, 2014). Cis-regulation
refers to the transcriptional activation and expression regulation
of adjacent mRNA by non-coding RNA, while trans, on the
contrary, regulates the transcription of distal mRNA (Yan et al,,
2017; Wu et al,, 2019a). In this study, 18 DELs may regulate 18
target genes and 10 DELs regulated 24 target genes by cis-/trans-
acting manner in FC vs FNC (Figure 8A), which participate in
lipid metabolism and may be a crucial factor for fruit cracking.
In addition, 23 DELs regulate 23 target genes for the cis-acting
IncRNAs and 12 DELs regulated 36 target genes in FB vs
FC (Figure 8B).

To investigate the function of the cis- and trans-targets of
DELs, GO and KEGG pathways were carried out (Figure 9). GO
analysis demonstrated that DELs participated in chitin, calcium
ion binding, as well as metal ion binding in FC vs FNC and cell
wall biogenesis, xyloglucan metabolic process and xyloglucan:
xyloglucosyl transferase activity in FB vs FC. Calcium, an
essential mineral element for plant growth and development,
can interact with pectic acid to form calcium pectinate, which
stabilizes the cell wall structure and strengthens the mechanical
strength of the fruit pericarp, thus enhancing the fruit’s
resistance to cracking (Hernandez-Munoz et al., 2006; Bakeer,
2016). Studies have shown that exogenous sprays of calcium or
its compounds can reduce fruit cracking in pomegranates and
cherries (Hosein-Beigi et al., 2019; Davarpanah et al., 2018). In
addition, some metal ion (zinc and potash) also affect
pomegranate cracking (Sharifani, 2014). KEGG analysis
showed that DELs were involved in the phospholipase D
signaling pathway (ko04072) and glycerophospholipid
metabolism (ko00564). Phospholipase D hydrolyzes the
phosphodiester bond of glycerol lipid phosphatidylcholine to
produce phosphatidylic acid (Jenkins and Frohman, 2005).
Glycospholipid metabolism belongs to lipid metabolism (Lu
et al, 2022; Li et al,, 2022), it suggests that lipid metabolism
plays significant role in fruit cracking. In FB vs FC, DELs were
participated in plant hormone signal transduction (ko04075)
and starch and sucrose metabolism (ko00500), indicating
bagging affected hormone biosynthesis, starch and sucrose
metabolism, thereby influencing fruit dehiscence.

Conclusion

In conclusion, the incidence of fruit cracking was 7.26% under
the bagging treatment, the control group was as high as 38.11%,
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indicating that bagging substantially reduced the fruit cracking rate.
In addition, a total of 3194 IncRNAs were obtained in pomegranate,
61 DELs and 62DELs were identified in FC vs FNC and FB vs FC.
We constructed a coexpression network of 42 DELs and 137 DEGs
in FC vs FNC and 35 DELs and 160 DEGs in FB vs FC, suggesting
that there are involved in phytohormone signaling pathway, lignin
catabolic process, lipid transport/binding, cutin biosynthetic process
and cell wall organization. Moreover, the results demonstrated that
18 cis-acting DELs regulate 18 target genes, and 10 trans-acting
DELSs regulate 24 different target genes in FC vs FNC. Among FB vs
FC, 23 DELs regulate 23 target genes for the cis-acting IncRNAs and
12 DELs regulated 36 target genes. GO and KEGG analysis results
showed that DELs were involved in calcium ion binding, metal ion
binding and glycerophospholipid metabolism in FC vs FNC,
flavonoid biosynthetic process, cell wall biogenesis, xyloglucan
metabolic process, hormone signal transduction and starch and
sucrose metabolism in FB vs FC. This study provide insight into the
molecular mechanism of fruit cracking in pomegranate, and lay a
foundation for future research on fruit cracking of other fruits.
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