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Abstract: Many plants have the capability to accumulate anthocyanins for coloration, and antho-
cyanins are advantageous to human health. In the case of hulless barley (Hordeum vulgare L. var.
nudumy), investigation into the mechanism of anthocyanin formation is limited to the level of protein-
coding genes (PCGs). Here, we conducted a comprehensive bioinformatics analysis to identify a total
of 9414 long noncoding RNAs (IncRNAs) in the seed coats of purple and white hulless barley along a
developmental gradient. Transcriptome-wide profiles of IncRNAs documented several properties,
including GC content fluctuation, uneven length, a diverse range of exon numbers, and a wide vari-
ety of transcript classifications. We found that certain IncRNAs in hulless barley possess detectable
sequence conservation with Hordeum vulgare and other monocots. Furthermore, both differentially
expressed IncRNAs (DEIncRNAs) and PCGs (DEPCGs) were concentrated in the later seed develop-
ment stages. On the one hand, DEIncRNAs could potentially cis-regulate DEPCGs associated with
multiple metabolic pathways, including flavonoid and anthocyanin biosynthesis in the late milk and
soft dough stages. On the other hand, there was an opportunity for trans-regulated IncRNAs in the
color-forming module to affect seed coat color by upregulating PCGs in the anthocyanin pathway.
In addition, the interweaving of hulless barley IncRNAs and diverse TFs may function in seed coat
coloration. Notably, we depicted a dynamic portrait of the anthocyanin synthesis pathway containing
hulless barley IncRNAs. Therefore, this work provides valuable gene resources and more insights
into the molecular mechanisms underlying anthocyanin accumulation in hulless barley from the
perspective of IncRNAs, which facilitate the development of molecular design breeding in crops.

Keywords: long noncoding RNA; protein-coding gene; anthocyanin formation; seed coat coloration;
hulless barley

1. Introduction

Approximately 90% of the eukaryotic genome is transcribed to produce RNA. How-
ever, only approximately 2% of the resulting transcripts possess the capacity to generate
proteins [1,2]. In the past, the transcriptional products of certain genomic areas, such as
intergenic regions, repetitive sequences, and transposons, were wrongly presumed to be
silent [1,3]. In fact, these seemingly silent areas have been found to be the birthplaces
of noncoding RNAs (ncRNAs). Based on the length of nucleotides (nt), ncRNAs can be

Int. . Mol. Sci. 2023, 24, 10587. https:/ /doi.org/10.3390/1jms241310587

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms241310587
https://doi.org/10.3390/ijms241310587
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-6439-7535
https://orcid.org/0000-0001-7038-890X
https://orcid.org/0000-0002-4039-7589
https://doi.org/10.3390/ijms241310587
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241310587?type=check_update&version=2

Int. . Mol. Sci. 2023, 24, 10587

2 of 21

classified into three main types: small RNAs (18-30 nt), medium-sized ncRNAs (31-200 nt),
and long ncRNAs (>200 nt) [4]. Research on IncRNAs in mammals and plants is currently
booming, as they are crucial in evolution, growth, development, and diseases [5-8]. By
interacting with DNA, RNA, and proteins, IncRNAs can modulate the expression of tar-
get genes through cis- and trans-acting mechanisms; impact the structure and function
of chromatin; and participate in RNA transcription, splicing, and stabilization [9]. As
genome and transcriptome sequencing technologies have advanced, thousands of IncRNAs
have been discovered and identified in various plants, including Oryza sativa, Arabidopsis
thaliana, Zea mays, Gossypium spp., Nicotiana tabacum, and Solanum lycopersicum [10-15].
In Medicago sativa and soybean, IncRNA ENOD40 was initially found to encode small
peptides, which greatly expanded our knowledge of IncRNAs [4,16,17]. There are fewer
studies on plant IncRNAs than on animal IncRNAs due to a lag in research techniques and
methods. Nonetheless, many studies have tried to demonstrate the function of IncRNAs in
plant growth, development, and adversity response [4,18]. COOLAIR and COLDAIR, two
vernalization-induced IncRNAs, suppress the expression of FLOWERING LOCUS C (FLC)
to mediate flowering in A. thaliana [19]. MISSEN, a parent-of-origin IncRNA, was shown
to regulate cytoskeletal polymerization, resulting in rice endosperm development [20]. In
terms of the stress response, research has indicated that the overexpression of IncRNAs
improves salt tolerance and boosts primary and secondary root development in Arabidopsis.
Apart from the classical examples mentioned above, many IncRNAs also play a crucial
role in plant development and adaptation to various abiotic stresses, such as drought, heat,
cold, and UV-B radiation [9,21,22].

The Qinghai-Tibet Plateau is famous for high levels of UV-B radiation and low temper-
atures throughout the year, presenting a challenge for plant and crop growth [23]. Tibetan
hulless barley (Hordeum vulgare L. var. nudum), also known as “qingke”, has become a
staple food in the Tibetan Plateau region, unlike cultivated barley (Hordeum vulgare L.) [24].
Following the spread of cultivated barley into East Asia, hulless barley was successfully
domesticated through constant selection by both artificial and natural pressures [25]. An-
thocyanins, a kind of flavonoid, contribute to the color production of hulless barley (purple
and blue), and most plants can utilize flavonoids as their principal mechanism of UV-B
radiation resistance [26-28]. Anthocyanins help plants resist adversity and have a positive
impact on human health, including prevention of cardiovascular disease and liver protec-
tion, and anticancer effects [29,30]. In the case of cancer, for example, anthocyanins can
counteract the proliferation of many types of cancer cells by affecting cell cycle regulatory
proteins. In addition, induction of apoptosis, anti-inflammatory activity, anti-angiogenesis,
etc. have been found in anthocyanin experiments of multiple cancer cell types in vitro and
tumor types in vivo [31,32]. Therefore, hulless barley is gaining increasing attention from
consumers and is gradually emerging as a healthy food.

Anthocyanins have been discovered in over 200 plant species, with more than 20 differ-
ent types of pigments found, including the widely distributed petunidin (Pt; bluish violet),
peonidin (Pn; aubergine), and four other common types [33,34]. Cyanidin can undergo
methylation to form peonidin, and the extent of methylation results in different types of
anthocyanins [33,35]. The anthocyanin metabolic pathway has been confirmed to involve a
range of structural enzymes. Several genes encoding structural enzymes in the upstream
portion of the anthocyanin metabolic pathway are also involved in the flavonoid pathway,
including phenylalanine ammonialyase (PAL), cinnamic acid 4-hydroxylase (C4H), 4-coumarate-
CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase
(F3H). The anthocyanin-specific synthesis pathway has other genes, such as dihydroflavonol-
3’-5"-hydrogenase (F3'5’H), dihydroflavonol-3’-hydroxylase (F3'H), dihydrokaempferol 4-reductase
(DFR), and anthocyanidin synthase (ANS) that are located downstream of the entire metabolic
pathway [36]. Modulating structural enzymes easily influences anthocyanin metabolism as-
sociated with flower color in petunia and Brassicaceae [37-39]. Furthermore, due to a lack of
physicochemical stability, anthocyanins require the assistance of UDP-glycosyltransferases
(UGTs) to form stable anthocyanosides, which are stored in vesicles and responsible for
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color [40]. Regarding transcriptional regulation, the v-myb avian myeloblastosis viral oncogene
homologue (MY B), basic helix-loop-helix (P HLH), and WD40 classes of transcription factors
(TFs) have received the most attention for their impact on anthocyanin synthesis [41-43].
Recently, ncRNAs have been discovered to have a considerable role in the regulation of
anthocyanin production. Specifically, IncRNAs and microRNAs can modulate TFs through
the endogenous target mimics mechanism (eTMs), as observed in sea buckthorn and
Malus [44,45]. In addition, IncRNA MdLNC499 in apples possesses the function of inducing
an ethylene response factor, and light can increase MdLNC499 transcription by activating
WRKYT1 for apple coloration [46].

Many structural genes and TFs related to anthocyanin metabolism have been identi-
fied in barley or hulless barley, and several of them have been shown to be involved in the
response to UV-B and pathogenic stimuli [47-49]. Hulless barley is increasingly seen as a
health food and germplasm resource, but our current knowledge about the mechanism of
color formation is limited to PCGs in anthocyanin metabolic pathways [28,50]. Moreover,
information regarding IncRNAs in the hulless barley seed coat is poorly understood. Using
the transcriptome from hulless barley seed coats of two distinct colors and three devel-
opment stages, we conducted a comprehensive bioinformatics analysis of IncRNAs and
identified putative cis- and trans-regulated IncRNAs in anthocyanin metabolic pathways.
Moreover, we integrated the IncRNAs and their target genes, including multiple types of
TFs, into the anthocyanin synthesis pathway portrait of purple hulless barley. Overall, our
results not only enhance our understanding of IncRNAs in regulating anthocyanin synthe-
sis in hulless barley but also provide valuable gene resources for the genetic improvement
of hulless barley and other crops.

2. Results
2.1. Transcriptome-Wide Profiles of the IncRNAs in the Seed Coat of Hulless Barley along Different
Development Stages

To conduct a systematic investigation of IncRNAs in hulless barley, we utilized the
transcriptome in the seed coats of purple and white hulless barley along three different
developmental stages [50]. Using the high-quality genome assembly of hulless barley [23],
a total of 203,451 transcripts were obtained from six samples, and each sample had three
biological replicates. Through stepwise screening, 9414 isoforms from 6243 loci were de-
fined as IncRNAs in the seed coat of hulless barley (Figure 1a and Supplementary Materials
Table S1). Although transcripts were not mapped to specific chromosome backbones, we
were still able to obtain the characteristics of IncRNAs by using transcriptome-wide profiles
to generate a circos plot composed of the scaffolds (Figure 1b). The numbers of IncRNAs
on the positive strand (3208) and the negative strand (3291) were almost equal, while the
strand information of 2915 IncRNAs was not annotated. Additionally, the GC content of
IncRNAs exhibited a wide range of fluctuation (from 0.239 to 0.838) with an average value
of 0.49, which was higher than the overall GC content of the assembly (0.45). Moreover,
the IncRNAs were mapped onto 60.34% of the scaffolds (1120), and the largest number of
IncRNAs (58) belonged to scaffold SDOW01000205.1. The length of IncRNAs ranged from
201 to 10,374 nt, and the average length was 1155 nt (Figure 1c and Table S2). Furthermore,
IncRNAs possessed a diverse range of exon numbers, although only a small fraction of tran-
scripts contained more than ten exons (Figure 1d and Table S3). We classed 9414 IncRNAs
into four categories based on the relative location of the transcripts and annotated genes
in the reference assembly (Figure 1le). Most of the transcripts were intergenic IncRNAs
(long intervening noncoding RNAs, lincRNAs), accounting for approximately 85.72% of
the total, followed by sense IncRNAs (9.77%) and antisense IncRNAs (IncNATSs, 4.5%).
Among the sense IncRNAs, there were 646 IncRNAs classified as “potential novel isoform”
and 274 IncRNAs classified as “generic exonic overlap with a reference transcript”. It was
clear that multiple categories of IncRNAs were present and that lincRNAs were the most
dominant form of IncRNAs in hulless barley.
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Figure 1. Transcriptome-wide identification and characterization of long noncoding RNAs (IncRNAs)

in Tibetan hulless barley seed coats. (a) Schematic computational pipeline for the identification of

IncRNAs in hulless barley seed coats. Kunlun 10 (white) and Nierumuzha (purple) Tibetan hulless
barley grains were divided into three developmental stages: early milk (PC1 and WC1), late milk
(PC2 and WC2), and soft dough (PC3 and WC3). (b) Transcriptome-wide characterization of hulless
barley seed coat IncRNAs. The gray curve in the middle of the circos plot shows the collinearity

of PCGs in the hulless barley genome. (c) Length distribution in hulless barley seed coat IncRNAs.

(d) Distribution of exon numbers in hulless barley seed coat IncRNAs. (e) Classification of hulless
barley seed coat IncRNAs based on the relative position of IncRNAs to annotated genes in the

reference assembly. The yellow arrow represents the reverse transcription direction.
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2.2. Certain IncRNAs in Hulless Barley Possess Sequence Conservation with H. vulgare, and the
IncRNAs Expressed in the Late Development Stage of Purple Hulless Barley Are Clustered into a
Separate Branch

To gain more insights into the evolution and conservation of IncRNAs in hulless
barley seed coats, we conducted a BLAST search to detect homology using IncRNAs from
39 species, including eudicots, monocots, basal angiosperms, ferns, mosses, and green
algae (Figure 2a). Based on the phylogenetic tree of the 39 species and the number of
conserved IncRNAs, the homologues of hulless barley IncRNAs appeared to be conserved
in the monocotyledonous taxa of angiosperms (Tables S4 and S5). Homologous IncRNAs
were found in some eudicots, but they were absent in basal angiosperms, ferns, mosses,
and green algae. Less than 50% of IncRNAs had detectable sequence conservation within
H. vulgare IncRNAs (7970), indicating that H. vulgare L. var. nudum evolved from H. vulgare,
highlighting the differences between the two species in terms of IncRNAs (Figure 2a).
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Figure 2. Evolutionary sequence conservation and expression pattern dynamics of IncRNAs in Tibetan
hulless barley seed coats. (a) Sequence conservation of IncRNAs in seed coats of hulless barley and
39 other species. Information on the taxonomic category of plants is provided in the evolutionary
tree. The numbers represent the number of homologues. Green areas indicate monocotyledonous
plant taxa. (b) Unique and shared IncRNAs among six different samples. (c) Expression heatmap and
hierarchical clustering of white and purple hulless barley IncRNAs along the developmental gradient
(log scale: base = 2; logwith = 1; col scale: normalized).
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Overall, purple Nierumuzha had slightly more IncRNAs than white Kunlun 10, and
5535 IncRNAs were shared in all the samples (Figure 2b). Moreover, we found that dis-
tinct color seed coats possessed varying numbers of IncRNAs along the developmental
gradient. Kunlun 10 (white) and Nierumuzha (purple) hulless barley were divided into
three developmental stages: early milk (PC1 and WC1), late milk (PC2 and WC2), and
soft dough (PC3 and WC3). The PC3 stage had the highest number of unique IncRNAs
(50), while the WC3 stage had the lowest (16). This result indicated that a higher number
of IncRNAs might influence seed coat coloration. Based on hierarchical clustering of the
IncRNA expression matrix and combined with their expression patterns, WC1, WC2, WC3,
and PC1 were clustered together in one group, while PC2 and PC3 formed another group
(Figure 2c and Table S6). The late milk and soft dough stages are known to be associated
with anthocyanin accumulation in Nierumuzha. Therefore, the developmental dynamics
of transcripts indicated that the IncRNAs expressed in the late stages of seed development
(PC2 and PC3) may be involved in color formation.

2.3. Both DEIncRNAs and DEPCGs Are Primarily Concentrated in the Later Seed Development
Stages in Hulless Barley

To investigate the differences in seed coat color, we identified significant differen-
tially expressed IncRNAs (DEIncRNAs) between white and purple seed coats among three
developmental stages. To define DEIncRNAs, we set a general standard: |log, (fold
change) | values > 1, p value < 0.01, and g value < 0.05. We identified a total of 1795 DEI-
ncRNAs between Nierumuzha and Kunlun 10 (Figure 3). Moreover, 178 IncRNAs were
significantly differentially expressed between the two seed coat colors across all stages. In
the early milk stage, Nierumuzha had 555 DEIncRNAs (361 upregulated and 194 downreg-
ulated) compared to Kunlun 10 (Figure 3a and Table S7). Similarly, in the late milk stage,
Nierumuzha had 743 DEIncRNAs (507 upregulated and 245 downregulated) compared to
Kunlun 10, and at the soft dough stage, Nierumuzha had 742 DEIncRNAs (537 upregulated
and 214 downregulated) compared to Kunlun 10 (Figure 3a and Table S7). Our results
revealed a higher number of DEIncRNAs in the later stages of hulless barley development,
supporting the suggestion that the late milk and soft dough stages may play a critical role
in determining seed coat coloration via IncRNAs. In 2020, the genome of hulless barley was
published, and it contained 55,706 protein-coding genes (PCGs). To detect differentially ex-
pressed protein-coding genes (DEPCGs), we utilized the same threshold as for DEIncRNAs.
Figure 3e—g presents the number of DEPCGs between white and purple seeds along the
developmental gradient. The highest number of DEPCGs (2210) was observed in the soft
dough stage, which was consistent with the finding that DEIncRNAs were concentrated in
the later stages of hulless barley development (Figure 3a).

2.4. Potential Cis-Regulated DEPCGs of DEIncRNAs Are Associated with Multiple Metabolic
Pathways, including Flavonoid and Anthocyanin Biosynthesis during the Later Stages of Qinke
Seed Development

LncRNAs have been found to function in regulating the expression of proximal and
distal PCGs through cis- and trans-acting mechanisms [51]. Cis-regulation is primarily influ-
enced by the gene distance on the genome and highly dependent on the level of annotation
detail of the reference genome. Therefore, we selected the assembly GCA_004114815.1 for
our study. To survey potential target genes of cis-regulated IncRNAs, we retrieved PCGs
located within a 100 kilobase (kb) genomic window proximal to the IncRNAs. Overall,
we recorded 36,869 IncRNA-PCG pairs, 16,752 PCGs of IncRNAs and 8496 IncRNAs of
PCGs. For example, in the early milk stage, we observed 330 upregulated DEIncRNAs and
177 downregulated DEIncRNAs that were associated with 1328 and 751 PCGs, respectively
(Table S8). Out of these putative cis-regulated PCGs of DEIncRNAs, 66 PCGs showed
differential expression between Nierumuzha and Kunlun 10 (the regions marked with red
and blue lines). Among these 66 PCGs, 27 were upregulated target DEPCGs of upregulated
DEIncRNAs, and 19 were downregulated target DEPCGs of downregulated DEIncRNAs
(Figure 4a). Moreover, a gradual increase in the number of cis-regulated DEPCGs of DEI-
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(a)

Number

ncRNAs occurred along the seed developmental gradient, particularly the upregulated
cis-regulated DEPCGs of upregulated DEIncRNAs (from 17 to 51 to 111) (Figure 4a—c).
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Figure 3. Defining DEIncRNAs and DEPCGs between white and purple Tibetan hulless barley seed
coats among three developmental stages. (a) The number of DEIncRNAs and DEPCGs in Nierumuzha
at three different developmental stages compared to Kunlun 10 (| log,FC| values > 1; p value < 0.01;
g value < 0.05). (b—d) DEIncRNAs (upregulated, downregulated, and total) between purple and
white hulless barley along the developmental gradient. (e-g) DEPCGs (upregulated, downregulated,
and total) between purple and white hulless barley along the developmental gradient.

As PCGs located near IncRNAs often indicate the potential biological functions of
IncRNAs, we investigated the metabolic processes related to cis-regulated DEPCGs of
DEIncRNAs. In Figure 4d, we focused on tertiary metabolism terms and found that the
metabolic patterns enriched in cis-regulated DEPCGs of DEIncRNAs varied along the seed
developmental gradient. As hulless barley developed, there was a gradual emergence of
DEPCGs in metabolic pathways, with the highest number of DEPCGs associated with “glu-
tathione metabolism”, “phenylpropanoid biosynthesis”, and “zeatin biosynthesis metabolic
pathways” at the soft dough stage. Furthermore, we documented the presence of “flavonoid
biosynthesis” downstream of the phenylpropanoid pathway (Figure 4d). Thus, DEIncR-
NAs played a role in the complex metabolic processes involved in hulless barley seed coat
development, particularly in relation to phenylpropanoid and flavonoid biosynthesis.

Utilizing hulless barley genomic information, we identified six DEPCGs that poten-
tially participated in anthocyanin synthesis and were cis-regulated by five DEIncRNAs
(Table S9). Among these, ACC (D1007_39760), F3H (D1007_44160) and F3’5’H (D1007_47591)
were the decisive structural genes in the anthocyanin pathway, and they may be the tar-
get genes of TCONS_00129388, TCONS_00143533 and TCONS_00154867, respectively.
In addition, UniProt analysis indicated that the proteins encoded by D1007_27013 were
likely homologues of UGTs. Therefore, we identified both and their cis-regulated IncR-
NAs as members associated with anthocyanin synthesis, which provided a foundation for
constructing a portrait of anthocyanin metabolism.
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Figure 4. Prediction and metabolic function of potential cis-regulated target DEPCGs and their
DEIncRNAs in Tibetan hulless barley seed coats. (a—c) In three developmental stages (early milk,
late milk, and soft dough) of hulless barley, expression pattern comparisons of cis-regulated target
DEPCGs and their DEIncRNAs. (d) Heatmap of cis-regulated DEPCGs of DEIncRNAs associated
with metabolic processes along the developmental gradient.

2.5. There Is an Opportunity for Trans-Regulated IncRNAs in the Color-Forming Module to Affect
Seed Coat Color by Upregulating PCGs in the Anthocyanin Synthesis Pathway

When disregarding distance, the concordant expression patterns of IncRNAs and PCGs
can be attributed to trans-regulation. After data cleaning and parameter adjustments, we
constructed a total of 26 modules through weighted gene co-expression network analysis
(WGCNA) on the IncRNAs and PCGs using FPKM values (Figure S1f). By correlating sam-
ples of different colors and development stages with the modules, a progressive increase
appeared in the negative correlation between the “yellow” module and WC as white seeds
developed (r was from —0.058 to —0.048 to —0.44) (Figure 5a). However, in Nierumuzha,
we noticed an opposite trend: the positive correlation between the “yellow” module and
the PC gradually increased as the purple seed developed (r was from —0.54 to 0.31 to 0.78).
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In the “yellow” module, eigengenes were highly transcribed in the soft dough stage of the
purple seed, indicating that the IncRNAs and PCGs presented in this module may have a
potential role in color formation (Figure 5b). Here, we identified the “yellow” module as a
hulless barley color-forming module, and its members were involved in trans-regulation.
Focusing on metabolic processes, these transcripts were linked to diverse metabolic path-
ways (Figure 5c). Notably, the top three pathways, ranked by the number of PCGs, were
“glycolysis/gluconeogenesis”, “starch and sucrose metabolism”, and “flavonoid biosynthe-
sis”. Based on eigengene connectivity, hub-IncRNAs associated with “flavone and flavonol
biosynthesis”, “flavonoid biosynthesis”, “phenylpropanoid biosynthesis”, and “phenylala-
nine, tyrosine, and tryptophan biosynthesis” were combined with hub-PCGs to construct a
partial correlation network (Figure 5d). Utilizing the UniProt database and genomic infor-
mation, the hub-PCGs of trans-regulated IncRNAs were found to encode various proteins,
including F3'H (D1007_36542), CHI (D1007_34281), caffeoyl-CoA O-methyltransferase
(CCoAOMT, D1007_03378), serine carboxypeptidase (SCP, D1007_34592), cinnamoyl-CoA
reductase (CCR, D1007_36023), shikimate kinase (SK, D1007_32947), and chalcone synthase
(CHS, D1007_11667). Compared to white hulless barley, these hub-PCGs, except CCoAOMT,
reached higher transcript levels in purple hulless barley. Interestingly, some IncRNAs and
PCGs showed opposite expression patterns compared to the eigengenes, indicating that
their high transcriptional levels may negatively affect the high transcript levels of the
eigengenes (Figure 5c and Table S6). This result supported that IncRNAs could have a
complex role in upregulating diverse target genes through trans-regulation, which impacts
the anthocyanin synthesis pathway and ultimately mediates seed coat color formation.

2.6. Interweaving of IncRNAs and Diverse TFs May Function in Seed Coat Coloration in Tibetan
Hulless Barley

To investigate the role of TFs in regulating different seed coat colors, we conducted a
transcriptional function survey of PCGs and their IncRNAs. For cis-regulation, we compiled
the TFs corresponding to cis-regulated IncRNAs and identified 11 cis-regulated DEPCGs
with transcription factor functions (cis-regulated DETTFs) in the early milk and soft dough
stages. These 11 DETFs belonged to four transcription factor families, with the C2H2 zinc
finger protein family (C2H2s) being the largest, followed by the NAM, ATAF, and CUC
family (NACs) (Figure 6a,b). One family member for each of the WRKY domain (WRKY)
and basic leucine zipper (bZIP) families were included in the 11 DETFs, and they had
decreased expression levels in purple hulless barley at the end of development compared to
white hulless barley. Notably, the expression levels of cis-regulated DETFs were generally
higher in PC than in WC, suggesting that the presence of these DEIncRNAs may affect
coloration via TFs (Table 510). Furthermore, these DETFs were likely to modulate the
expression of PCGs that were associated with the biosynthesis of anthocyanin, as indicated
in Table S9. Regarding trans-regulation, we specifically focused on the TFs within the color-
forming module (known as the “yellow” module) and constructed a potential interaction
network among trans-regulated IncRNAs and TFs. As many as 15 different types of TFs
were found to be co-expressed with trans-regulated IncRNAs, indicating that the intricate
network established by IncRNAs and TFs might play a role in determining the formation
of seed coat color (Figure 6¢c and Table S11). MYBs have previously been implicated
in the regulation of anthocyanin synthesis, and other members of transcription factor
families, such as NAC, C2H2 and G2-like, also demonstrated potential involvement in the
development of purple seed coat coloration through IncRNA-mediated pathways.
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Figure 5. Co-expression network of trans-regulated IncRNAs and their PCGs in Tibetan hulless barley
seed coats. (a) Investigation of module-trait correlations. Each row shows a module, and each column
represents different developmental stages of hulless barley. Red represents a positive correlation, and
green represents a negative correlation. The module marked by black arrow is potential color-forming
modules. (b) The eigengene expression heatmap for the color-forming module (“yellow” module).
(c) Metabolic function enrichment of PCGs in PC3 of the “yellow” module. (d) The correlation
network of trans-regulated hub-IncRNAs and their hub-PCGs involved in phenylpropanoid and
flavonoid biosynthesis (kME = 0.8; GS = 0.8).
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Figure 6. Transcription factors associated with cis- and trans-regulated IncRNAs. (a) Cis-regulated
DETFs and their DEIncRNAs in the early milk stage. (b) Cis-regulated DETFs and their DEIncRNAs
in the soft dough stage. (c) Possible trans-regulated IncRNA-TF interaction correlation network of the
color-forming module. The different color points represent different transcription factor families.

2.7. A Proposed Molecular Mechanism Portrait Illustrating That Hulless Barley IncRNAs and
Their Target Genes May Affect Anthocyanin Synthesis and Are Involved in Seed Coat
Color Formation

To learn the molecular mechanisms of hulless barley seed coat coloration, we docu-
mented six cis-regulated DEPCGs of DEIncRNAs linked to anthocyanin synthesis. These
genes encoded five kinds of structural enzymes and were likely to play a role in antho-
cyanin metabolism with their adjacent IncRNAs: cytosolic acetyl-CoA carboxylase (ACC;
D1007_39760-TCONS_00129388), F3H (D1007_44160-TCONS_00143533), F3'5"H (D1007_
47591-TCONS_00154867), anthocyanin 5-aromatic acyltransferase (ACT; D1007_21536-D1007_
21534-TCONS_00069772), and UGT family member (D1007_27013-TCONS_00087557)
(Figure 7). The expression patterns of rhamnosyl transferase, ACC, F3H and F3'5'H were
generally consistent with those of their respective IncRNAs, and the later development
stages of purple hulless barley exhibited higher levels of transcription for these genes.
Furthermore, we observed that while the peak transcription of ACT occurred at the PC3
stage, the expression pattern of its cis-regulated IncRNAs was precisely the opposite. In
purple barley, IncRNAs may form a regulatory network with their adjacent PCGs via
cis-regulation and influence the expression levels of key genes involved in the anthocyanin
synthesis pathway.

In the color-forming module, trans-regulated IncRNAs were able to regulate the
expression of structural genes in the anthocyanin synthesis pathway: CHS, CHI, and
F3’H. Among them, TCONS_00001364 and TCONS_00049927 were likely to have a neg-
ative regulatory effect on the increased transcript levels of the above genes in the PC3
stage. The co-expression network showed that SCP was connected to CHI, F3'H, SK,
CCR, TCONS_00086178, TCONS_00049927, and TCONS_00196850, indicating that SCP
may be a critical node and influence anthocyanin metabolism (Figure 7). In addition,
TCONS_00094516 and TCONS_00013239 may positively regulate the low expression of
CCoAOMT in Nierumuzha. However, the transcript level of CCR was high in Nieru-
muzha at later development stages; this phenomenon is explained in the discussion. Di-
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verse TFs participated in the difference in seed coat color through cis- or trans-regulation.
TCONS_00058315 and NACs (D1007_18021, D1007_18023, and D1007_18025) may form
positive regulatory gene pairs through cis-regulation. However, TCONS_00186133 and
C2H2 (D1007_ 57275) may form a negative regulatory gene pair.
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Figure 7. Dynamic molecular mechanism portrait of the anthocyanin synthesis pathway illustrating
the color formation of Tibetan hulless barley seed coats. The red line represents the higher PCG
expression level at the soft dough stage in purple Nierumuzha relative to white Kunlun 10. The blue
line represents a much lower level of expression. Both cis- and trans-regulated IncRNAs that are
consistent with the expression pattern of their target PCGs are written in red font, and those that are
not consistent with the expression pattern of their target PCGs are written in blue.

3. Discussion

The role of IncRNAs in regulating plant development and resistance has gained in-
creasing attention, highlighting the importance of screening key IncRNAs involved in
these biological processes and elucidating their potential regulatory mechanisms [4,52].
Anthocyanins, which are widely distributed in plants, not only contribute to the improve-
ment of plant resistance but also offer health benefits to humans [53,54]. Colored hulless
barley has emerged as a health food due to its high content of beneficial arabinoxylan and
anthocyanins [55]. Metabolomics analysis revealed that Nierumuzha, a purple hulless
barley, is rich in anthocyanins [50]. Furthermore, previous studies have investigated the
accumulation mechanism of anthocyanins in several colored seed coats, mainly focusing
on the perspective of PCGs [28]. However, little is known about the role of IncRNAs in hul-
less barley seed development, and the identification of IncRNAs involved in anthocyanin
formation of the seed coat has not been reported in hulless barley.

Using the high-quality genome of hulless barley (Assembly: GCA_004114815.1) and
transcriptome of purple and white seed coats, we defined 9414 IncRNAs that were ex-
pressed with high confidence. Among these IncRNAs, 85.72% were lincRNAs, as shown
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in Figure la. Although the reference genome did not have all the scaffolds assembled
into chromosomes, the N50 contig length of this genome was more than 19 times larger
than that of other available barley genomes, which helped to improve the depth of read
alignment and transcriptome analysis [8,23]. The intricate origin and evolutionary history
of hulless barley has resulted in challenges in genome assembly and annotation [56]. The
intricate evolutionary background of hulless barley could have led to the diverse features of
its IncRNAs, including GC content fluctuation, uneven length, a diverse range of exon num-
bers, and a wide variety of transcript classifications (Figure 1). Transcripts with high GC
content are associated with biological functions beyond protein coding, so hulless barley
IncRNAs might have a higher mean CG content than the overall genomic CG content [57].
Combining IncRNA mechanisms, hulless barley seed coat IncRNAs could also originate
from lapsed PCGs and localize between PCGs [7]. This finding provided an explanation
for the prevalence of lincRNAs, which constituted the largest class of IncRNAs, and this
phenomenon has been found in many plants and animals [7,58,59]. Sequence conservation
revealed that approximately half of the IncRNAs identified in the hulless barley seed coat
lacked homologues in domesticated barley (Figure 2a). Although barley was introduced to
East Asia and gave rise to hulless barley, the latter underwent selective pressure at multiple
genomic loci, resulting in significant differences in the transcriptomes of hulless barley
and barley [56]. Moreover, due to the highly tissue-specific nature of IncRNAs, the seed
coat of hulless barley possessed a considerable number of transcripts, which could be
unique to this tissue type [60]. Furthermore, the developmental specificity of IncRNAs in
the seed coat at different stages of development was easily discernible from our results
(Figure 2a,c). Overall, our study not only recorded the transcriptome-wide features of
IncRNAs in Tibetan hulless barley but also provided more insights for investigating the
evolutionary history of hulless barley IncRNAs. Given the tissue-specific nature of seed
coat coloration, the following question could be posed: Which IncRNAs contribute to the
coloration of seed coats in hulless barley, and how do they contribute?

LncRNAs can regulate the expression of PCGs through either cis- or trans-regulation [52,61].
Incidentally, we used more stringent screening thresholds in defining DEIncRNAs and
DEPCGs, which explained the lower number of DEPCGs in Figure 3 [50]. For cis-acting
IncRNAs, we identified the IncRNA-PCG pairs and cis-regulated DEPCGs of DEIncRNAs
along a developmental gradient: early milk, late milk, and soft dough stages. At later stages
of development in purple hulless barley, we found that several IncRNAs participated in
the metabolic pathways of phenylpropanoids and flavonoids [28]. At later stages of devel-
opment, purple hulless barley also required the accumulation of anthocyanins as a means
of coping with the extreme environment of the Tibetan Plateau [62,63]. In addition, IncR-
NAs may also affect glutathione and zeatin metabolism in purple hulless barley through
cis-regulation. Glutathione (GSH), which plays a key role in plant survival under stress con-
ditions, is one of the major antioxidant molecules, and its content can increase continuously
with seed development [64]. Therefore, the number of cis-regulated DEPCGs involved
in glutathione metabolism may increase in the soft dough stage. Indeed, the differences
between the purple and white hulless barley seed coats were not limited to the anthocyanin
metabolic pathways via IncRNAs [61]. Another objective of this study was to investigate
the co-expression network, key modules, and hub trans-regulated IncRNAs involved in
anthocyanin biosynthesis in the hulless barley seed coat. We identified the "yellow" mod-
ule as a potential color-forming module, and our findings indicated that the difference
between colored and colorless hulless barley was not limited to flavonoid metabolism for
anthocyanins but also involved carbohydrate metabolism and other metabolic pathways.
In addition to the detection of polyphenols and anthocyanins in colored hulless barley, a
more extensive examination of other metabolites could provide further insights into the
hulless barley color differences [65].

Here, we depicted a dynamics portrait of the anthocyanin synthesis pathway contain-
ing IncRNAs and cis- and trans-regulated target PCGs in hulless barley (Figure 7). Potato
gene annotation has revealed that IncRNAs can regulate the expression of F3H and CHS,
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potentially influencing the color of leaves [66]. Therefore, it was possible that the IncRNA
TCONS_00143533 cis-regulated the high expression of F3H in purple hulless barley. Studies
on A. thaliana have supported that one IncRNA, NATSUGT73C6, evolved from a member
of the UGT gene family, indicating that IncRNAs may be produced by UGTs in the antho-
cyanin synthesis pathway and affect anthocyanin formation via cis-regulation [67]. The
proposed map showed that the expression of several structural enzymes could be regulated
positively or negatively by both cis- or trans-regulated IncRNAs. This further advances
our understanding of the regulatory network underlying anthocyanin accumulation in
colored hulless barley [28,50]. Members of the MYB, bHLH, and WD40 classes form ternary
complexes, which modulate the expression of structural genes in the anthocyanin synthesis
pathway [68]. Some trans-regulated IncRNAs form part of the TF network with MYBs,
and whether they affect the formation of the complex needs to be confirmed. The differ-
ential expression of bZIP (D1007_60745) and its cis-regulated IncRNA (TCONS_00196859)
between different color seed coats indicated that bZIPs may play a role in anthocyanin syn-
thesis [50]. Additionally, the IncRNA MdLNC499 has been shown to act as a bridge between
WRKY and ERF family members, thus regulating anthocyanin accumulation in apples.
This finding provided theoretical support for the idea that hulless barley IncRNAs also
affect WRKYs and ERFs through trans-regulation [46]. While the involvement of TFs, such
as MYB, bHLH, and WD40, in anthocyanin synthesis has been well established, the roles
of other TFs, such as NAC, C2H2, and G2-like, in this process are not as well understood.
However, our results shed light on the potential importance of these TF families, as well as
their interactions with IncRNAs, in the mechanism underlying color differences in hulless
barley. Further research based on our findings could provide insights into the regulation of
anthocyanin synthesis and its role in plant adaptation to extreme environments.

It is worth noting that the transcription patterns of CCoAOMT and CCR were differ-
ent between white and purple hulless barley. In Nierumuzha, frans-regulated IncRNAs
(TCONS_00094516 and TCONS_00013239) may positively regulate the low expression
of CCoAOMT. On the other hand, in purple hulless barley, the transcript levels of CCR
were high at the later development stage. Although the low transcript level of CCoOAOMT
resulted in a slight orange coloration of poplar wood, the effect of the high expression of
CCR in purple hulless barley still needs to be determined [69]. Thus, it can be inferred that
the regulation of CCoAOMT and other genes involved in lignin biosynthesis may indirectly
influence anthocyanin synthesis through the modulation of metabolic fluxes and intermedi-
ate substrate availability. In fact, phenylpropane metabolism comprises two major branches,
the lignin and flavonoid biosynthetic pathways [70,71]. Whether modulating IncRNAs
to weaken the lignin synthesis pathway can lead to an increase in anthocyanin content
remains an open question that requires further investigation. Furthermore, one reason
why plants produce anthocyanins is to respond to and resist UV-B radiation [22]. Com-
pared to white hulless barley, purple hulless barley can utilize IncRNAs to affect the entire
phenylpropanoid pathway as a UV-B protection mechanism [72]. The intricate regulation of
different metabolic pathways in seed coat development emphasizes the necessity of taking
a systems biology approach to comprehend the molecular mechanisms underlying hulless
barley coloration. It would be fascinating and valuable to further validate the relationship
between these IncRNAs and their target genes by integrating experiments with gene-edited
plants and biochemical experiments.

The purpose of the investigation of the molecular mechanism of anthocyanin synthesis
is to provide more opportunities to increase the content of anthocyanins in food. Com-
bining biochemistry, epidemiology, and cell biology, studies have shown that the intake
of anthocyanins reduced the risk of diabetes, cardiovascular disease, and cancer, so the
importance of anthocyanins in everyday food cannot be overstated [31]. In fact, how to
breed anthocyanin-rich cereal varieties is an interesting and challenging proposition [73].
Recently, researchers explored the link between anthocyanin accumulation and expression
levels of structural genes in the synthesis pathway in white rice, red rice, and black rice [74].
F3H, DFR genes and their nearby IncRNAs had significant differences in transcription
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levels between white and purple gingke caryopsis, which was consistent with the find-
ings of Choonseok et al. In addition, rice varieties possessing high anthocyanin content
were successfully produced using CRISPR/Cas9 gene editing technology targeting struc-
tural genes [75,76]. Interestingly, specific synthesis of anthocyanins in the endosperm was
achieved in rice through the high-efficiency transgene stacking system, which combined
the framework of TFs and complete set of structural genes [77]. Hulless barley originated
from cultivated barley, both of these and rice belong to Poaceae. Moreover, the molecular
identities of IncRNAs in regulatory mechanisms are more diverse and flexible than those of
PCGs [4,5,7]. Therefore, we have reason to envisage that IncRNA of gingke can regulate
PCG in the anthocyanin synthesis pathway in barley and rice. More importantly, we not
only provided more information about anthocyanin synthesis from the perspective of
IncRNA in natural purple hulless barley, but also expanded the genetic resource pool for
breeding new types of healthy and nutritious “purple grains”. In the future, it is necessary
to confirm the role of IncRNA in the synthesis of anthocyanins in hulless barley, and even
in cultivated barley and rice, combining synthetic biology and metabolic engineering.

4. Materials and Methods
4.1. Plant Materials

Two kinds of Tibetan hulless barley (Hordeum vulgare L. var. nudum) were chosen; one
was a white cultivar (Kunlun 10), and the other was a purple cultivar (Nierumuzha) [50].
Based on the Zadoks growth scale, all seeds were classified and picked at three stages: early
milk, late milk, and soft dough [78]. More growth conditions and transcriptome sequencing
information have been provided in detail by Yao et al.

4.2. General Transcriptome Mapping and Assembly

The paired-end RNA-seq data for the hulless barley seed coat were downloaded
from the NCBI Sequence Read Archive (Accession: PRINA815889; SRA: SRP364596) [50].
Based on transcriptome sequencing, the computational pipeline for systematic analysis is
shown in detail (Figure 1a). We used FastQC (version 0.11.8; http:/ /www.bioinformatics.
babraham.ac.uk/projects/download.html#fastqc, accessed on 29 January 2023; -q 20 -p 90)
and FastX-Toolkit (version 0.0.14; hannonlab.cshl.edu/fastx toolkit/, accessed on 29 January
2023; -f 7) to assess the quality of the initial reads and trim the raw data. Here, we chose the
hulless barley genome (Assembly: GCA_004114815.1) published in 2020 as the reference
genome [23]. We employed Bowtie2 (version 2.5.1; http:/ /sourceforge.net/projects /bowtie-
bio/files/bowtie2/2.2.6/, accessed on 29 January 2023) and TopHat2 (version 2.0.14; https:
/ /ccbjhu.edu/software/tophat/index.shtml, accessed on 29 January 2023; -I 5000) for
genome index building and read alignment, respectively [79]. For transcript assembly and
combination, Cufflinks (version 2.2.1; http://cole-trapnell-lab.github.io/cufflinks /install/,
accessed on 29 January 2023) was applied, and the expression level of isoforms or genes
was normalized using fragments per kilobase of transcript per million fragments (FPKM).

4.3. LncRNA Identification Pipeline
To determine the biological properties of IncRNAs, we established a rigorous screening

workflow (Figure 1a). The isoforms with class_code “i” (a transfrag falling entirely within
a reference intron), “0” (generic exonic overlap with a reference transcript), “u” (intergenic
transcript), “j” (potentially novel isoform) and “x” (exonic overlap with reference on
the opposite strand) were isolated and entered the downstream filter pipeline (http://
cole-trapnell-lab.github.io/cufflinks /cuffcompare/, accessed on 29 January 2023). After
retaining transcripts longer than 200 bp, we filtered the potential mRNAs, tRNAs, and
snoRNAs using the BLAST program (assembly: GCA_004114815.1) (E-value < 1071,
identity > 90%). The rRNA sequence of Hordeum vulgare subsp. vulgare genome (assembly:
GCA_904849725.1) was utilized for rRNA filtering because rRNA information was lacking
in this hulless barley genome (E-value < 101, identity > 90%). Using HMMER, the
remaining transcripts were used to eliminate those that contained any known protein
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domains listed in the Pfam database (E-value < 10719) [80,81]. Moreover, CPC2 and
LGC were combined to evaluate the noncoding potential of the transcripts [82,83]. Some
IncRNAs can generate miRNAs, so we performed a BLAST search with candidate IncRNA
transcripts using miRNAs in the hulless barley genome and mature miRNA sequences from
miRbase (E-value < 10710, identity > 90%) [84,85]. Finally, we only retained a portion of the
isoforms (FPKM > 0.5, FPKM status = OK) as the last IncRNAs with reliable expression. To
demonstrate the transcriptome-wide features of IncRNAs in the hulless barley seed coat,
we generated a circos plot using TBtools [86]. For the homologous analysis, IncRNAs of 39
species were downloaded from CANTATA (http:/ /rhesus.amu.edu.pl/CANTATA /index.
html, accessed on 30 January 2023), and we regarded the IncRNAs with E-values < 10710 as
conserved IncRNAs.

4.4. Differential Expression Analysis

Using Cuftdiff, we obtained differential expression information for all transcripts.
The DEIncRNAs and the DEPCGs in the seed coats of purple and white hulless barley
along the developmental gradient were determined using FPKM values. Here, |log, (fold
change) | values > 1, p value < 0.01, and g value < 0.05 were used to define differentially
expressed states.

4.5. Prediction of Cis-Regulated Target Genes of DEIncRNAs

Genes transcribed within a 100 kb window upstream or downstream of IncRNAs
were identified as potential cis-regulating target genes [87]. We extracted all PCGs around
IncRNAs in hulless barley seed coats by Bedtools (version 2.30.0; https://github.com/arq5
x/bedtools2 /releases, accessed on 29 January 2023). To compare the expression pattern of
cis-regulated target genes with their DEIncRNAs, we calculated all upregulated DEPCGs,
all downregulated DEPCGs, all cis-regulated target genes of upregulated DEIncRNAs, and
all cis-regulated target genes of downregulated DEIncRNAs. TBtools was used to generate
a Venn diagram presenting the intersections among them.

4.6. Prediction of Trans-Regulated Target Genes of IncRNAs

LncRNAs can be associated with the expression patterns of some PCGs without relying
on genomic distances, and these IncRNAs might regulate the target genes in trans-regulation.
Weighted gene co-expression network analysis (WGCNA) was employed to construct a
co-expression network based on the expression matrix of all IncRNAs with PCGs in hulless
barley [88]. First, we removed all features that had a count of less than one (logFPKM) in
more than 90% of the samples (filter method = MAD; reserved genes = 10,000). The detailed
parameter settings were as follows: the R2 cut-off was 0.85; the power recommended was
9; the scale R2 was 0.83; the minModuleSize was 40; the cutHeight was 0.25; and the KME
cut-off was 0.8. In addition, we surveyed the relationships among several modules with
different developmental stage samples. For screening of hub-IncRNAs and hub-PCGs
in the "yellow" module of PC3, the cut-off of the absolute value of kME and GS was 0.8,
and the co-expression network was visualized using Cytoscape (version 3.9.1; weight
threshold = 0.4) [89].

4.7. Metabolic Pathway Analysis

To focus on the potential metabolic pathway of cis- and trans-regulated target genes
among three development stages, the protein sequences of PCGs were analyzed using
eggNOG-mapper (http://eggnog-mapper.embl.de/, accessed on 30 January 2023) and
the KEGG database (Kyoto Encyclopedia of Genes and Genomes) (http://www.genome.
ad.jp/kegg/, accessed on 30 January 2023) [90]. The heatmap was plotted using TBtools
software. The UniProt platform (https:/ /www.uniprot.org/, accessed on 30 January 2023)
was utilized to identify the types of PCGs by protein sequence.
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4.8. Transcription Factor Survey

Using PlantTFDB, all PCGs of hulless barley were submitted to screen transcription
factors (E-value <1 x 10710, identity > 90%) [91]. The potential interaction network of
IncRNAs and their co-expressed transcription factors was plotted using Cytoscape (weight
threshold = 0.3).

5. Conclusions

This work comprehensively identified 9414 IncRNAs and profiled their transcriptome-
wide characteristics in purple and white hulless barley. In addition, DEIncRNAs were
defined between seed coats of different colors along a developmental gradient, and IncR-
NAs in the later developmental stages may play a role in seed coloration. More importantly,
the identification of cis- and trans-regulated IncRNAs and their target genes indicated
that IncRNAs potentially facilitated the phenanthrene metabolic pathway and enabled the
accumulation of anthocyanins. Furthermore, the interweaving of hulless barley IncRNAs
and diverse TFs may function in seed coat coloration, which provides more insights into
the transcriptional regulation of anthocyanin metabolism. Here, we compiled the hulless
barley seed coat IncRNAs into the anthocyanin synthesis pathway dynamics portrait. Then,
the cis- and trans-regulated IncRNAs and their target PCGs contributing to hulless barley
coloration were highlighted one by one. Overall, our results enhance our understanding
of hulless barley anthocyanin synthesis from the perspective of IncRNAs and provide a
valuable gene resource for future germplasm improvement efforts.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms241310587 /s1.

Author Contributions: K.Z.: conceptualization, data curation, software, investigation, methodology,
and writing—original manuscript; X.W.: investigation and methodology; X.X.: investigation and
methodology; W.L.: investigation and methodology; Z.W.: investigation and methodology; J.C.:
investigation and methodology; Y.Z.: investigation and methodology; F.Q.: investigation, method-
ology, funding acquisition, and writing—review and editing; H.Z.: data curation, methodology,
and writing—review and editing; F.Z.: investigation, methodology, project administration, and
writing—review and editing; S.H.: funding acquisition, conceptualization, project administration,
supervision, and writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 32270346), Science and Technology Department of Qinghai Province of China (Program No.
2023-Z]J-706), and Qinghai “Kunlun Talents « High End Innovation and Entrepreneurship Talents”
Featured Project (Leading Development Project of Rich Selenium Characteristic Industry Cluster in
Ping An, QHCH-2022-027). The funders had no role in the study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, and further inquiries can be directed to the corresponding author/s.
The reads are deposited in the Sequence Read Archive (SRA) under SRP364596.

Conflicts of Interest: The authors declare that this research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1. Pauli, A.; Rinn, J.L.; Schier, A.F. Non-Coding RNAs as Regulators of Embryogenesis. Nat. Rev. Genet. 2011, 12, 136-149. [CrossRef]

2. Rai, M.I; Alam, M.; Lightfoot, D.A.; Gurha, P; Afzal, A.]. Classification and Experimental Identification of Plant Long Non-Coding
RNAs. Genomics 2019, 111, 997-1005. [CrossRef]

3. Ariel, F; Romero-Barrios, N.; Jégu, T.; Benhamed, M.; Crespi, M. Battles and Hijacks: Noncoding Transcription in Plants. Trends
Plant Sci. 2015, 20, 362-371. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms241310587/s1
https://www.mdpi.com/article/10.3390/ijms241310587/s1
https://doi.org/10.1038/nrg2904
https://doi.org/10.1016/j.ygeno.2018.04.014
https://doi.org/10.1016/j.tplants.2015.03.003

Int. . Mol. Sci. 2023, 24, 10587 18 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Yu, Y.; Zhang, Y.; Chen, X,; Chen, Y. Plant Noncoding RNAs: Hidden Players in Development and Stress Responses. Annu. Rev.
Cell Dev. Biol. 2019, 35, 407—431. [CrossRef]

Sarropoulos, I.; Marin, R.; Cardoso-Moreira, M.; Kaessmann, H. Developmental Dynamics of LncRNAs across Mammalian
Organs and Species. Nature 2019, 571, 510-514. [CrossRef]

Bohmdorfer, G.; Wierzbicki, A.T. Control of Chromatin Structure by Long Noncoding RNA. Trends Cell Biol. 2015, 25, 623-632.
[CrossRef]

Ulitsky, I.; Bartel, D.P. LincRNAs: Genomics, Evolution, and Mechanisms. Cell 2013, 154, 26. [CrossRef] [PubMed]

Palos, K.; Yu, L.; Railey, C.E.; Nelson Dittrich, A.C.; Nelson, A.D.L. Linking Discoveries, Mechanisms, and Technologies to
Develop a Clearer Perspective on Plant Long Noncoding RNAs. Plant Cell 2023, 35, 1762-1786. [CrossRef] [PubMed]

Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene Regulation by Long Non-Coding RNAs and Its Biological Functions. Nat. Rev.
Mol. Cell Biol. 2020, 22, 96-118. [CrossRef]

Liu, H.; Wang, R.; Mao, B.; Zhao, B.; Wang, J. Identification of LncRNAs Involved in Rice Ovule Development and Female
Gametophyte Abortion by Genome-Wide Screening and Functional Analysis. BMC Genom. 2019, 20, 90. [CrossRef] [PubMed]
Li, L.; Eichten, S.R.; Shimizu, R.; Petsch, K.; Yeh, C.T.; Wu, W.; Chettoor, A.M.; Givan, S.A.; Cole, R.A.; Fowler, J.E.; et al.
Genome-Wide Discovery and Characterization of Maize Long Non-Coding RNAs. Genome Biol. 2014, 15, 1-15. [CrossRef]
[PubMed]

Wang, M.; Yuan, D.; Tu, L.; Gao, W.,; He, Y.; Hu, H.; Wang, P; Liu, N.; Lindsey, K.; Zhang, X. Long Noncoding RNAs and Their
Proposed Functions in Fibre Development of Cotton (Gossypium spp.). New Phytol. 2015, 207, 1181-1197. [CrossRef]

Liu, J.; Jung, C,; Xu, J.; Wang, H.; Deng, S.; Bernad, L.; Arenas-Huertero, C.; Chua, N.H. Genome-Wide Analysis Uncovers
Regulation of Long Intergenic Noncoding RNAs in Arabidopsis. Plant Cell 2012, 24, 4333-4345. [CrossRef] [PubMed]

Zheng, K.; Wang, Z; Pang, L.; Song, Z.; Zhao, H.; Wang, Y.; Wang, B. Systematic Identification of Methyl Jasmonate-Responsive
Long Noncoding RNAs and Their Nearby Coding Genes Unveils Their Potential Defence Roles in Tobacco BY-2 Cells. Int. J. Mol.
Sci. 2022, 23, 15568. [CrossRef]

Zhu, B,; Yang, Y; Li, R;; Fu, D.; Wen, L.; Luo, Y.; Zhu, H. RNA Sequencing and Functional Analysis Implicate the Regulatory Role
of Long Non-Coding RNAs in Tomato Fruit Ripening. . Exp. Bot. 2015, 66, 4483-4495. [CrossRef] [PubMed]

Rohrig, H.; Schmidt, J.; Miklashevichs, E.; Schell, J.; John, M. Soybean ENOD40 Encodes Two Peptides That Bind to Sucrose
Synthase. Proc. Natl. Acad. Sci. USA 2002, 99, 1915-1920. [CrossRef]

Sousa, C.; Johansson, C.; Charon, C.; Manyani, H.; Sautter, C.; Kondorosi, A.; Crespi, M. Translational and Structural Requirements
of the Early Nodulin Gene Enod40, a Short-Open Reading Frame-Containing RNA, for Elicitation of a Cell-Specific Growth
Response in the Alfalfa Root Cortex. Mol. Cell Biol. 2001, 21, 354-366. [CrossRef]

Wu, H.; Yang, L.; Chen, L.L. The Diversity of Long Noncoding RNAs and Their Generation. Trends Genet. 2017, 33, 540-552.
[CrossRef]

Chen, M.; Penfield, S. Feedback Regulation of COOLAIR Expression Controls Seed Dormancy and Flowering Time. Science 2018,
360, 1014-1017. [CrossRef]

Zhou, Y.F; Zhang, Y.C; Sun, YM.; Yu, Y,; Lei, M.Q,; Yang, Y.W,; Lian, J.P;; Feng, Y.Z.; Zhang, Z.; Yang, L.; et al. The Parent-of-Origin
LncRNA MISSEN Regulates Rice Endosperm Development. Nat. Commun. 2021, 12, 6525. [CrossRef]

Jha, U.C,; Nayyar, H.; Jha, R.; Khurshid, M.; Zhou, M.; Mantri, N.; Siddique, K H.M. Long Non-Coding RNAs: Emerging Players
Regulating Plant Abiotic Stress Response and Adaptation. BMC Plant Biol. 2020, 20, 1-20.

Fang, S.; Cong, B.; Zhao, L.; Liu, C.; Zhang, Z.; Liu, S. Genome-Wide Analysis of Long Non-Coding RNAs Related to UV-B
Radiation in the Antarctic Moss Pohlia Nutans. Int. J. Mol. Sci. 2023, 24, 5757. [CrossRef]

Zeng, X.; Xu, T,; Ling, Z.; Wang, Y.; Li, X.; Xu, S.; Xu, Q.; Zha, S.; Qimei, W.; Basang, Y.; et al. An Improved High-Quality Genome
Assembly and Annotation of Tibetan Hulless Barley. Sci. Data 2020, 7, 1-9.

Ma, D.Q.; Xu, T.W. The Research on Classification and Origin of Cultivated Barley in Tibet Autonomous Region. Sci. Agric. Sin.
1988, 21, 7-14.

Zenga, X.; Long, H.; Wang, Z.; Zhao, S.; Tang, Y.; Huang, Z.; Wang, Y.; Xu, Q.; Mao, L.; Deng, G.; et al. The Draft Genome of
Tibetan Hulless Barley Reveals Adaptive Patterns to the High Stressful Tibetan Plateau. Proc. Natl. Acad. Sci. USA 2015, 112,
1095-1100. [CrossRef]

Peng, M.; Shahzad, R.; Gul, A.; Subthain, H.; Shen, S.; Lei, L.; Zheng, Z.; Zhou, J.; Lu, D.; Wang, S.; et al. Differentially Evolved
Glucosyltransferases Determine Natural Variation of Rice Flavone Accumulation and UV-Tolerance. Nat. Commun. 2017, 8, 1-12.
Tohge, T.; Wendenburg, R.; Ishihara, H.; Nakabayashi, R.; Watanabe, M.; Sulpice, R.; Hoefgen, R.; Takayama, H.; Saito, K,;
Stitt, M.; et al. Characterization of a Recently Evolved Flavonol-Phenylacyltransferase Gene Provides Signatures of Natural Light
Selection in Brassicaceae. Nat. Commun. 2016, 7, 1-11. [CrossRef] [PubMed]

Xu, C.; Abbas, HM.K,; Zhan, C.; Huang, Y.; Huang, S.; Yang, H.; Wang, Y.; Yuan, H.; Luo, J.; Zeng, X. Integrative Metabolomic
and Transcriptomic Analyses Reveal the Mechanisms of Tibetan Hulless Barley Grain Coloration. Front. Plant Sci. 2022, 13, 4319.
[CrossRef]

Buchweitz, M. Natural Solutions for Blue Colors in Food. In Handbook on Natural Pigments in Food and Beverages: Industrial
Applications for Improving Food Color; Woodhead Publishing: Sawston, UK, 2016; pp. 355-384.

Bagchi, D.; Sen, C.K; Bagchi, M.; Atalay, M. Antiiangiogenic, Antioxidant, and Antiicarcinogenic Properties of a Novel Antho-
cyaninnRich Berry Extract Formula. Biochemistry 2004, 69, 955102.


https://doi.org/10.1146/annurev-cellbio-100818-125218
https://doi.org/10.1038/s41586-019-1341-x
https://doi.org/10.1016/j.tcb.2015.07.002
https://doi.org/10.1016/j.cell.2013.06.020
https://www.ncbi.nlm.nih.gov/pubmed/23827673
https://doi.org/10.1093/plcell/koad027
https://www.ncbi.nlm.nih.gov/pubmed/36738093
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1186/s12864-019-5442-6
https://www.ncbi.nlm.nih.gov/pubmed/30691391
https://doi.org/10.1186/gb-2014-15-2-r40
https://www.ncbi.nlm.nih.gov/pubmed/24576388
https://doi.org/10.1111/nph.13429
https://doi.org/10.1105/tpc.112.102855
https://www.ncbi.nlm.nih.gov/pubmed/23136377
https://doi.org/10.3390/ijms232415568
https://doi.org/10.1093/jxb/erv203
https://www.ncbi.nlm.nih.gov/pubmed/25948705
https://doi.org/10.1073/pnas.022664799
https://doi.org/10.1128/MCB.21.1.354-366.2001
https://doi.org/10.1016/j.tig.2017.05.004
https://doi.org/10.1126/science.aar7361
https://doi.org/10.1038/s41467-021-26795-7
https://doi.org/10.3390/ijms24065757
https://doi.org/10.1073/pnas.1423628112
https://doi.org/10.1038/ncomms12399
https://www.ncbi.nlm.nih.gov/pubmed/27545969
https://doi.org/10.3389/fpls.2022.1038625

Int. . Mol. Sci. 2023, 24, 10587 19 of 21

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Wang, L.S,; Stoner, G.D. Anthocyanins and Their Role in Cancer Prevention. Cancer Lett. 2008, 269, 281-290. [CrossRef]

Chen, P.-N.; Chu, S.-C.; Chiou, H.-L.; Chiang, C.-L.; Yang, S.-F; Hsieh, Y.-S. Cyanidin 3-glucoside and peonidin 3-glucoside inhibit
tumor cell growth and induce apoptosis in vitro and suppress tumor growth in vivo. Nutr. Cancer 2005, 53, 232-243. [CrossRef]
Tanaka, Y.; Ohmiya, A. Seeing Is Believing: Engineering Anthocyanin and Carotenoid Biosynthetic Pathways. Curr. Opin.
Biotechnol. 2008, 19, 190-197. [CrossRef] [PubMed]

Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Chemistry, Pharmacology and Health Benefits of Anthocyanins. Phytotherapy
Res. 2016, 30, 1265-1286. [CrossRef]

Grotewold, E. The genetics and biochemistry of floral pigments. Annu. Rev. Plant Biol. 2006, 57, 761-780. [CrossRef]

Saito, K.; Yonekura-Sakakibara, K.; Nakabayashi, R.; Higashi, Y.; Yamazaki, M.; Tohge, T.; Fernie, A.R. The Flavonoid Biosynthetic
Pathway in Arabidopsis: Structural and Genetic Diversity. Plant Physiol Biochem. 2013, 72, 21-34. [CrossRef] [PubMed]

van der Krol, A.R.; Mur, L.A.; de Lange, P.; Mol, ] N.M.; Stuitje, A.R. Inhibition of Flower Pigmentation by Antisense CHS Genes:
Promoter and Minimal Sequence Requirements for the Antisense Effect. Plant Mol. Biol. 1990, 14, 457—-466. [CrossRef]
Hemleben, V.; Dressel, A.; Epping, B.; Lukacin, R.; Martens, S.; Austin, M.B. Characterization and Structural Features of a
Chalcone Synthase Mutation in a White-Flowering Line of Matthiola Incana R. Br. (Brassicaceae). Plant Mol. Biol. 2004, 55,
455-465. [CrossRef]

Spitzer, B.; Ben Zvi, M.M.; Ovadis, M.; Marhevka, E.; Barkai, O.; Edelbaum, O.; Marton, I.; Masci, T.; Alon, M.; Morin, S.; et al.
Reverse Genetics of Floral Scent: Application of Tobacco Rattle Virus-Based Gene Silencing in Petunia. Plant Physiol. 2007, 145,
1241-1250. [CrossRef]

Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.]J. Flavonoid Antioxidants: Chemistry, Metabolism and Structure-Activity Relationships.
J. Nutr. Biochem. 2002, 13, 572-584. [CrossRef]

Xiang, L.L.; Liu, X.E; Li, X,; Yin, X.R.; Grierson, D.; Li, F.; Chen, K.S. A Novel BHLH Transcription Factor Involved in Regulating
Anthocyanin Biosynthesis in Chrysanthemums (Chrysanthemum morifolium Ramat.). PLoS ONE 2015, 10, e0143892. [CrossRef]
[PubMed]

Baudry, A.; Heim, M.A.; Dubreucq, B.; Caboche, M.; Weisshaar, B.; Lepiniec, L. TT2, TT8, and TTG1 Synergistically Specify the
Expression of BANYULS and Proanthocyanidin Biosynthesis in Arabidopsis Thaliana. Plant J. 2004, 39, 366-380. [CrossRef]
[PubMed]

Elomaa, P; Uimari, A.; Mehto, M.; Albert, V.A,; Laitinen, R.A.E.; Teeri, T.H. Activation of Anthocyanin Biosynthesis in Gerbera
Hybrida (Asteraceae) Suggests Conserved Protein-Protein and Protein-Promoter Interactions between the Anciently Diverged
Monocots and Eudicots. Plant Physiol. 2003, 133, 1831-1842. [CrossRef] [PubMed]

Zhang, G.; Chen, D.; Zhang, T.; Duan, A.; Zhang, J.; He, C. Transcriptomic and Functional Analyses Unveil the Role of Long
Non-Coding RNAs in Anthocyanin Biosynthesis during Sea Buckthorn Fruit Ripening. DNA Res. 2018, 25, 465-476. [CrossRef]
[PubMed]

Meng, ].; Wang, H.; Chi, R.; Qiao, Y.; Wei, ].; Zhang, Y.; Han, M.; Wang, Y.; Li, H. The ETM-MiR858-MYB62-like Module Regulates
Anthocyanin Biosynthesis under Low-Nitrogen Conditions in Malus Spectabilis. New Phytol. 2023, 238, 2524-2544. [CrossRef]
[PubMed]

Ma, H; Yang, T; Li, Y,; Zhang, J.; Wu, T.; Song, T.; Yao, Y.; Tian, J. The Long Noncoding RNA MdLNC499 Bridges MdWRKY1
and MdERF109 Function to Regulate Early-Stage Light-Induced Anthocyanin Accumulation in Apple Fruit. Plant Cell 2021, 33,
3309-3330. [CrossRef]

Christensen, A.B.; Gregersen, P.L.; Schroder, J.; Collinge, D.B. A Chalcone Synthase with an Unusual Substrate Preference Is
Expressed in Barley Leaves in Response to UV Light and Pathogen Attack. Plant Mol. Biol. 1998, 37, 849-857. [CrossRef]
Meldgaard, M. Expression of Chalcone Synthase, Dihydroflavonol Reductase, and Flavanone-3-Hydroxylase in Mutants of Barley
Deficient in Anthocyanin and Proanthocyanidin Biosynthesis. Theor. Appl. Genet. 1992, 83, 695-706. [CrossRef]

Yuan, Z.; Persson, S.; Zhang, D. Molecular and Genetic Pathways for Optimizing Spikelet Development and Grain Yield.
aBIOTECH 2020, 1, 276-292. [CrossRef]

Yao, X.; Yao, Y;; An, L.; Li, X;; Bai, Y.; Cui, Y.; Wu, K. Accumulation and Regulation of Anthocyanins in White and Purple Tibetan
Hulless Barley (Hordeum vulgare L. Var. Nudum Hook. f.) Revealed by Combined de Novo Transcriptomics and Metabolomics.
BMC Plant Biol. 2022, 22, 1-18. [CrossRef]

Gil, N.; Ulitsky, I. Regulation of Gene Expression by Cis-Acting Long Non-Coding RNAs. Nat. Rev. Genet. 2020, 21, 102-117.
[CrossRef]

Kopp, E; Mendell, ].T. Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 2018, 172, 393-407.
[CrossRef] [PubMed]

Ballaré, C.L. Stress Under the Sun: Spotlight on Ultraviolet-B Responses. Plant Physiol. 2003, 132, 1725-1727. [CrossRef]

Kim, B.C.; Tennessen, D.J.; Last, R.L. UV-B-Induced Photomorphogenesis in Arabidopsis Thaliana. Plant J. 1998, 15, 667-674.
[CrossRef] [PubMed]

Edney, M.].; Tkachuk, R.; Macgregor, A.W. Nutrient Composition of the Hull-Less Barley Cultivar. Condor. J. Sci. Food Agric. 1992,
60, 451-456. [CrossRef]

Zeng, X.; Guo, Y,; Xu, Q.; Mascher, M.; Guo, G.; Li, S.; Mao, L.; Liu, Q.; Xia, Z.; Zhou, J.; et al. Origin and Evolution of Qingke
Barley in Tibet. Nat. Commun. 2018, 9, 1-11. [CrossRef]


https://doi.org/10.1016/j.canlet.2008.05.020
https://doi.org/10.1207/s15327914nc5302_12
https://doi.org/10.1016/j.copbio.2008.02.015
https://www.ncbi.nlm.nih.gov/pubmed/18406131
https://doi.org/10.1002/ptr.5642
https://doi.org/10.1146/annurev.arplant.57.032905.105248
https://doi.org/10.1016/j.plaphy.2013.02.001
https://www.ncbi.nlm.nih.gov/pubmed/23473981
https://doi.org/10.1007/BF00027492
https://doi.org/10.1007/s11103-004-1125-y
https://doi.org/10.1104/pp.107.105916
https://doi.org/10.1016/S0955-2863(02)00208-5
https://doi.org/10.1371/journal.pone.0143892
https://www.ncbi.nlm.nih.gov/pubmed/26619181
https://doi.org/10.1111/j.1365-313X.2004.02138.x
https://www.ncbi.nlm.nih.gov/pubmed/15255866
https://doi.org/10.1104/pp.103.026039
https://www.ncbi.nlm.nih.gov/pubmed/14605235
https://doi.org/10.1093/dnares/dsy017
https://www.ncbi.nlm.nih.gov/pubmed/29873696
https://doi.org/10.1111/nph.18894
https://www.ncbi.nlm.nih.gov/pubmed/36942952
https://doi.org/10.1093/plcell/koab188
https://doi.org/10.1023/A:1006031822141
https://doi.org/10.1007/BF00226687
https://doi.org/10.1007/s42994-020-00026-x
https://doi.org/10.1186/s12870-022-03699-2
https://doi.org/10.1038/s41576-019-0184-5
https://doi.org/10.1016/j.cell.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29373828
https://doi.org/10.1104/pp.103.027672
https://doi.org/10.1046/j.1365-313x.1998.00246.x
https://www.ncbi.nlm.nih.gov/pubmed/9778848
https://doi.org/10.1002/jsfa.2740600408
https://doi.org/10.1038/s41467-018-07920-5

Int. . Mol. Sci. 2023, 24, 10587 20 of 21

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

Klapproth, C.; Sen, R.; Stadler, P.F.; FindeiB, S.; Fallmann, J. Common Features in LncRNA Annotation and Classification: A
Survey. Non-Coding RNA 2021, 7, 77. [CrossRef]

Zhang, Y.C,; Liao, ].Y,; Li, Z.Y,; Yu, Y.; Zhang, ].P; Li, Q.F; Qu, L. H.; Shu, W.S.; Chen, Y.Q. Genome-Wide Screening and Functional
Analysis Identify a Large Number of Long Noncoding RNAs Involved in the Sexual Reproduction of Rice. Genome Biol. 2014,
15, 512. [CrossRef]

Xu, W,; Yang, T.; Wang, B.; Han, B.; Zhou, H.; Wang, Y.; Li, D.Z,; Liu, A. Differential Expression Networks and Inheritance Patterns
of Long Non-Coding RNAs in Castor Bean Seeds. Plant J. 2018, 95, 324-340. [CrossRef] [PubMed]

Unver, T.; Tombuloglu, H. Barley Long Non-Coding RNAs (LncRNA) Responsive to Excess Boron. Genomics 2020, 112, 1947-1955.
[CrossRef]

Fatica, A.; Bozzoni, I. Long Non-Coding RNAs: New Players in Cell Differentiation and Development. Nat. Rev. Genet. 2013, 15,
7-21. [CrossRef]

Naing, A.H.; Park, K.I; Ai, TN.; Chung, M.Y.; Han, ].S.; Kang, Y.W.; Lim, K.B.; Kim, C.K. Overexpression of Snapdragon Delila
(Del) Gene in Tobacco Enhances Anthocyanin Accumulation and Abiotic Stress Tolerance. BMIC Plant Biol. 2017, 17, 65. [CrossRef]
Li, G.; Meng, X.; Zhu, M.; Li, Z. Research Progress of Betalain in Response to Adverse Stresses and Evolutionary Relationship
Compared with Anthocyanin. Molecules 2019, 24, 3078. [CrossRef] [PubMed]

Cairns, N.G.; Pasternak, M.; Wachter, A.; Cobbett, C.S.; Meyer, A.J. Maturation of Arabidopsis Seeds Is Dependent on Glutathione
Biosynthesis within the Embryo. Plant Physiol. 2006, 141, 446-455. [CrossRef] [PubMed]

Jin, HM.; Dang, B.; Zhang, W.G.; Zheng, W.C.; Yang, X.]. Polyphenol and Anthocyanin Composition and Activity of Highland
Barley with Different Colors. Molecules 2022, 27, 3411. [CrossRef] [PubMed]

Zhang, Y.; Li, ].; Li, C; Chen, S.; Tang, Q.; Xiao, Y.; Zhong, L.; Chen, Y.; Chen, B. Gene Expression Programs during Callus
Development in Tissue Culture of Two Eucalyptus Species. BMC Plant Biol. 2022, 22, 1-18. [CrossRef]

Meena, S.K.; Heidecker, M.; Engelmann, S.; Jaber, A.; de Vries, T.; Baumann-Kaschig, K.; Abel, S.; Behrens, S.-E.; Gago-Zachert, S.
Expression Levels of Long Noncoding Natural Antisense Transcripts Overlapping the UGT73C6 Gene Affect Rosette Size of
Arabidopsis Thaliana. bioRxiv 2021. [CrossRef]

Shi, M.Z.; Xie, D.Y. Engineering of Red Cells of Arabidopsis Thaliana and Comparative Genome-Wide Gene Expression Analysis
of Red Cells versus Wild-Type Cells. Planta 2011, 233, 787-805. [CrossRef]

Zhong, R.; Morrison, W.H.; Himmelsbach, D.S.; Poole, FL.; Ye, Z.H. Essential Role of Caffeoyl Coenzyme A O-Methyltransferase
in Lignin Biosynthesis in Woody Plants. Plant Physiol. 2000, 124, 563. [CrossRef]

Dong, N.Q.; Lin, H.X. Contribution of Phenylpropanoid Metabolism to Plant Development and Plant-Environment Interactions.
J. Integr. Plant Biol. 2021, 63, 180-209. [CrossRef]

Pyne, M.E.; Narcross, L.; Martin, V.].J. Engineering Plant Secondary Metabolism in Microbial Systems. Plant Physiol. 2019, 179,
844-861. [CrossRef]

Zeng, X.; Yuan, H.; Dong, X.; Peng, M.; Jing, X.; Xu, Q.; Tang, T.; Wang, Y.; Zha, S.; Gao, M.; et al. Genome-Wide Dissection of
Co-Selected UV-B Responsive Pathways in the UV-B Adaptation of Qingke. Mol. Plant 2020, 13, 112-127. [CrossRef] [PubMed]
Fang, X.; Mao, Y.; Chen, X. Engineering Purple Rice for Human Health. Sci. China Life Sci. 2018, 61, 365-367. [CrossRef] [PubMed]
Lee, C.; Lee, Y.S.; Hong, H.C.; Hong, W.J.; Koh, H.J.; Jung, K.H. Reinterpretation of Anthocyanins Biosynthesis in Developing
Black Rice Seeds through Gene Expression Analysis. PLoS ONE 2023, 18, e0286539. [CrossRef]

Zhu, Y.; Lin, Y.; Chen, S.; Liu, H.; Chen, Z.; Fan, M.; Hu, T.; Mei, E; Chen, J.; Chen, L.; et al. CRISPR /Cas9-Mediated Functional
Recovery of the Recessive Rc Allele to Develop Red Rice. Plant Biotechnol |. 2019, 17, 2096-2105. [CrossRef] [PubMed]

Jung, YJ.; Lee, H].; Kim, ].H.; Kim, D.H.; Kim, HK,; Cho, Y.G,; Bae, S.; Kang, K K. CRISPR/Cas9-Targeted Mutagenesis of F3'H,
DEFR and LDOX, Genes Related to Anthocyanin Biosynthesis in Black Rice (Oryza sativa L.). Plant Biotechnol Rep. 2019, 13, 521-531.
[CrossRef]

Zhu, Q.; Yu, S.; Zeng, D.; Liu, H.; Wang, H; Yang, Z.; Xie, X.; Shen, R.; Tan, J.; Li, H.; et al. Development of “Purple Endosperm
Rice” by Engineering Anthocyanin Biosynthesis in the Endosperm with a High-Efficiency Transgene Stacking System. Mol. Plant
2017, 10, 918-929. [CrossRef]

Zadoks, ].C.; Chang, T.T.; Konzak, C.F. A Decimal Code for the Growth Stages of Cereals. Weed Res. 1974, 16, 415-421. [CrossRef]
Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential
Gene and Transcript Expression Analysis of RNA-Seq Experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 3, Erratum in
Nat. Protoc. 2012, 7, 562-578. [CrossRef]

Eddy, S.R. A New Generation of Homology Search Tools Based on Probabilistic Inference. Genome Inform. 2009, 23, 205-211.
Finn, R.D.; Tate, ].; Mistry, J.; Coggill, P.C.; Sammut, S.J.; Hotz, H.R.; Ceric, G.; Forslund, K.; Eddy, S.R.; Sonnhammer, E.L.L.; et al.
The Pfam Protein Families Database. Nucleic Acids Res. 2008, 36, D281-D288. [CrossRef]

Kang, YJ.; Yang, D.C.; Kong, L.; Hou, M.; Meng, Y.Q.; Wei, L.; Gao, G. CPC2: A Fast and Accurate Coding Potential Calculator
Based on Sequence Intrinsic Features. Nucleic Acids Res. 2017, 45, W12-W16. [CrossRef] [PubMed]

Wang, G.; Yin, H.; Li, B; Yu, C.; Wang, F,; Xu, X,; Cao, J.; Bao, Y.; Wang, L.; Abbasi, A.A.; et al. Characterization and Identification
of Long Non-Coding RNAs Based on Feature Relationship. Bioinformatics 2019, 35, 2949-2956. [CrossRef]

Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. MiRBase: From MicroRNA Sequences to Function. Nucleic Acids Res. 2019, 47,
D155-D162. [CrossRef] [PubMed]


https://doi.org/10.3390/ncrna7040077
https://doi.org/10.1186/s13059-014-0512-1
https://doi.org/10.1111/tpj.13953
https://www.ncbi.nlm.nih.gov/pubmed/29738104
https://doi.org/10.1016/j.ygeno.2019.11.007
https://doi.org/10.1038/nrg3606
https://doi.org/10.1186/s12870-017-1015-5
https://doi.org/10.3390/molecules24173078
https://www.ncbi.nlm.nih.gov/pubmed/31450587
https://doi.org/10.1104/pp.106.077982
https://www.ncbi.nlm.nih.gov/pubmed/16531482
https://doi.org/10.3390/molecules27113411
https://www.ncbi.nlm.nih.gov/pubmed/35684349
https://doi.org/10.1186/s12870-021-03391-x
https://doi.org/10.1101/2021.03.01.433436
https://doi.org/10.1007/s00425-010-1335-2
https://doi.org/10.1104/pp.124.2.563
https://doi.org/10.1111/jipb.13054
https://doi.org/10.1104/pp.18.01291
https://doi.org/10.1016/j.molp.2019.10.009
https://www.ncbi.nlm.nih.gov/pubmed/31669581
https://doi.org/10.1007/s11427-017-9157-7
https://www.ncbi.nlm.nih.gov/pubmed/29411218
https://doi.org/10.1371/journal.pone.0286539
https://doi.org/10.1111/pbi.13125
https://www.ncbi.nlm.nih.gov/pubmed/31002444
https://doi.org/10.1007/s11816-019-00579-4
https://doi.org/10.1016/j.molp.2017.05.008
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1093/nar/gkm960
https://doi.org/10.1093/nar/gkx428
https://www.ncbi.nlm.nih.gov/pubmed/28521017
https://doi.org/10.1093/bioinformatics/btz008
https://doi.org/10.1093/nar/gky1141
https://www.ncbi.nlm.nih.gov/pubmed/30423142

Int. . Mol. Sci. 2023, 24, 10587 21 of 21

85.

86.

87.

88.

89.

90.

91.

Yoon, J.H.; Abdelmohsen, K.; Gorospe, M. Functional Interactions among MicroRNAs and Long Noncoding RNAs. Semin. Cell.
Dev. Biol. 2014, 34, 9-14. [CrossRef]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194-1202. [CrossRef]

Jia, H.; Osak, M.; Bogu, G.K.; Stanton, L.W.; Johnson, R.; Lipovich, L. Genome-Wide Computational Identification and Manual
Annotation of Human Long Noncoding RNA Genes. RNA 2010, 16, 1478-1487. [CrossRef]

Langfelder, P.; Horvath, 5. WGCNA: An R Package for Weighted Correlation Network Analysis. BMC Bioinform. 2008, 9, 1-13.
[CrossRef] [PubMed]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Cantalapiedra, C.P.; Herndndez-Plaza, A.; Letunic, L.; Bork, P.; Huerta-Cepas, ]. EggNOG-Mapper v2: Functional Annotation,
Orthology Assignments, and Domain Prediction at the Metagenomic Scale. Mol. Biol. Evol. 2021, 38, 5825-5829. [CrossRef]
Tian, F; Yang, D.C.; Meng, Y.Q.; Jin, J.; Gao, G. PlantRegMap: Charting Functional Regulatory Maps in Plants. Nucleic Acids Res.
2020, 48, D1104-D1113. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.semcdb.2014.05.015
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1261/rna.1951310
https://doi.org/10.1186/1471-2105-9-559
https://www.ncbi.nlm.nih.gov/pubmed/19114008
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1093/nar/gkz1020

	Introduction 
	Results 
	Transcriptome-Wide Profiles of the lncRNAs in the Seed Coat of Hulless Barley along Different Development Stages 
	Certain lncRNAs in Hulless Barley Possess Sequence Conservation with H. vulgare, and the lncRNAs Expressed in the Late Development Stage of Purple Hulless Barley Are Clustered into a Separate Branch 
	Both DElncRNAs and DEPCGs Are Primarily Concentrated in the Later Seed Development Stages in Hulless Barley 
	Potential Cis-Regulated DEPCGs of DElncRNAs Are Associated with Multiple Metabolic Pathways, including Flavonoid and Anthocyanin Biosynthesis during the Later Stages of Qinke Seed Development 
	There Is an Opportunity for Trans-Regulated lncRNAs in the Color-Forming Module to Affect Seed Coat Color by Upregulating PCGs in the Anthocyanin Synthesis Pathway 
	Interweaving of lncRNAs and Diverse TFs May Function in Seed Coat Coloration in Tibetan Hulless Barley 
	A Proposed Molecular Mechanism Portrait Illustrating That Hulless Barley lncRNAs and Their Target Genes May Affect Anthocyanin Synthesis and Are Involved in Seed Coat Color Formation 

	Discussion 
	Materials and Methods 
	Plant Materials 
	General Transcriptome Mapping and Assembly 
	LncRNA Identification Pipeline 
	Differential Expression Analysis 
	Prediction of Cis-Regulated Target Genes of DElncRNAs 
	Prediction of Trans-Regulated Target Genes of lncRNAs 
	Metabolic Pathway Analysis 
	Transcription Factor Survey 

	Conclusions 
	References

