
 International Journal of 

Molecular Sciences

Article

Unveiling the Complexity of Red Clover (Trifolium pratense L.)
Transcriptome and Transcriptional Regulation of Isoflavonoid
Biosynthesis Using Integrated Long- and Short-Read RNAseq

Kun Shi 1,† , Xiqiang Liu 1,† , Xinyi Pan 2, Jia Liu 1 , Wenlong Gong 3 , Pan Gong 4 , Mingshu Cao 5,
Shangang Jia 1 and Zan Wang 1,*

����������
�������

Citation: Shi, K.; Liu, X.; Pan, X.; Liu,

J.; Gong, W.; Gong, P.; Cao, M.; Jia, S.;

Wang, Z. Unveiling the Complexity of

Red Clover (Trifolium pratense L.)

Transcriptome and Transcriptional

Regulation of Isoflavonoid

Biosynthesis Using Integrated Long-

and Short-Read RNAseq. Int. J. Mol.

Sci. 2021, 22, 12625. https://doi.org/

10.3390/ijms222312625

Academic Editor: Pedro

Martínez-Gómez

Received: 2 November 2021

Accepted: 17 November 2021

Published: 23 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Grassland Science and Technology, China Agricultural University, Beijing 100193, China;
15600912620@163.com (K.S.); xiqiangliu003@126.com (X.L.); Liujia199301@163.com (J.L.);
shangang.jia@cau.edu.cn (S.J.)

2 Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing 100193, China;
Panxinyi19@163.com

3 Pratacultural College, Gansu Agricultural University, Lanzhou 730070, China; gongwl2019@163.com
4 Institute of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing 100193, China;

gp68x@126.com
5 Grasslands Research Centre, AgResearch Limited, Palmerston North 4410, New Zealand;

Mingshu.Cao@agresearch.co.nz
* Correspondence: zanwang@cau.edu.cn
† These authors contributed equally to this work.

Abstract: Red clover (Trifolium pratense L.) is used as forage and contains a high level of isoflavonoids.
Although isoflavonoids in red clover were discovered a long time ago, the transcriptional regulation
of isoflavonoid biosynthesis is virtually unknown because of the lack of accurate and comprehensive
characterization of the transcriptome. Here, we used a combination of long-read (PacBio Iso-Seq)
and short-read (Illumina) RNAseq sequencing to develop a more comprehensive full-length tran-
scriptome in four tissues (root, stem, leaf, and flower) and to identify transcription factors possibly
involved in isoflavonoid biosynthesis in red clover. Overall, we obtained 50,922 isoforms, including
19,860 known genes and 2817 novel isoforms based on the annotation of RefGen Tp_v2.0. We also
found 1843 long non-coding RNAs, 1625 fusion genes, and 34,612 alternatively spliced events, with
some transcript isoforms validated experimentally. A total of 16,734 differentially expressed genes
were identified in the four tissues, including 43 isoflavonoid-biosynthesis-related genes, such as
stem-specific expressed TpPAL, TpC4H, and Tp4CL and root-specific expressed TpCHS, TpCHI1,
and TpIFS. Further, weighted gene co-expression network analysis and a targeted compound assay
were combined to investigate the association between the isoflavonoid content and the transcription
factors expression in the four tissues. Twelve transcription factors were identified as key genes for
isoflavonoid biosynthesis. Among these transcription factors, the overexpression of TpMYB30 or
TpRSM1-2 significantly increased the isoflavonoid content in tobacco. In particular, the glycitin was
increased by 50–100 times in the plants overexpressing TpRSM1-2, in comparison to that in the WT
plants. Our study provides a comprehensive and accurate annotation of the red clover transcriptome
and candidate genes to improve isoflavonoid biosynthesis and accelerate research into molecular
breeding in red clover or other crops.

Keywords: red clover; transcriptome; isoflavonoid biosynthesis; transcription factor

1. Introduction

Red clover (Trifolium pratense L., Fabaceae) is a short-lived perennial forage plant
that is cultivated for hay, grown in pastures to feed grazing livestock, and sown as a
companion crop. It is adapted to a wide range of soil types and environmental conditions
and yields productively in areas that are not suitable for growing alfalfa due to excessive
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soil acidity or soil moisture [1]. Red clover has a relatively high nitrogen-fixing ability
and is nutritious for ruminant species. It is also known for its high levels of isoflavonoids.
Although soybean is known as a rich source of isoflavones, red clover is comparatively
more abundant (ca. 2 to 10-fold higher than that in soybean seeds) in formononetin and
biochanin A, in particular. Isoflavonoids exhibit estrogenic activity and represent the most
common group of natural phytoestrogens used in clinical nutrition. Isoflavone compounds
are linked to the moderation of menopausal symptoms and to the prevention of prostate
cancer [2]. They also show antioxidant activity and may act to protect the cardiovascular
system [3].

Derived from the phenylpropanoid pathway, flavonoids are important secondary
metabolites that include flavonols, anthocyanins, phlobaphenes, isoflavonoids, and con-
densed tannins (i.e., proanthocyanidins, PAs). Isoflavonoid biosynthesis is common in
legumes; the synthesis starts with the deamination of phenylalanine into cinnamate by
phenylalanine ammonia-lyase (PAL). Chalcone synthase (CHS) is a critical branch-node
enzyme that generates naringenin chalcone or isoliquiritigenin chalcone, which act as
flavonoid skeletons. Isoflavonoids are produced via a unique aryl migration reaction
involving isoflavone synthase (IFS). The 2-hydroxyisoflavanone dehydratase (2HID) con-
verts the isoflavonoid skeleton into genistein, daidzein, and glycitein [4]. Isoflavonoid
biosynthesis involves an intricate network that includes many competing branch pathways.
Previous studies have shown that altering the expression level of some structural genes,
such as CHS, in the isoflavonoids synthesis pathway via genetic engineering cannot signifi-
cantly increase the content of isoflavonoids [5]. Thus, recent studies on the regulation of
flavonoid pathways have focused mainly on the characterization of transcription factors
(TFs) that regulate key structural genes. In Arabidopsis thaliana, early structural genes in
flavonoid biosynthesis—including CHS, CHI1 (Chalcone-flavanone isomerase 1), and F3H
(Flavanone 3-hydroxylase)—are positively regulated by three functionally redundant R2R3
MYB TFs, including AtMYB11, AtMYB12, and AtMYB111 [6,7]. The majority of R2R3 MYB
TFs depend on a constitutive bHLH partner to activate target genes. To date, most of the
structural genes in the flavonoid biosynthetic pathway have been coordinately regulated by
a ternary complex comprising of MYB, bHLH, and WD-repeat proteins (MBW) among the
plant species that have been studied. A similar complex involving TT2, TT8, and TTG1 has
been demonstrated to play an important role in regulating proanthocyanidin accumulation
in Arabidopsis [8]. Moreover, two other MBW regulatory complexes, ZmC1/ZmB/ZmPAC
and PhAN2/PhAN1/PhAN11, have also been characterized in maize and petunia, respec-
tively [9,10]. In Arabidopsis, the R3-MYB proteins such as AtMYBL2 negatively regulate
flavonoid biosynthesis by directly interacting with the bHLH proteins to prevent R2R3
MYB TFs from binding to their bHLH partners and to inhibit the activity of the MBW com-
plex [11]. However, little is known about the transcriptional regulation of the isoflavonoid
biosynthesis pathway in red clover.

Red clover is an allogamous diploid species (2n = 2X = 14). The genome of red
clover was first assembled from a genotype (cultivar “Milvus B”) using a protocol that
integrated short-read next-generation sequencing (NGS) data, bacterial artificial chromo-
some (BAC) end sequences, one physical map, and two genetic maps [12]. However, in
short-read RNAseq, it is difficult or even impossible to accurately predict each isoform. In
contrast, single-molecule sequencing technologies (SMRT) such as the Pacific BioSciences
(PacBio) sequencing platform enable much longer read lengths to be generated and thus
provide a considerable advantage in the identification of transcriptome-wide full-length
(FL) splice isoforms. Recently, SMRT has been used to characterize the complex transcrip-
tomes of maize (Zea mays) [13], sorghum (Sorghum bicolor) [14], and cotton (Gossypium
barbadense) [15].

Here, we conducted a new transcriptomics study for T. pratense using PacBio Iso-Seq
(isoform sequencing) in four pooled tissue types, i.e., root, stem, leaf, and flower. In
parallel, we conducted Illumina paired-end short-RNA-read sequencing, from the four
tissue types (unpooled). Our results provide a more complete FL transcriptome that
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considerably enhances our knowledge of the red clover transcriptome. We also used the FL
transcriptome to identify and characterize novel transcripts, AS events, associated splice
isoforms, fusion transcripts, and long non-coding RNAs (lncRNAs). The identification
of these genetic elements will improve the annotation of the T. pretense genome and
enhance our understanding of transcription-level regulation of important traits in red
clover. Moreover, we identified 12 differentially expressed bHLH and MYB transcription
factors that may regulate the synthesis of isoflavonoids, and we verified the function of
two MYBs (TpMYB30 and TpRSM1-2) in the production of isoflavonoids in tobacco. This
provides potential gene resources for genetic improvement of the synthesis of isoflavonoids
in non-legume plants.

2. Results and Discussion
2.1. Red Clover Transcriptome Sequencing

To acquire accurate full-length RNA transcripts, a single library (0.5–6 kb) was con-
structed and sequenced using the PacBio Sequel platform with two SMRT cells for mixed
equal amounts of total RNA from the root, stem, leaf, and flower tissue samples. This
resulted in a total of 1118,821 raw polymerase reads with an average of 559,411 reads per
cell (Table S1), as shown in Figure S1. After quality control, 751,364 high-quality reads
of inserts (ROIs) were obtained (Table S1). Of these ROIs, 658,998 (87.7%) were classified
as full-length transcripts and 92,365 (12.3%) as non-full-length transcripts, based on the
presence and absence of 5′ primers, 3′ primers, and polyA tails, respectively (Table S1).
The proportion of red clover ROIs accounting for FL transcripts was higher than the pro-
portion reported in maize (43%) [13], switchgrass (28%) [16], and cotton (43%) [15]. Short
(length < 300 bp) and chimeric reads (37,924) were discarded. A total of 621,074 full-length
non-chimeric (FLNC) reads, with a mean length of 1822 bp, were kept for the subsequent
analysis (Table S1).

To generate high-quality nonredundant isoforms, FLNC reads were subjected to Intel-
ligent Clustering Engine (ICE) clustering to improve consensus accuracy and to generate
polished full-length consensus sequences. In total, we obtained 273,494 consensus se-
quences, including 57,199 and 216,295 polished high-quality and low-quality consensus
sequences, respectively. Error correction of these consensus sequences was performed
using Illumina sequencing data to improve accuracy when mapping onto the red clover
reference genome (Tp_v2.0). Mapping results included: (1) 1625 transcripts (0.6% of
the total number of consensus sequences) that each mapped to at least two distinct ge-
nomic loci; (2) 271,591 transcripts (96.9%) that each mapped to a single, unique genomic
locus; (3) 7092 transcripts (2.5%) that each showed no significant match to any genomic
locations. After further filtering of isoforms with at least 90% alignment identity and
85% sequence coverage, 202,990 nonredundant consensus sequences were collapsed into
50,922 nonredundant consensus isoforms.

Further, we compared the loci coverage of the PacBio isoform dataset against the
Tp_v2.0 genome assembly, which contains 41,302 transcripts covering 39,948 loci. The
gene density of the PacBio dataset was lower than that of the Tp_v2.0 genome assembly,
although it was higher in some specific regions (Figure 1A). A total of 50,922 isoforms
covered 38,443 loci, where 8932 (17.5%) were single-exon isoforms and 41,990 (82.5%) were
multiple-exon isoforms (Figure 1B). In contrast, in the reference annotation, 10,697 (26.8%)
were single-exon isoforms and 29,210 (73.2%) were multiple-exon isoforms (Figure 1B).
A total of 48,105 isoforms from the PacBio dataset were mapped to 19,860 known genes
(representing 49.7% of the 39,948 genes). However, 2817 isoforms did not overlap with any
existing annotated genes and therefore were identified as novel isoforms. We performed GO
and KEGG functional enrichment analysis of all the novel isoforms, thus supplementing the
annotation information of the Tp_v2.0 reference genome (Figure S2). The high percentage
of new isoforms identified here demonstrates that PacBio full-length sequencing provides
a more comprehensive set of isoforms than NGS-based methods [14].
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(A) Distribution of genomic features within the PacBio isoform dataset against the Tp_v2.0 genome assembly. (B) Distribu-
tion of the percentage of transcripts with different exon numbers in the reference genome and in the PacBio Iso-Seq dataset.
(C) Comparison of isoform length in the gene model and PacBio Iso-seq dataset.

In the Tp_v2.0 annotation, 1138 genes were annotated with two or more isoforms.
For example, the locus with five isoforms was in the gene region of Tp_v2.0_scaf_1548:
11472–14327 (Tp_v2.0_gene39688.v2). In our PacBio dataset, 11,231 genes were identified
with two or more isoforms. This dataset also showed significantly more isoforms per gene
(mean = 3.5) than the Tp_v2.0 annotation (mean = 2.6), and the locus with the largest
number of isoforms (nine) was Tp_v2.0_scaf_1033: 14887–17485 (Tp_v2.0_gene28536.v2).
Thus, the new assembly of the transcriptome has a higher density of isoforms than that
in the Tp_v2.0 assembly at the whole-genome level (Figure 1C), and may offer a better
understanding of the real complexity of the transcriptome in red clover.

2.2. Identification of Alternative Splicing Events and Fusion Transcripts

Five major alternative splicing (AS) events were inferred: intron retention (IR), alterna-
tive 3′ splice sites (AA), alternative 5′ splice sites (AD), exon skipping (ES), and alternative
position (AP) events. A total of 34,612 AS events were detected in 9284 genes using the Iso-
Seq dataset (Table S2). Figure 2A shows the descriptive statistics of different AS events in
red clover. In higher plants, AS plays a key regulatory role in modulating gene expression
during plant development or in response to biotic and abiotic stresses [17]. We found that
63.11% of genes undergoing AS events were associated with IR events. AP events were the
second most common type of AS event, followed by AA events. The number of AD and ES
events were similar in red clover; both were consistent with previously published data [18].

Some genes exhibited more isoforms than previously annotated. For instance, 11 isoforms
of gene1687 (encoding an MYB-family transcription factor) were found, but only two
transcripts were annotated in the reference genome. We randomly selected six genes to
validate the accuracy of the AS events analysis using a reverse transcription polymerase
chain reaction (RT-PCR); the designed primers that could amplify all predicted transcripts
are listed in Table S3. The sizes of amplified fragments were consistent with those of
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predicted fragments and the expression of some transcript isoforms exhibited tissue-specific
patterns (Figures 2B and S3). For example, a smaller transcript of gene21146 (encoding
a photosystem I reaction center subunit N), which was produced by an IR event, was
preferentially expressed in stem and leaf tissue in red clover (Figure 2B). The largest
transcript of gene2732 (encoding a viral movement protein), which was produced by an
ES event, was found to be expressed in root, stem, and leaf tissue, but not in flower tissue
(Figure 2B).
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of AS events. (B) RT-PCR validation of AS events in two genes. The transcripts structure of each isoform, from the Tp_v2.0
genome and PacBio dataset, are shown in green and red in the right panel, respectively. Green and red boxes show exons
and lines with arrows show introns. PCR primers (F, forward and R, reverse) are shown on the first isoform of each gene.
The length of each full-length isoform is shown behind the transcript structure. (C) RT-PCR validation of fusion transcripts.

Fusion transcripts result from trans-splicing events that join two separately encoded
pre-RNAs into a single transcript. Fusion transcripts have been identified in diverse plant
species [13,19], but the function was less characterized. Here, we identified 1625 full-length
transcripts that mapped to two or more loci in the genome and were thus considered as
fusion transcripts, and this analysis was supported by 1903 reads (Table S4). Fusion events
were more likely to occur between chromosomes (1556) than within a chromosome (69) and
tended to occur near chromosome termini (Figure 1A); similar results were also observed
in other studies [13]. Eight candidate fusion transcripts were randomly selected to validate
their authenticity using RT-PCR and Sanger sequencing. Seven of these fusion transcripts
were confirmed (Figure 2C). Gene ontology analysis of fusion transcripts revealed that
the majority were associated with catalytic activity and binding (category of molecular
functions), metabolic/cellular processes (biological processes), and cells and membranes
(cellular components) (Figure S4).

2.3. Long Non-Coding RNA Identification

Long non-coding RNAs (lncRNAs) are defined as having length > 200 nt and are often
species-specific. Recent studies supported the idea that lncRNAs play regulatory roles in
numerous biological processes in plants [20]. In this study, 1843 lncRNAs were identified
from 50,922 isoforms (Table S5). The lengths of lncRNAs ranged from 202 to 5012 bp, with
a mean length of 944.3 bp, which is much shorter than the mean length of isoforms (i.e.,
2008.47 bp) (Figure 3A). Mapping lncRNAs to the Tp_v2.0 chromosomes indicated that
they showed a similar distribution to protein-coding genes, mostly located outside the
pericentromeric regions (Figure 1A). Based on their position related to Tp_v2.0 annotations,
we classified the lncRNAs into three groups: 70.8% were generated from intergenic regions,
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14.2% from the antisense strand and 15.0% from the sense strand (Figure 3B). A comparison
of overall expression between lncRNAs and non-lncRNAs showed that lncRNAs were
expressed significantly less than non-lncRNAs (p < 0.01, Figure 3C) and multi-exon lncR-
NAs were expressed at a higher level than single-exon lncRNAs (Figure 3D), accounting
for 51.6% of the total lncRNAs (Figure 3E). Among 1843 lncRNAs, 1208 were expressed
in all four tissues, while other lncRNAs displayed tissue-specific expression patterns. For
example, 85 lncRNAs were specifically expressed in flowers and 17 lncRNAs in leaves
(Figure 3F). To further validate the lncRNAs, we randomly chose ten candidates, all of
which were experimentally validated by RT-PCR (Figure 3G).
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Figure 3. Characterization of identified lncRNAs. (A) Comparison of lengths of previously reported lncRNAs with novel
lncRNAs identified in our study. (B) Proportions of three kinds of lncRNAs, classified according to their position relative
to protein-coding genes. (C) Comparison of overall expression between lncRNAs and non-lncRNAs. (D) Comparison
of overall expression between single-exon lncRNAs and multi-exon lncRNAs. (E) Number of exons in lncRNAs and
non-lncRNAs. (F) Overlap of lncRNAs among the four tissue samples: root, stem, leaf, and flower. (G) Validation of
10 LncRNA transcripts using RT-PCR.

2.4. Analysis of Isoflavonoids and Expression Patterns of Isoflavonoid Biosynthetic Genes
in Tissues

Isoflavonoids in plants are variable in quantity and are influenced by genetic and
environmental factors. Additionally, they also vary among tissues and developmental
stages [21]. We analyzed ten selected isoflavonoid components (daidzin, glycitein, genis-
tein, ononin, daidzein, glycetein, genistin, formononetin, prunetin, and biochanin A) in
samples of different tissues of red clover plants. Different isoflavonoids were identified
by retention time, chromatographic behavior, and mass spectrometry using standards
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(Table S6), with previously published elution profiles [22]. We found that ononin was the
most common individual isoflavonoid found in all four tissues, although the other nine
were also identified. The distribution of each of these isoflavonoids also differed between
leaf and root tissues. In the leaf, ononin, glycetein, and formononetin predominated in the
isoflavonoids profile, while genistin and ononin predominated in root tissue (Figure 4A;
Table S7). The total isoflavonoid content of the four tissues showed significant differences,
with the highest in leaf samples (with a mean total isoflavonoid content of 1.324 mg g−1

DM (dry mass)), followed by stem (mean = 0.669 mg g−1 DM), root (mean = 0.494 mg g−1

DM), and flower (mean = 0.220 mg g−1 DM) samples (Figure 4B; Table S7).
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Figure 4. Content of selected isoflavonoids in different tissues of red clover and analysis of the differential expression of
isoflavonoid synthesis structural genes. (A) HPLC/MS elution profiles of isoflavonoid components extracted from different
tissues. Peak numbers corresponding to isoflavonoids are shown in Table S1. (B) Total isoflavonoid content (mg/g dry
weight) in different tissues. Bar data are the means of three biological replicates± SD, and ANOVA analyses were conducted
using a one-way analysis of variance and Student’s t-test. Asterisks indicate a significant difference (* p < 0.05, ** p < 0.01).
(C) Pathway of isoflavonoids biosynthesis in plants and the expression patterns of differentially expressed structural genes
in four tissues, shown in heatmaps. PAL: phenylalanine ammonia-lyase; C4H: cinnamate-4-hydroxylase; 4CL: 4-coumarate-
CoA ligase; CHS: chalcone synthase; CHR: chalcone reductase; CHI1: chalcone isomerase; IFS: 2-hydroxyisoflavanone
synthase; UGT: uridine diphosphate glycosyltransferase.

Isoflavonoid biosynthesis is catalyzed by multiple enzymes that are encoded by
structural genes via a legume-specific branch of the phenylpropanoid pathway (Figure 4C),
which produces a variety of specialized metabolites, including flavonoids, anthocyanins,
stilbenoids, lignin, and isoflavonoids. In this study, we identified 16,734 differentially
expressed genes in different tissues of red clover. We further analyzed the relative FPKM
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of 42 structural genes in isoflavonoid biosynthesis, identified by a functional enrichment
analysis (Figure 4C; Table S8). Eleven TpPAL genes exhibited different expression patterns
in tissues, such as TpPAL1, TpPAL8, and TpPAL9, mainly expressed in the leaf, while
the expression of TpPAL7 was highest in the root, and expression of other TpPALs were
highest in the stem (Figure 4C). Relative expressions of most TpPALs, TpC4Hs, and
Tp4CLs were at high levels in the stem, indicating their possible role in lignin synthesis to
improve the mechanical strength and compressive capacity of the stem [23]. In addition,
TpCHSs, TpCHIs, and TpIFSs, were most strongly expressed in the root (Figure 4C).
Clearly, this does not explain the fact that isoflavonoids mainly accumulate in leaves.
These results indicate that isoflavonoids may possibly be synthesized in large quantities
in the roots, but are mainly transported to, and stored in, the leaves. Similarly, a high
concentration of isoflavonoids has been found in mature soybean seeds and leaves, but the
highest expression level of IFS1 was observed in the root and seed coat [24]. This suggests
that transport of isoflavonoids between different organs occurs within the plant. Some
natural products in plants are often transported from the site of synthesis to the site of
accumulation [25].

2.5. Co-Expression Network Analysis of Transcription Factors by WGCNA

Spatiotemporal transcriptional regulation of metabolic pathways is controlled by a
complex network of transcription factors (TFs) [26]. Here, we investigated the expression
of TFs in different tissues in red clover. Among the 2071 TFs detected, 336 TFs were found
to be differentially expressed among the four tissues. We classified the TFs into 41 families,
including bHLH, MYB, and MYB-related families (Figure 5A). MYB, bHLH, and WD-
repeat proteins have been known to form a transcriptional complex, which regulates the
expression of structural genes in the flavonoid biosynthesis pathway [27].

To identify the TFs related to isoflavonoid biosynthesis, we conducted a weighted
gene co-expression network analysis (WGCNA) using all the 336 differentially expressed
TFs. These TFs were divided into five distinct modules, within which the genes were highly
correlated (labeled by different colors) (Figure 5B; Table S9). An analysis of module trait
relationships revealed that the “yellow” module was highly correlated with a content of
six isoflavonoids (Figure 5C). In particular, the yellow module was significantly correlated
with the content of glycetein (r= 0.92, p = 2 × 10−5) and biochanin A (r = 0.93, p = 1 × 10−5)
in leaves (Figure 5C,D). This is consistent with the accumulation of isoflavonoids in leaves
(Figure 4B).

We constructed a co-expression network to identify hub genes from the yellow mod-
ule (Table S10), i.e., highly connected TFs, which may play a central role in isoflavonoid
biosynthesis. Remarkably, 12 of the 43 hub genes were found to belong to the bHLH,
MYB, and MYB-related families, including five TpbHLH genes (gene22933, gene27499,
gene30664, gene33290, and gene8753), two TpMYBs (PB47711 and gene9260), and five
TpMYB-related genes (gene12354, gene1420, gene16076, gene1687, and gene21016), which
are marked as red circles in the co-expression network (Figure 5E). GmMYB29 was re-
ported to regulate isoflavonoid biosynthesis in soybean by trans-activating the GmIFS2
(isoflavone synthase 2) and GmCHS8 (chalcone synthase 8) gene promoters [5]; GmMYB58
and GmMYB205 are seed-specific activators for isoflavonoid biosynthesis [28]; GmMYB176
regulates GmCHS8 gene expression and then affects isoflavonoid biosynthesis [29]. In Lo-
tus japonicus, LjMYB14 has been found to be constitutively overexpressed, and it induces
the expression of at least 12 structural genes in the phenylpropanoid and isoflavonoid path-
ways [30]. However, whether the hub genes participate in the transcriptional regulation of
isoflavonoid synthesis or play a positive or negative role in expression of the structural
genes, requires further investigation.

2.6. TpMYB30 and TpRSM1/2 Increased the Content of Isoflavonoids in Tobacco

In this study, an MYB TF (gene9260) and two MYB-related genes (gene1420 and
gene16076) were selected for further characterization of the relation to their counterparts
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in other species. Through a phylogenetic analysis, we found that gene9260 was closest to
AtMYB30 (Figure S5), which was denoted TpMYB30. The BLAST results showed that the
amino sequences of gene1420 and gene16076 have 79% and 78% similarity, respectively, in
query coverage and 66% and 65% identity with AtRSM1 (RADIALIS-LIKE SANT/MYB1).
We thus denoted gene1420 and gene16076 as TpRSM1-1 and TpRSM1-2, respectively.
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Figure 5. The WGCNA of differentially expressed transcription factors in four tissues (root, stem, leaf, and flower).
(A) Differentially expressed TF families of genes. (B) The cluster dendrogram of differentially expressed transcription
factors. Each branch in the figure represents one gene, and every color below represents one co-expression module.
(C) Heatmap of the correlation between module and the content of isoflavonoids. The color of each cell at the row–
column intersection indicates the correlation coefficient between the module and isoflavonoid content. The color scale
indicates the magnitude of the correlation coefficient, ranging from low (blue) to high (red). (D) Heatmap and expression
pattern of the genes in different tissues in the yellow module. (E) Visualization of connections of genes in the yellow
module. Each node represents a gene and the connecting lines (edges) between genes represent co-expression correlations
(Supplementary Table S9). Forty-three TFs with edge weights ≥ 0.2 are visualized using Cytoscape. Thirty-two TFs are
shown by larger circles. Twelve hub genes belonging to the bHLH, MYB, and MYB-related TF families are shown in red.

Tobacco (Nicotiana tabacum) and Arabidopsis thaliana were considered not to produce
isoflavonoids in previous studies, since there is no isoflavone synthase (IFS) in the two
species. Additionally, isoflavonoids were detected after expressing GmIFS in tobacco [31].
However, some studies showed that isoflavonoids were naturally present in tobacco leaves
and Arabidopsis, using HPLC-MS methods. For instance, Lapcik et al. [32] found that
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isoflavonoids were present in Arabidopsis. Additionally, isoflavonoids were also found
in leaves and flowers of several Nicotiana species [33,34]. We investigated the potential
function of TpMYB30, TpRSM1-1, and TpRSM1-2 in the biosynthesis of isoflavonoids by
overexpressing the three genes in tobacco via Agrobacterium-mediated transformation. The
expression of all the three genes in the transgenic lines was significantly higher than that in
the wild type. The transgenic lines were divided into LE (relatively low-expression) and HE
(high-expression) groups for the detection of the presence of isoflavonoids (Figure 6A–C).
We compared the content of isoflavonoids (glycetein, glycitin, and genistein) in leaves of
transgenic tobacco plants and wild-type tobacco (WT). In the WT plants, the contents of
glycetein and glycitin were 0.230 ng g−1 and 2.184 ng g−1, respectively, but genistein was
not detected. In contrast, glycetein (0.402–0.650 ng g−1), glycitin (7.298–11.694 ng g−1), and
genistein (1.131–5.106 ng g−1) (Figure 6D–F and Table S11) were found in the TpMYB30
transgenic lines. In TpRSM1-2 lines, glycitin and genistein were significantly increased
compared to the WT (Figure 6D–F), but glycetein showed no difference compared to
the WT (Figure 6D). In particular, glycitin was increased up to 106.35–281.38 ng g−1

in the TpRSM1-2 lines, which was 50–100 times higher than in WT plants (Figure 6E
and Table S11). Genistein reached 5.277–8.971 ng g−1 in the TpRSM1-2 lines (Figure 6F
and Table S11). However, the glycetein in the TpRSM1-1 lines was slightly higher than
in the WT plants, and glycitin and genistein were not detected (Figure 6D,E). These
results strongly suggest that TpMYB30 and TpRSM1-2 may be important regulators for
isoflavonoid biosynthesis in red clover, but not TpRSM1-1, for which the isoflavonoids are
at very low levels or below detection.
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Figure 6. Effect of three MYB genes (TpMYB30, TpRSM1-1, and TpRSM1-2) on isoflavonoids biosynthesis. (A) The expression
of TpMYB30 in wild-type and transgenic plants overexpressing TpMYB30. (B) The expression of TpRSM1-1 in wild-type
and transgenic plants overexpressing TpRSM1-1. (C) The expression of TpRSM1-2 in wild-type and transgenic plants
overexpressing TpRSM1-2. (D) The content of glycetein in wild-type and transgenic plants overexpressing TpMYB30,
TpRSM1-1, and TpRSM1-2, respectively. (E) The content of glycitin in wild-type and transgenic plants overexpressing
TpMYB30, TpRSM1-1, and TpRSM1-2, respectively. (F) The content of genistein in wild-type and transgenic plants
overexpressing TpMYB30, TpRSM1-1, and TpRSM1-2, respectively. Bar data are the means of three biological replicates ± SD,
and ANOVA analyses were conducted using one-way analysis of variance and Student’s t-test. Asterisks indicate significant
difference (* p < 0.05, ** p < 0.01). The samples overexpressing TpMYB30, TpRSM1-1, and TpRSM1-2 were divided into two
groups: relatively low-expression (LE) and high-expression (HE) groups.
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The overexpression of TpMYB30 and TpRSM1-2 also significantly increased the
content of other flavonols. Compared with the WTs, four flavonoids (naringenin, di-
hydrokaempferol, kaempferide, and epicatechin) and two flavones (apigenin and luteolin-
7-O-glucoside) were increased in the TpMYB30 lines (Table S11). In the TpRSM1-2 plants,
two phenolic compounds (p-coumaric acid and ferulic acid), three flavonoids (naringenin,
epicatechin, and epigallocatechin) and four flavones (apigenin, luteolin-7-O-glucoside,
quercitrin, and rutin) were higher than in the WT. Nevertheless, phenylalanine, which
is the initial substrate in the phenylpropanoid biosynthesis pathway, was significantly
decreased in the TpRSM1-2 lines (Table S11). Interestingly, we found that the expression of
TpRSM1-2 was positively correlated with the expression of three TpPAL homolog genes
(Figure S6). Therefore, we infer that TpRSM1-2 may positively regulate the expression
of TpPAL genes, which utilize phenylalanine for the biosynthesis of the downstream
metabolites, including isoflavonoids.

Multiple health-promoting effects of isoflavonoids, such as the use of genistein and
daidzein against hormone-related cancers, osteoporosis, menopausal symptoms, and car-
diovascular disease, have been reported [35]. Epidemiological studies showed that a high
consumption of soybean-derived foods was associated with a low incidence of diseases,
and the health-protective activities could be ascribed to isoflavonoids [36]. Therefore,
metabolic engineering of isoflavonoids in more widely consumed non-legume plants (veg-
etables, grains, and fruits) has attracted great interest, to enhance the dietary intake of these
compounds. In our study, we found that two novel TFs (TpMYB30 and TpRSM1-2) posi-
tively regulate the biosynthesis of genistein, glycetein, and glycitin in tobacco, especially,
the overexpression of TpRSM1-2, which leads to a great increase in glycitin.

3. Materials and Methods
3.1. Plant Materials

Red clover variety “ZW2780” was grown under natural conditions (i.e., the annual
average sunshine of 2684 h, temperature of 11.8 ◦C, and precipitation of 550.3 mm) in
Changping experimental station, Chinese Academy of Agricultural Science (Beijing, China;
40◦18′ N, 116◦24′ E). Root, stem, leaf, and flower samples were collected when flowers
reached the full-bloom stage. Samples were immediately frozen in liquid nitrogen for
subsequent RNA extraction. For each tissue, at least three plants were pooled, and three
biological replicates were used for RNA extraction. Total RNA was extracted using RNeasy
Plant Mini Kit (QIAGEN, Germany) as per the manufacturer’s instructions.

3.2. Sample Preparation and HPLC/MS Analysis

Isoflavonoids in four tissues (roots, stems, leaves, and flowers) of red clover were
detected using HPLC/MS analysis at Shanghai Applied Protein Technology Co. Ltd.
(Shanghai, China). Briefly, samples were dried at 65 ◦C for 48 h and ground into pow-
der. Then, 0.025 g of sample was immersed in 1 mL of 80% (v/v) aqueous methanol and
ultra-sonicated for 20 min (ultrasonic power 100 W, temperature 45 ◦C), then placed in
a refrigerator at 4 ◦C for 12 h. Next, the supernatant extract was collected by centrifuga-
tion (13,000 rpm, 5 min, 4 ◦C) and separated using a ZORBAX Eclipse XDB-C18 column
(100 mm × 2.1 mm, 1.8 µm). The column was attached to an Agilent 6470 triple quadrupole
MS system to identify and quantify the various isoflavonoids present in samples by com-
paring their mass spectra with those of the standards. All solvents (water, methanol, and
acetonitrile) were HPLC grade. The binary mobile phase consisted of water (solvent A)
and acetonitrile (solvent B). A gradient elution program was employed with a flow rate of
0.3 mL/min as follows: 80% A from 0 to 1 min; 80% to 0% A from 1 to 10 min; 0% to 0% A
from 10 to 11 min; 0% to 80% A from 11 to 11.1 min; hold 80% A from 11.1 to 13 min. The
injection volume was 2 µL for all the standards and samples. Isoflavonoids were analyzed
with an electrospray ionization source operated in positive ion mode. Instrument settings
were as follows: dry gas temperature, 350 ◦C; dry gas flow, 8 L min−1; capillary voltage,
3500 V; nebulizer, 45 bar. Data were analyzed using a one-way analysis of variance and
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Student’s t-test, and p-values < 0.05 or 0.01 were considered to be significant. The standard
deviations (SDs) were calculated using data from three biological replicates.

3.3. Library Preparation and PacBio Sequencing

We pooled equal amounts of red clover RNA from each of the four tissues prior to
library construction for PacBio sequencing. RNAs were first reverse-transcribed using
a SMARTer® PCR cDNA Synthesis Kit. PCR amplification was carried out using KAPA
HiFi PCR Kits. The product was separated by agarose-gel-based size selection into cDNA
fractions of length 0.5–6 kb. The cDNA products were then purified for library construction
using a SMRTbell Template Prep Kit 1.0. Two SMRTbell libraries were sequenced on PacBio
Sequel long-read sequencers using V2 polymerase chemistry and 600 min movie times at
Nextomic (Wuhan, China).

3.4. Illumina RNA Sequencing

An Illumina HiSeq X Ten platform was used to generate paired-end reads to cor-
rect PacBio reads and quantify splicing. Total RNA was extracted and evaluated as de-
scribed above. Strand-specific RNA-seq libraries were constructed using 5 µg of total
RNA from four tissues (replicated three times) and a dUTP strand-specific library pro-
tocol. Strand-specific libraries were sequenced as 125 nt paired-end reads at Nextomic.
To obtain clean reads, we removed adapter sequences, poly-N reads, and low-quality
reads from the raw data using an NGS QC Toolkit (version 2.3). High-quality reads were
then mapped to the red clover RefGen Tp_v2.0 sequence using TopHat2 with the default
parameters. Only reads with a perfect match or one mismatch were analyzed further and
annotated based on the reference genome. Gene expression levels expressed as fragments
per kilobase of transcript per million fragments (FPKM) were calculated using Cuffquant
and Cuffnorm software. Differentially expressed genes were identified by DESeq with
|log2 (foldchange)| ≥ 1 and p < 0.05 as the threshold. The p-values were adjusted using
the Benjamini and Yekutieli approach for controlling false discovery rates [37].

The raw sequence data from both the PacBio and Illumina RNA sequencing have been
deposited in the Genome Sequence Archive (CRA001471) in Beijing Institute of Genomics
(BIG) Data Center, Chinese Academy of Sciences (http://bigd.big.ac.cn/gsa, accessed on
18 August 2021).

3.5. Functional Annotation of Transcripts

All known and newly predicted genes were annotated using public databases, includ-
ing the NCBI nonredundant protein database (Nr), the NCBI nonredundant nucleotide
database (Nt), and the Swiss-Prot, the Gene Ontology (GO), the Kyoto Encyclopedia of
Genes and Genomes (KEGG), and the Clusters of Orthologous Groups (COG) databases.
Searches were performed using the BLASTX algorithm with an E-value threshold of 10-5.

3.6. PacBio Iso-Seq Data Processing and Read Correction

PacBio data were processed and evaluated with several tools implemented by SMRT
Link version 5.0 (https://github.com/PacificBiosciences/SMRT-Link/wiki/Support, accessed
on 3 September 2017). Raw reads in fastq format were extracted from h5-formatted files by
bash5tool in the pbh5tools package. The suggested parameters (i.e., MinReadScore = 0.75,
MinSRL = 50, and MinRL = 50) were used to filter and trim raw reads. Next, clean poly-
merase reads were processed to separate reads of inserts with pass > 1 and accuracy > 0.8.
Chimeras, artificial concatemers and fusion genes were removed using the SMRT Iso-
Seq analysis pipeline (http://www.pacb.com/products-and-services/analytical-software/
smrt-analysis/, accessed on 4 September 2017). Only full-length non-chimeric (FLNC)
reads were kept for downstream analysis. Using the isoseq_cluster panel, we selected the
‘Predict Consensus Isoforms using the ICE Algorithm’ and ‘Call Quiver to Polish Consen-
sus Isoforms’ options to obtain high-quality, full-length, polished consensus transcripts.
LoRDEC software was used to correct the sequencing errors in consensus transcripts using

http://bigd.big.ac.cn/gsa
https://github.com/PacificBiosciences/SMRT-Link/wiki/Support
http://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
http://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
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Illumina reads as a reference [38]. The corrected consensus transcripts were then mapped
by GMAP with > 85% alignment coverage and > 90% alignment identity [39]. Redundant
isoforms were further removed using collapse_isoforms_by_sam.py, as implemented in
pbtranscript-tofu (version 2.2.3).

3.7. Identification and Functional Annotation of Novel Transcripts

Full-length transcripts were aligned to gene models of the red clover genome [12].
Those that could not be aligned were considered to be novel transcripts. We used WEGO
for GO enrichment analysis [40]. KEGG pathway mapping was performed using the KEGG
Automatic Annotation Server (KAAS) version 2.0.

3.8. Identification of Alternative Splicing Events, Fusion Transcripts, and LncRNA

The alternative splicing (AS) events were identified from alignments using a Python
script (alternative_splice.py, source: https://github.com/Nextomics/pipeline-for-isoseq,
accessed on 20 September 2017). AS events were classified as exon skipping (ES), intron
retention (IR), alternative donor site (AD), alternative acceptor site (AA), and alternative
position (AP) events. A Python script (fusion_finder.py) in the pbtranscript-tofu package
(http://github.com/PacificBiosciences/cDNA_primer/, accessed on 20 September 2017)
was used to identify fusion transcripts. We used the following criteria to identify fusion
transcripts: (a) FL transcripts were mapped to two or more loci in the reference genome;
(b) each mapped locus must align with at least 10% of the transcript; (c) the combined
alignment coverage must be at least 99%; (d) mapped loci must be at least 10 kb apart. To
further exclude putative false candidates, transcripts involving two or more genes from
the same gene family were discarded. Novel transcripts were processed to identify long
non-coding RNAs using the lncRNAs pipeline (https://bitbucket.org/arrigonialberto/
lncrnas-pipeline, accessed on 30 September 2017).

3.9. Construction and Visualization of Co-Expression Network

We performed a weighted gene co-expression network analysis using the WGCNA
(version 1.66) R package [41]. The constructed network was visualized using Cytoscape
version 3.6.1.

3.10. Transformation of Tobacco Plants and Analysis of Isoflavonoids in Leaves

The coding regions of a red clover MYB TF gene (TpMYB30) and two MYB-related
genes (TpRSM1-1 and TpRSM1-2) were amplified and inserted into the pBI121 vector to gen-
erate overexpression constructs, followed by transformation into EHA105 for
Agrobacterium-mediated transformation in tobacco plants. Transgenic plants were con-
firmed by PCR. The expression of the three genes in transgenic plants and a wild type
was determined by quantitative real-time PCR (qRT-PCR), using the SYBR® Premix Ex
Taq™ II (Perfect Real Time) kit (Takara, Japan) with gene-specific primer pairs. The assay
of isoflavonoids in the transgenic tobaccos was conducted by the same LC/MS method
as described above. All data were analyzed using a one-way analysis of variance and
Student’s t-test, and p-values < 0.05 or 0.01 were considered to be significant. The standard
deviations (SDs) were calculated with data from three biological replicates.

4. Conclusions

In conclusion, we obtained full-length transcriptomes of T. pretense, which revealed
complex transcripts such as alternatively spliced isoforms, long non-coding RNAs, fusion
genes, and novel isoforms, thus providing more accurate annotation of the red clover
genome. Our results facilitate the understanding of transcriptional complexity in plants.
Isoflavonoid profiling and gene expression pattern analysis suggested that isoflavonoids
may be synthesized in red clover roots and then transported to leaves. We identified key
regulators of isoflavonoid synthesis, which include bHLH, MYB, and MYB-related TFs.
We demonstrated that TpMYB30 and TpRSM1-2 were directly involved in isoflavonoid

https://github.com/Nextomics/pipeline-for-isoseq
http://github.com/PacificBiosciences/cDNA_primer/
https://bitbucket.org/arrigonialberto/lncrnas-pipeline
https://bitbucket.org/arrigonialberto/lncrnas-pipeline
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biosynthesis through transgenic experiments. This study provides important resources for
the discovery of more genes to enhance our understanding of isoflavonoid biosynthesis
in red clover and other legumes, and to enrich isoflavonoids in non-legume crops via
genetic engineering.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms222312625/s1.

Author Contributions: Conceptualization, Z.W.; methodology, Z.W., K.S., X.L. and X.P.; investigation,
K.S., X.L., X.P., J.L., W.G. and P.G.; data curation, K.S., X.L., X.P., J.L., W.G., P.G. and S.J.; writing—
original draft preparation, K.S. and X.L.; writing—review and editing, Z.W. and M.C.; supervision,
Z.W.; project administration, Z.W.; funding acquisition, Z.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
31761143013), Chinese Universities Scientific Fund (2021RC001), and National Forestry and Grassland
Germplasm Genebank (2005DKA21003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw sequence data have been deposited in the Genome Sequence
Archive (CRA001471) in Beijing Institute of Genomics (BIG) Data Center, Chinese Academy of
Sciences (http://bigd.big.ac.cn/gsa, accessed on 18 August 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Taylor, N.L.; Quesenberry, K.H. Red Clover Science; Kluwer Academic Publishers: Amsterdam, The Netherlands, 1996.
2. Gravitz, L. Chemoprevention: First line of defence. Nature 2011, 471, S5–S7. [CrossRef]
3. Tempfer, C.B.; Bentz, E.K.; Leodolter, S.; Tscherne, G.; Reuss, F.; Cross, H.S.; Huber, J.C. Phytoestrogens in clinical practice: A

review of the literature. Fertil. Steril. 2007, 87, 1243–1249. [CrossRef] [PubMed]
4. Jung, W.; Yu, O.; Lau, S.M.; O’Keefe, D.P.; Odell, J.; Fader, G.; McGonigle, B. Identification and expression of isoflavone synthase,

the key enzyme for biosynthesis of isoflavones in legumes. Nat. Biotechnol. 2000, 18, 208–212. [CrossRef]
5. Chu, S.; Wang, J.; Zhu, Y.; Liu, S.; Zhou, X.; Zhang, H.; Wang, C.E.; Yang, W.; Tian, Z.; Cheng, H.; et al. An R2R3-type MYB

transcription factor, GmMYB29, regulates isoflavone biosynthesis in soybean. PLoS Genet. 2017, 13, e1006770. [CrossRef]
[PubMed]

6. Mehrtens, F.; Kranz, H.; Bednarek, P.; Weisshaar, B. The Arabidopsis transcription factor MYB12 is a flavonol-specific regulator of
phenylpropanoid biosynthesis. Plant Physiol. 2005, 138, 1083–1096. [CrossRef] [PubMed]

7. Stracke, R.; Ishihara, H.; Huep, G.; Barsch, A.; Mehrtens, F.; Niehaus, K.; Weisshaar, B. Differential regulation of closely related
R2R3-MYB transcription factors controls flavonol accumulation in different parts of the Arabidopsis thaliana seedling. Plant J. 2007,
50, 660–677. [CrossRef] [PubMed]

8. 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]

9. Koes, R.; Verweij, W.; Quattrocchio, F. Flavonoids: A colorful model for the regulation and evolution of biochemical pathways.
Trends Plant Sci. 2005, 10, 236–242. [CrossRef] [PubMed]

10. Albert, N.W.; Lewis, D.H.; Zhang, H.; Schwinn, K.E.; Jameson, P.E.; Davies, K.M. Members of an R2R3-MYB transcription factor
family in petunia are developmentally and environmentally regulated to control complex floral and vegetative pigmentation
patterning. Plant J. 2011, 65, 771–784. [CrossRef] [PubMed]

11. Dubos, C.; Le Gourrierec, J.; Baudry, A.; Huep, G.; Lanet, E.; Debeaujon, I.; Routaboul, J.M.; Alboresi, A.; Weisshaar, B.; Lepiniec, L.
MYBL2 is a new regulator of flavonoid biosynthesis in Arabidopsis thaliana. Plant J. 2008, 55, 940–953. [CrossRef]

12. De Vega, J.J.; Ayling, S.; Hegarty, M.; Kudrna, D.; Goicoechea, J.L.; Ergon, Å.; Rognli, O.A.; Jones, C.; Swain, M.; Geurts, R.; et al.
Red clover (Trifolium pratense L.) draft genome provides a platform for trait improvement. Sci. Rep. 2015, 5, 17394. [CrossRef]
[PubMed]

13. Wang, B.; Tseng, E.; Regulski, M.; Clark, T.A.; Hon, T.; Jiao, Y.; Lu, Z.; Olson, A.; Stein, J.C.; Ware, D. Unveiling the complexity of
the maize transcriptome by single-molecule long-read sequencing. Nat. Commun. 2016, 7, 11708. [CrossRef]

14. Abdel-Ghany, S.E.; Hamilton, M.; Jacobi, J.L.; Ngam, P.; Devitt, N.; Schilkey, F.; Ben-Hur, A.; Reddy, A.S. A survey of the sorghum
transcriptome using single-molecule long reads. Nat. Commun. 2016, 7, 11706. [CrossRef] [PubMed]

15. Wang, M.; Wang, P.; Liang, F.; Ye, Z.; Li, J.; Shen, C.; Pei, L.; Wang, F.; Hu, J.; Tu, L.; et al. A global survey of alternative splicing in
allopolyploid cotton: Landscape, complexity and regulation. New Phytol. 2018, 217, 163–178. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms222312625/s1
https://www.mdpi.com/article/10.3390/ijms222312625/s1
http://bigd.big.ac.cn/gsa
http://doi.org/10.1038/471S5a
http://doi.org/10.1016/j.fertnstert.2007.01.120
http://www.ncbi.nlm.nih.gov/pubmed/17490659
http://doi.org/10.1038/72671
http://doi.org/10.1371/journal.pgen.1006770
http://www.ncbi.nlm.nih.gov/pubmed/28489859
http://doi.org/10.1104/pp.104.058032
http://www.ncbi.nlm.nih.gov/pubmed/15923334
http://doi.org/10.1111/j.1365-313X.2007.03078.x
http://www.ncbi.nlm.nih.gov/pubmed/17419845
http://doi.org/10.1111/j.1365-313X.2004.02138.x
http://doi.org/10.1016/j.tplants.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15882656
http://doi.org/10.1111/j.1365-313X.2010.04465.x
http://www.ncbi.nlm.nih.gov/pubmed/21235651
http://doi.org/10.1111/j.1365-313X.2008.03564.x
http://doi.org/10.1038/srep17394
http://www.ncbi.nlm.nih.gov/pubmed/26617401
http://doi.org/10.1038/ncomms11708
http://doi.org/10.1038/ncomms11706
http://www.ncbi.nlm.nih.gov/pubmed/27339290
http://doi.org/10.1111/nph.14762


Int. J. Mol. Sci. 2021, 22, 12625 15 of 16

16. Zuo, C.; Blow, M.; Sreedasyam, A.; Kuo, R.C.; Ramamoorthy, G.K.; Torres-Jerez, I.; Li, G.; Wang, M.; Dilworth, D.; Barry, K.;
et al. Revealing the transcriptomic complexity of switchgrass by PacBio long-read sequencing. Biotechnol. Biofuels. 2018, 11, 170.
[CrossRef] [PubMed]

17. Liu, Z.; Qin, J.; Tian, X.; Xu, S.; Wang, Y.; Li, H.; Wang, X.; Peng, H.; Yao, Y.; Hu, Z.; et al. Global profiling of alternative splicing
landscape responsive to drought, heat and their combination in wheat (Triticum aestivum L.). Plant Biotechnol. J. 2018, 16, 714–726.
[CrossRef]

18. Satyawan, D.; Kim, M.Y.; Lee, S.H. Stochastic alternative splicing is prevalent in mungbean (Vigna radiata). Plant Biotechnol. J.
2017, 15, 174–182. [CrossRef]

19. Kim, M.; Canio, W.; Kessler, S.; Sinha, N. Developmental changes due to long-distance movement of a homeobox fusion transcript
in tomato. Science 2001, 293, 287–289. [CrossRef]

20. Chekanova, J.A. Long non-coding RNAs and their functions in plants. Curr. Opin. Plant Biol. 2015, 27, 207–216. [CrossRef]
[PubMed]

21. Farag, M.A.; Huhman, D.V.; Dixon, R.A.; Sumner, L.W. Metabolomics reveals novel pathways and differential mechanistic and
elicitor-specific responses in phenylpropanoid and isoflavonoid biosynthesis in Medicago truncatula cell cultures. Plant Physiol.
2008, 146, 387–402. [CrossRef]

22. Krähmer, A.; Gudi, G.; Weiher, N.; Gierus, M.; Schütze, W.; Schulz, H. Characterization and quantification of secondary metabolite
profiles in leaves of red and white clover species by NIR and ATR-IR spectroscopy. Vib. Spectrosc. 2013, 68, 96–103. [CrossRef]

23. Capron, A.; Chang, X.F.; Hall, H.; Ellis, B.; Beatson, R.P.; Berleth, T. Identification of quantitative trait loci controlling fibre length
and lignin content in Arabidopsis thaliana stems. J. Exp. Bot. 2013, 64, 185–197. [CrossRef] [PubMed]

24. Dhaubhadel, S.; McGarvey, B.D.; Williams, R.; Gijzen, M. Isoflavonoid biosynthesis and accumulation in developing soybean
seeds. Plant Mol. Biol. 2003, 53, 733–743. [CrossRef]

25. Du, L.; Halkier, B.A. Biosynthesis of glucosinolates in the developing silique walls and seeds of Sinapis alba. Phytochemistry 1998,
48, 1145–1150.

26. Patra, B.; Schluttenhofer, C.; Wu, Y.; Pattanaik, S.; Yuan, L. Transcriptional regulation of secondary metabolite biosynthesis in
plants. Biochim. Biophys. Acta. 2013, 1829, 1236–1247. [CrossRef] [PubMed]

27. Hichri, I.; Barrieu, F.; Bogs, J.; Kappel, C.; Delrot, S.; Lauvergeat, V. Recent advances in the transcriptional regulation of the
flavonoid biosynthetic pathway. J. Exp. Bot. 2011, 62, 2465–2483. [CrossRef] [PubMed]

28. Han, X.; Yin, Q.; Liu, J.; Jiang, W.; Di, S.; Pang, Y. GmMYB58 and GmMYB205 are seed-specific activators for isoflavonoid
biosynthesis in Glycine max. Plant Cell Rep. 2017, 36, 1889–1902. [CrossRef] [PubMed]

29. Yi, J.; Derynck, M.R.; Li, X.; Telmer, P.; Marsolais, F.; Dhaubhadel, S. A single-repeat MYB transcription factor, GmMYB176,
regulates CHS8 gene expression and affects isoflavonoid biosynthesis in soybean. Plant J. 2010, 62, 1019–1034. [CrossRef]
[PubMed]

30. Shelton, D.; Stranne, M.; Mikkelsen, L.; Pakseresht, N.; Welham, T.; Hiraka, H.; Tabata, S.; Sato, S.; Paquette, S.; Wang, T.L.; et al.
Transcription factors of lotus: Regulation of isoflavonoid biosynthesis requires coordinated changes in transcription factor activity.
Plant Physiol. 2012, 159, 531–547. [CrossRef]

31. Tian, L.; Dixon, R.A. Engineering isoflavone metabolism with an artificial bifunctional enzyme. Planta 2006, 224, 496–507.
[CrossRef] [PubMed]

32. Lapcik, O.; Honys, D.; Koblovska, R.; Mackova, Z.; Vitkova, M.; Klejdus, B. Isoflavonoids are present in Arabidopsis thaliana
despite the absence of any homologue to known isoflavonoid synthases. Plant Physiol. Biochem. 2006, 44, 106–114. [CrossRef]

33. Mackova, Z.; Koblovska, R.; Lapcik, O. Distribution of isoflavonoids in non-leguminous taxa–an update. Phytochemistry. 2006, 67,
849–855. [CrossRef] [PubMed]

34. Jiao, F.; Zhao, L.; Wu, X.; Song, Z.; Li, Y. Metabolome and transcriptome analyses of the molecular mechanisms of flower color
mutation in tobacco. BMC Genom. 2020, 21, 611. [CrossRef] [PubMed]

35. Srivastava, K.; Tyagi, A.M.; Khan, K.; Dixit, M.; Lahiri, S.; Kumar, A.; Changkija, B.; Khan, M.P.; Nagar, G.K.; Yadav, D.K.; et al.
Isoformononetin, a methoxydaidzein present in medicinal plants, reverses bone loss in osteopenic rats and exerts bone anabolic
action by preventing osteoblast apoptosis. Phytomedicine 2013, 20, 470–480. [CrossRef] [PubMed]

36. Lamartiniere, C.A. Protection against breast cancer with genistein: A component of soy. Am. J. Clin. Nutr. 2000, 71, 1705S–1709S.
[CrossRef] [PubMed]

37. Benjamini, Y.; Yekutieli, D. The control of the false discovery rate in multiple testing under dependency. Ann. Stat. 2001, 29,
1165–1188. [CrossRef]

38. Salmela, L.; Rivals, E. LoRDEC: Accurate and efficient long read error correction. Bioinformatics 2014, 30, 3506–3514. [CrossRef]
[PubMed]

39. Wu, T.D.; Watanabe, C.K. GMAP: A genomic mapping and alignment program for mRNA and EST sequences. Bioinformatics
2005, 21, 1859–1875. [CrossRef]

http://doi.org/10.1186/s13068-018-1167-z
http://www.ncbi.nlm.nih.gov/pubmed/29951114
http://doi.org/10.1111/pbi.12822
http://doi.org/10.1111/pbi.12600
http://doi.org/10.1126/science.1059805
http://doi.org/10.1016/j.pbi.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26342908
http://doi.org/10.1104/pp.107.108431
http://doi.org/10.1016/j.vibspec.2013.05.012
http://doi.org/10.1093/jxb/ers319
http://www.ncbi.nlm.nih.gov/pubmed/23136168
http://doi.org/10.1023/B:PLAN.0000023666.30358.ae
http://doi.org/10.1016/j.bbagrm.2013.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24113224
http://doi.org/10.1093/jxb/erq442
http://www.ncbi.nlm.nih.gov/pubmed/21278228
http://doi.org/10.1007/s00299-017-2203-3
http://www.ncbi.nlm.nih.gov/pubmed/28905215
http://doi.org/10.1111/j.1365-313X.2010.04214.x
http://www.ncbi.nlm.nih.gov/pubmed/20345602
http://doi.org/10.1104/pp.112.194753
http://doi.org/10.1007/s00425-006-0233-0
http://www.ncbi.nlm.nih.gov/pubmed/16482434
http://doi.org/10.1016/j.plaphy.2005.11.006
http://doi.org/10.1016/j.phytochem.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16499937
http://doi.org/10.1186/s12864-020-07028-5
http://www.ncbi.nlm.nih.gov/pubmed/32894038
http://doi.org/10.1016/j.phymed.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23395215
http://doi.org/10.1093/ajcn/71.6.1705S
http://www.ncbi.nlm.nih.gov/pubmed/10837323
http://doi.org/10.1214/aos/1013699998
http://doi.org/10.1093/bioinformatics/btu538
http://www.ncbi.nlm.nih.gov/pubmed/25165095
http://doi.org/10.1093/bioinformatics/bti310


Int. J. Mol. Sci. 2021, 22, 12625 16 of 16

40. Ye, J.; Fang, L.; Zheng, H.; Zhang, Y.; Chen, J.; Zhang, Z.; Wang, J.; Li, S.; Li, R.; Bolund, L.; et al. WEGO: A web tool for plotting
GO annotations. Nucleic Acids Res. 2006, 34, W293–W297. [CrossRef]

41. Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkl031
http://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008

	Introduction 
	Results and Discussion 
	Red Clover Transcriptome Sequencing 
	Identification of Alternative Splicing Events and Fusion Transcripts 
	Long Non-Coding RNA Identification 
	Analysis of Isoflavonoids and Expression Patterns of Isoflavonoid Biosynthetic Genes in Tissues 
	Co-Expression Network Analysis of Transcription Factors by WGCNA 
	TpMYB30 and TpRSM1/2 Increased the Content of Isoflavonoids in Tobacco 

	Materials and Methods 
	Plant Materials 
	Sample Preparation and HPLC/MS Analysis 
	Library Preparation and PacBio Sequencing 
	Illumina RNA Sequencing 
	Functional Annotation of Transcripts 
	PacBio Iso-Seq Data Processing and Read Correction 
	Identification and Functional Annotation of Novel Transcripts 
	Identification of Alternative Splicing Events, Fusion Transcripts, and LncRNA 
	Construction and Visualization of Co-Expression Network 
	Transformation of Tobacco Plants and Analysis of Isoflavonoids in Leaves 

	Conclusions 
	References

