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Abstract
Background: Flax ( Linum usitatissimum L.) is one of the most important economic crops in the world.
The lignin content of �ax stems directly determines the quality of �ax �bers. Flax seeds contain lignans
of highly bene�cial for human health.

Results: To elucidate the metabolic relationship between these compounds and the regulatory nodes of
their metabolic processes, third generation (PacBio Iso-Seq) and second generation (Illumina) sequencing
technologies were used to sequence the transcriptomes of a pair of �ax cultivars with signi�cant
differences in lignan content. It was discovered that the differential expressed genes (DEGs) are
signi�cantly enriched in the lignin and lignan biosynthesis pathways. Furthermore, there are seven genes
with signi�cant differences in expression that were annotated as UDP-glucosyl transferases ( UGTs ). We
found that lignan and lignin content is signi�cantly negatively correlated with each other. SEM
observations on �ax bast �bers provided further evidence of this relationship.

Conclusions: This is the �rst full-length transcriptome analysis on �ax plants using third-generation
sequencing technologies, and it is also the �rst study to observe a negative correlation between lignin and
lignan content of �ax plants. Furthermore, it was found that UGTs are likely to be regulatory node genes
for lignan and lignin metabolism.

Background
Flax (Linum usitatissimum L.) is an important economic crop, as textiles made from �ax �bers (linen) are
in great demand. However, the linen industry is facing a severe shortage of high-quality �ax �bers, and
lignin content is a major determinant of �ax �ber quality. Firstly, excessively high lignin content causes
the �bers to become hard and brittle, which directly affects the quality and textile properties of the �bers.
Secondly, lignin content is a limiting factor for degumming processes and textile quality, and the
wastewaters produced by the lignin removal process are extremely polluting [1]. Consequently, there is a
signi�cant level of interest among researchers worldwide in the use of genetic engineering to reduce the
lignin content of �ax crops or to alter their composition, in order to address the aforementioned issues
from their root cause [2]. In recent years, research into lignin synthesis have mainly focused on the
metabolic pathway of phenylpropanoid compounds and lignin-speci�c biosynthesis. These studies have
shown that the activities of enzymes like phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H), 4-coumarate-CoA ligase (4CL), cinnamyl alcohol dehydrogenase (CAD), and cinnamoyl-CoA
reductase (CCR) are closely related to the total amount of lignin synthesis in �ax �bers [3]. The reduction
of PAL activity in transgenic tobacco decreases its lignin content, but this mutation also affects the
normative growth of the plant [4]. The inhibition of C4H activity signi�cantly decreases the lignin content
of transgenic tobacco, and the regulation of C4H expression also decreases the syringyl/guaiacyl (S/G)
ratio in lignin, thereby altering the lignin composition; however, no signs of abnormal plant growth were
observed [5]. In studies on multiple transgenic plants, it was discovered that the function of 4CL is not
always the same between different plants, and the results obtained after altering 4CL expression differs
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from one plant to another [6–8]. Based on the histochemical staining of lignin, it was found that CAD
overexpression increased vein and stem ligni�cation in transgenic tobacco, whereas CAD overexpression
in antisense-transformed plants reduced xylem ligni�cation [9]. Antisense inhibition of the CCR gene in
Arabidopsis thaliana signi�cantly reduced the lignin content in the xylem, and it also dramatically
loosened the secondary cell wall of interfascicular �bers and vessels, which resulted in abnormal growth
[10].

Flax seeds are extremely valuable products, as research has shown that �axseed is rich in functional
nutrients like α-linolenic acid, �axseed gum, �axseed protein and lignans [11]. Flax is an extremely rich
source of lignans, as their lignan content is tens or hundreds of times that of other plants [12, 13]. For this
reason, �ax is considered by some as the “king of lignans.” Flax lignans have been shown to be effective
in aiding the prevention and treatment of several severe diseases, and they may also play important roles
in cancer prevention, strengthening the immune system and improving human health [14–18]. Therefore,
the development and utilization of �ax lignans is an indispensable part of �ax seed re�nement and
utilization, as lignans greatly increase the added value and competitiveness of �ax products.
Furthermore, the development of �ax lignans is also of utmost importance for ensuring that the �ax
industry will continue to develop sustainably. There are currently several reports about the genes related
to lignan biosynthesis in �ax plants. Renouard et al. (2012) conducted a quantitative PCR analysis of
LuPLR1 expression during the growth of �ax seeds, and found that the expression of LuPLR1 is positively
correlated with the accumulation of lignan [19]. Ghose et al. (2014) discovered that the UGT74S1 uridine
diphosphate glycosyl transferase (UGT) gene plays a role in the glycosylation of secoisolariciresinol
(SECO) into secoisolariciresinol monoglucoside (SMG) and diglucoside (SDG) [20]. Therefore, UGT genes
may also be important for lignan biosynthesis in �ax plants. Fofana et al. (2017a) performed ethyl
methane sulfonate (EMS) mutagenesis on CDC Bethune �ax and obtained 1996 M2 families. Between
these mutants, 93 strains exhibited mutations in the exonic region of UGTS74S1, which inhibited SDG
synthesis in their M3 and M4 descendants [21]. In another study, Fofana et al. (2017b) conducted a
preliminary gene expression and function study and found that UGT74S3 and UGT74S4 genes do not
have the same function as their UGT74S1 paralog, as they do not play a role in SDG synthesis [22].

Phenylpropanoids refer to a family of compounds that contain a benzene ring attached to a three-carbon
side chain, which includes �avonoids, anthocyanins, coumarins, and lignin precursors; these compounds
and their derivatives are important components in secondary plant metabolism [23, 24]. The lignin
polymers in plants mainly consist of syringyl units (S), guaiacyl units (G), and p-hydroxyphenyl units (H),
which are derived from sinapyl alcohol, coniferyl alcohol, and p-coumaryl alcohol, respectively; coniferyl
alcohol-derived G-lignin is especially prevalent in angiosperms [25]. In addition to G-lignins, research has
shown that coniferyl alcohol also forms another product, lignin, after a series of enzyme reactions [26].
However, there are no reports in the literature about the relationship between lignin and lignan, or the
application of this relationship to obtain high-quality �ax cultivars with low lignin content and high lignan
content.
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In this study, the full-length transcriptome of �ax was sequenced. Long-read third-generation sequencing
and short-read second-generation sequencing was used in a complementary manner to construct a full-
length transcriptome database of �ax plants, which was used to identify and investigate alternate
splicing events in the �ax transcriptome. Based on the second-generation sequencing data of �ax seeds
in various stages of growth, we investigated the enrichment of DEGs in the metabolic pathways of lignin
and lignan, to perform a preliminary study on the couplings that may exist between lignin and lignan in
metabolic pathways. To provide further support of the relationship between lignin and lignan, a
correlation analysis was performed between �axseed lignan content and stem lignin content in various
stages of growth, in �ax cultivars that exhibit signi�cant differences in lignan content. In addition,
scanning electron microscopy was performed on the stem cross-sections of these �ax cultivars in various
stages of growth. The use of genetic engineering to cultivate high-quality �ax cultivars with low lignin
content and high lignan content is an ideal two-pronged solution to the issues currently being faced by
the �ax industry. This study will elucidate the biosynthetic relationship between �ax lignan and lignin and
provide new ideas for the regulation of lignin and lignan biosynthesis. In addition, the �ndings of this
study will be informative for the cultivation of high-quality, environmentally friendly �ax cultivars with
high lignan content and low lignin content.

Results
The full-length transcriptome of �ax

To construct a complete set of transcripts, we collected high-quality RNA samples from the root, stem,
leaf, petals, anthers, and stigma of �ax plants during their �owering period, and then mixed the high-
quality RNAs of these tissues. Then the mixed RNAs were sequenced: RNA fragments of varying size
were selected (1-2 kb, 2-3 kb, and 3-6 kb) to construct libraries, and sequencing was performed using a
PacBio RS II sequencer with eight cells per RNA strand. A total of 1202336 raw sequence reads were
obtained, and each cell generated 150292 reads on average. After quality control was performed, 550240
high-quality ROIs were obtained, with 213559, 211111, and 125570 ROIs being obtained from the 1-2 kb,
2-3 kb, and 3-6 kb libraries, respectively. As we had hoped, the average length of the data generated by
each library was the same as the estimated value (Fig. S1). Between these reads, 239600 were non-full-
length transcripts while 258948 were full-length transcripts. In this study, full-length transcripts were
identi�ed by the presence of 5’ end primers, 3’ end primers, and 3’ end poly(A) tails in the read sequence.
In the subsequent analyses, we excluded reads shorter than 300 bp and chimeric reads.

The full-length transcripts were clustered to obtain high-quality non-redundant transcripts. During the
preliminary steps of the clustering analysis, it was found that 90% of the transcripts shorter than 6 kb
could be uniquely mapped to the genome (Fig. 1A). In addition, the full-length transcripts produced by
PacBio sequencing (average 2206 bp) were found to be longer than the reference genome (average 1253
bp) (Fig. 1B). Furthermore, our analysis discovered that 4258 genes only contain one exon, which is lower
than that annotated in the reference genome (9227 genes). In the PacBio data, the number of genes that
contain at least 10 exons is higher than that of the reference genome (13603 versus 6244). The PacBio
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Iso-Seq technique determined that each gene contains 7.4 exons on average, which is 1.7 times that of
the reference genome (Fig. 1C).

The full-length transcripts were mapped to the �ax genome; it was determined that 47020 transcripts
could be mapped to the reference gene model, and 43472 genes were discovered in the reference
genome. As the full-length transcripts that were identi�ed by the Iso-Seq technique were directly
sequenced without requiring further assembly, these data are an excellent resource for improving the
annotations of the reference genome. The new transcripts that were obtained from the analysis of
alternative splicing in a variety of samples were merged. A total 1690 new gene models were generated
by the merging of these transcripts with known transcripts. Additionally, we identi�ed 1043 fusion
transcripts that can be mapped to the �ax genome; these fusion transcripts mainly originated from fusion
events between different chromosomes (Fig. S2).

The identi�cation of new transcripts and alternative polyadenylation (APA)

A total of 36353 new transcripts that could only be mapped to the intergenic region were identi�ed in this
study. Among these transcripts, 4057 may be lncRNAs. The average length of these putative lncRNAs is
1.8 kb, and their lengths vary between 0.3 kb and 4.4 kb. The potential of these new transcripts to code
for proteins was determined via coding potential analyses, which resulted in the discovery of 294
lncRNAs (Fig. S3). By analyzing the origins of the lncRNA sequences, it was determined that 193 of these
sequences are lncRNAs, 34 are antisense-lncRNAs, 14 are intronic-lncRNAs, and 53 are sense-lncRNAs
(Fig. S4). Target gene prediction was performed on the predicted lncRNA sequences. Based on the acting
mechanisms of lncRNA on its target genes, two approaches were used to predict the target genes; 7481
target genes were predicted based on positional relationships (Table S1), while 7661 target genes were
predicted by the LncTar [27] target gene prediction tool, which predicts target genes based on the
complementarity of base pairings.

Research has shown that APA plays an important role in the regulation of gene expression. APA in the
last exon could lead to the generation of mRNA isoforms with different 3’ UTR lengths, which may affect
the stability, translational e�ciency, transfer, and subcellular localization of RNA (mRNA) in cells [28].
Through an analysis of the 3’ end of full-length transcripts, the APA sites of �ax were accurately identi�ed
for the �rst time. In this study, we identi�ed a total of 19048 genes with poly(A) sites; 13502 of these
genes contained 26637 transcripts with multiple poly(A) sites, and 3707 genes contained a minimum of
�ve poly(A) sites (Fig. 2). It was determined that each gene contained an average 2.98 poly(A) sites.

Splicing regions and alternative splicing analysis

One of the most important uses of PacBio Iso-Seq is its ability to compare different full-length transcripts
of the same gene to identify alternative splicing events. However, there are no previous studies reporting
alternative splicing events in the �ax genome. Based on the high-con�dence full-length transcripts that
were identi�ed in our study, we conducted a systematic analysis of the alternative splicing events that
occurred in the �ax genome. Firstly, we identi�ed 16391 alternative splicing events in 9236 genes. Five
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types of alternative splicing events were identi�ed using the Astalavista [29] program, including exon
skipping (ES), alternative 3’ splice sites (A3’S), mutually exclusive exons (ME), alternative 5’ splice sites
(A5’S), and intron retention (IR) (Fig. 3A). By counting the number of genes corresponding to each type of
splicing event, we discovered that IR occurred in 65.53% of the genes. Therefore, IR events account for
most of the alternative splicing events in the �ax genome (Table 2). The second and third most common
alternative splicing events are A3’S and A5’S events, respectively. A similar number of A5’S and ES events
were observed in this study. At the transcript level, 36353 new transcripts were identi�ed in 24564 genes,
and 13758 of these genes contain only one transcript. In the reference genome, most of the genes were
annotated as single-transcript genes (43458 genes); only 13 genes have two transcripts, and no genes
have three transcripts. From the PacBio data, there were 5190 genes with a minimum of three transcripts.
The PacBio Iso-Seq technique determined that each gene contained 1.23 transcripts on average (Fig. 3B),
which is 1.2 times that of the reference genome’s annotations. These results indicate that alternative
splicing events have increased the complexity of the �ax transcriptome.

RT-PCR was performed on four randomly selected genes to validate the accuracy of alternative splicing
event identi�cation. Firstly, the transcripts of each gene were compared to locate a consensus sequence.
Primers were then designed for the sequence, thereby allowing all of the transcripts to be ampli�ed in a
single experiment (Table S3). The results of this experiment indicate that the sizes of the ampli�ed
fragments were consistent with the expected sizes. In addition, some of the transcripts exhibited tissue
speci�city in their expression. For example, the PB.2775 gene codes for a MATE-like protein, and is able to
transcribe seven transcript isoforms through A5’S events. Between these transcripts, at least two are only
expressed in �ax seeds during their development, and they are not expressed in other parts of the plant
(Fig. 4, Fig. S5). Therefore, it is important to identify the transcripts that exhibit tissue-speci�c expression.

Differential gene enrichment analysis and functional annotation

DESeq was used to screen for mRNA DEGs in Shuangya 4 and NEW �ax cultivars, which were
subsequently subjected to functional annotation and screening (selection criteria: fold change > 2, FDR <
0.01). The DEGs are shown in Table S4 A. The mRNA expression levels of Shuangya 4 and NEW cultivars
varied signi�cantly during their development in the post-�owering stage. A total of 1643 DEGs were
identi�ed, of which 678 were upregulated while 965 were downregulated. We observed 965 DEGs 10 days
after �owering (the highest number of DEGs, by far), with 432 being upregulated and 533 being
downregulated; 404 DEGs were observed 30 days after �owering, and a mere 274 DEGs were observed 20
days after �owering. Functional annotation was performed on the 41 DEGs with |fold change| > 3 that
were detected in two or more developmental stages. Seven, one, and one DEGs were annotated as UDP-
glycosyltransferase, laccase, and cytochrome P450, respectively. In addition, �ve DEGs were annotated in
all three developmental periods (Table S5). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis was then performed on the mRNA DEGs. The functions of the ‘10 days after �owering’
(henceforth denoted the ‘10-day’ stage) DEGs in both cultivars were mainly related to plant-pathogen
interactions, peroxisome, protein processing in the endoplasmic reticulum, spliceosomes, and ribosomes
(Fig. S6 A). The functions of the ‘20 days after �owering’ (20-day stage) DEGs were mainly related to
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phenylpropanoid metabolism, spliceosomes, plant hormone signal transduction, ribosomes, and starch
and sucrose metabolism (Fig. S6 B). The functions of the ‘30 days after �owering’ (30-day stage) DEGs
pertained to phenylpropanoid metabolism, starch and sucrose metabolism, photosynthesis-antenna
proteins, DNA replication, and photosynthesis (Fig. S6 C). In particular, the raw materials required in all
stages of plant growth and development are supplied by starch and sucrose metabolism [30], whereas
spliceosomes and ribosomes are large and complex molecular machines that are indispensable for
eukaryotic gene expression. We also identi�ed DEGs that participate in photosynthetic antenna proteins
and photosynthesis-related pathways, which hints that these DEGs may play a role in the formation and
accumulation of �axseed nutrients. More importantly, it was shown that many DEGs participate in
phenylpropanoid metabolism, and these DEGs generally result in signi�cant phenylpropanoid enrichment
at the 20-day and 30-day stages. Hence, the phenylpropanoid metabolism pathway could produce large
amounts of secondary metabolites [31,32]. Gene ontology (GO) annotation and clustering were also
performed on the DEGs to reveal their functions. topGO directed acyclic graphs were plotted. Upon further
analysis, it was discovered that the DEG functions of the Shuangya 4 and NEW cultivars exhibit
signi�cant enrichment in the (+)-pinoresinol catabolic process, (-)-lariciresinol biosynthetic process, (+)-
lariciresinol biosynthetic process, protein-chromophore linkage, peptidyl-histidine phosphorylation, amine
transport, and cellular responses to cold (Fig. S6 D-F). In addition to the pathways and processes
necessary for plant growth, it was revealed by KEGG pathway analysis and GO annotation that many of
the DEGs participate in the phenylpropanoid metabolism pathway in the KEGG pathway, as well as the
(+)-pinoresinol catabolic process, (-)-lariciresinol biosynthetic process, and (+)-lariciresinol biosynthetic
process in the GO annotations (Fig. S7). Phenylpropanoid metabolism is a part of the lignin metabolic
pathway in plants [33], whereas the (+)-pinoresinol catabolic process, (-)-lariciresinol biosynthetic process,
and (+)-lariciresinol biosynthetic process are necessary steps for lignan biosynthesis in �ax plants [34].
Therefore, we concluded that these DEGs play an important role in the lignin and lignan metabolism of
�ax plants.

3.5 The differentially expressed genes of lignin and lignin metabolism were veri�ed by qRT-PCR

The seven differential genes screened in this study were all annotated as UDP -glycosyltransferase one.
So far, 98 families (CAZy database) of glycosyltransferase have been divided according to amino acid
sequence similarity, among which secondary metabolites capable of glycosylation generally belong to
UDP-glycosyltransferase family one [35]. Therefore, it is highly likely that these seven differential genes
have glycosylation effects on the secondary metabolite of lignan or lignin. The expression quantity of
these seven UGTs at different stages of �axseed and stem development in different �ax varieties were
tested by qRT-PCR (Fig. 5, Table S6). We found that except for lus10025514 and lus10016461, the
expression levels of the other �ve UGTs in Shuangya 4 were signi�cantly higher than that in NEW at
different stages of �ax seed and stem development. Since the functional annotation of these
differentially expressed genes was related to the metabolism of lignan and lignin, and the expression
level of these genes in the two varieties had certain rules. So, it is speculated that these 5 UGTs were most
likely closely related to lignan and lignin metabolism. In addition, it was found that the expression
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patterns of 7 UGTs in each stage of �ax seed development were basically consistent with transcriptome
sequencing results (Table S5), which proved the reliability of this study.

Correlation between lignin and lignan content at each stage of development

Although it has been demonstrated that lignin and lignan are both produced by the same metabolic
pathway [26], a relationship between lignin and lignan has yet to be reported in the literature. Therefore,
revelations about the relationship between lignin and lignan will be of signi�cant importance for the
cultivation of high-quality �ax cultivars with high lignan and low lignin content. A correlation analysis
was performed between the seed lignan content and tissue lignin content of �ax plants in various stages
in growth (Table 3). At 0 days after �owering, the lignan content of �ax seeds was extremely signi�cantly
negatively correlated with lignin content in the roots, lower stem, and upper stem, and signi�cantly
negatively correlated with lignin content in the leaves. At 5-30 days after �owering, the lignan content of
�ax seeds was negatively correlated with the lignin content of the roots, but this was not signi�cant.
Signi�cant and extremely signi�cant negative correlations were observed between seed lignan content
and the lignin content of the lower stem and upper stem, respectively. A positive correlation was observed
between seed lignan content and leaf lignin content, albeit at a non-signi�cant level (Table 3). Therefore,
the accumulation of seed lignan and stem lignin in the post-�owering period may have competed for the
same substrate, which resulted in a negative correlation between seed lignan content and stem lignin
content in �ax plants.

SEM observations of the stem in various stages of �ax plant growth

SEM observations were performed on the stem cross-sections of two �ax cultivars with signi�cant
differences in lignan content, Shuangya 4 (Fig. 6 A-C) and NEW (Fig. 6 D-E), in various stages of growth.
This was performed to provide further evidence supporting the relationship between lignan and lignin. 10
days after �owering, the bast �ber bundles of the high-lignan cultivar (Shuangya 4, Fig. 6A) and low-
lignan cultivar (NEW, Fig. 6D) did not differ signi�cantly in appearance, as they were still in their initial
stages of formation. At 20 days after �owering, the bast �ber bundles of the high-lignan Shuangya 4
cultivar (Fig. 6B) and low-lignan NEW cultivar (Fig. 6E) began to thicken and form hollow �bers. However,
we observed that the ligni�cation of the NEW cultivar’s �ber bundle was signi�cantly greater than that of
the Shuangya 4 cultivar, indicating that the NEW cultivar has accumulated more lignin in the stem than
the Shuangya 4 cultivar. At 30 days after �owering, the ligni�cation of the NEW cultivar had increased
further (Fig. 6F), whereas the �ber bundle of the Shuangya 4 cultivar displayed a lower degree of
ligni�cation. The SEM observations are consistent our correlation analyses (Table 3), thus providing
further evidence that a negative correlation exists between the lignan and lignin content of a �ax plant.

Discussion
Flax is an important economic crop, and the �ndings that have been published about �ax genome
sequencing have helped to promote basic research about �ax plants [36]. However, the reported �ax
genome still lacks high-quality transcript annotations, which hinders in-depth functional genomics
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studies on �ax plants. In this present study, Iso-Seq sequencing technology was used to produce
20.34 Gb of clean data from eight cells, and a total of 113471 consensus transcript sequences were
obtained. After corrections were performed using non-full-length sequences, we obtained 95403 high-
quality full-length transcripts, as well as 18068 low-quality full-length transcripts. Error correction was
then performed on the 18,068 low-quality sequences using data derived from a second-generation
sequencing technique. The gene annotations, isoform transcripts, and UTRs of the �ax genome were
updated using these data. In addition, lncRNAs were also identi�ed in our study. The merging of these
data with second-generation sequencing datasets will help to promote functional genomics research on
�ax plants.

The analysis of alternative splicing events performed in our study will accelerate the development of
functional genomics research with respect to �ax plants in the future. Owing to the lack of an accurately
annotated �ax transcriptome data, functional differences between transcripts of the same gene have not
been noted in previous �ax plant studies. In eukaryotic lifeforms, alternative splicing often leads to the
generation of different transcripts. Based on Iso-Seq data, we have identi�ed 16391 alternative splicing
events in 9236 genes, with IR events accounting for the vast majority of these events. This result is
consistent with the �ndings of previous studies in other plants [37–40]. By analyzing the transcripts of
various tissues, we have found that alternative splicing may have resulted in the same gene with different
functions across different tissues. These results generally indicate that alternative splicing events have
greatly increased the complexity of the �ax transcriptome, and they also remind us that transcript-level
approaches are necessary in gene studies.

The processing and utilization of plant materials are mainly limited by the presence of lignin. Excessively
high levels of lignin content in plant �bers will result in hard and brittle �bers, which are di�cult to weave
into textiles. In addition, due to the immense di�culty of lignin removal, plant materials with high lignin
content will result in high degumming costs and industrial pollutant discharges [41]. Therefore, the lignin
content of a �ax plant will directly affect the quality of its �bers and thus, its economic value. Flax seeds
also contain lignan, which is a functional component [11]; the development and utilization of this
functional component will greatly increase the added value of �ax products. However, studies on �ax
plants have generally focused either on lignan or lignin, and there have been no reports about the
relationship between these compounds. Huis et al. (2012) utilized a multi-omics approach that combined
metabolomics and transcriptomics to study ligni�cation in the woody part of �ax stems and extraxylary
bast �bers [26]. In their study, they brie�y mentioned that coniferyl alcohol, a metabolic intermediate,
could ultimately be converted into lignin and lignan. However, there was no mention of the derivative
relations between lignin and lignan. By measuring the seed lignan content and stem lignin content of �ax
plants in various stages of the post-�owering period, we discovered that lignan and lignin content is
negatively correlated with each other. Based on SEM observations on the bast �bers of a pair of �ax
cultivars with signi�cant differences in lignan content, in different periods of growth, we discovered that
lignin accumulation was signi�cantly lower in the high-lignan cultivar (which has thin bast �ber walls)
than in the low-lignin cultivar (which has thick bast �ber walls), during the middle and later periods of �ax
growth. This �nding supports the hypothesis that the lignan and lignin content of a �ax plant is
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negatively correlated with each other. In the transcriptome data of �axseeds that were collected from
these �ax cultivars at different stages of growth, signi�cant DEG enrichment was observed in the KEGG
phenylpropanoid metabolism pathway. The derivatives of phenylpropanoid are p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol, which serve as substrates for the biosynthesis of G-lignin, H-lignin,
and S-lignin production, respectively [42]. In particular, coniferyl alcohol also serves as the substrate for
lignan production. As the DEGs are signi�cantly enriched in the phenylpropanoid metabolism pathway, it
is implied that these DEGs are closely related to lignin and lignan metabolism. In the GO annotations, the
DEGs are mainly enriched in the (+)-pinoresinol catabolic process, (-)-lariciresinol biosynthetic process,
and (+)-lariciresinol biosynthetic process, which are necessary processes for lignan biosynthesis [19].
These results imply that the genes related to lignin and lignan metabolism are strongly coupled to each
other. Functional annotation analysis was performed on the DEGs that were signi�cantly enriched in the
phenylpropanoid metabolism pathway (|fold change| > 3) and detected in a minimum of two stages of
growth; a total of 41 DEGs were selected, and seven of these were annotated as UDP-glycosyltransferase
1. At present, glycosyltransferases have been divided into 98 families (CAZy database) based on
similarity of their amino acid sequences. In particular, the glycosyltransferases that are able to
glycosylate secondary metabolites belong to family 1 (i.e., UDP-glycosyltransferase 1) [35]. It is
noteworthy that all seven of the DEGs that were selected in our study is work have been annotated as a
part of the UDP-glycosyltransferase 1 family, implying that these DEGs play a role in the glycosylation of
secondary metabolites like lignan or lignin. Lin et al. 2016 created a ugt72b1 mutant in Arabidopsis
thaliana, which resulted in severe ectopic ligni�cation and the enhancement of cell wall ligni�cation;
lignin content analyses on this mutant also revealed signi�cantly higher levels of lignin than the wildtype.
In addition, Lin et al. 2016 also measured the p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
(i.e., lignin precursor) content of the mutant [43]. It was determined that the coniferyl alcohol content of
the mutant greatly exceeds that of the wildtype and even surpasses that of the overexpression line; this
observation greatly puzzled the authors. Our research has resolved this puzzle, as we have found that
lignan and lignin compete for the same substrate-coniferyl alcohol. Furthermore, UGTs are regulatory hub
genes in lignan and lignin metabolism. Therefore, we speculate that the function of the UGTs was
disrupted in the mutant strain, which blocked or weakened the pathway that converts coniferyl alcohol
into lignan, thus resulting in large amounts of coniferyl alcohol being accumulated within the mutant. Our
hypothesis also �nds support from the results of previous studies, albeit from a different viewpoint. A
preliminary study by Ghose et al. (2014) discovered that the UGT74S1 gene plays a role in the
glycosylation of SECO into lignan, thus indicating that UGTs could play a signi�cant role in �ax lignan
biosynthesis [20]. Fofana et al. (2017a) performed EMS mutagenesis on CDC Bethune �ax and obtained
1996 M2 mutants; between these mutants, 93 strains exhibited mutations in the exonic region of
UGTS74S1, which inhibited lignan synthesis in their M3 and M4 descendants [21].

Conclusion
In our study, full-length transcriptome analysis of �ax was performed for the �rst time in this study, which
has helped to �ll gaps in the �ax reference genome. We discovered that alternative splicing events have
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increased the complexity of the �ax transcriptome. A concerted analysis based on second-generation
sequencing revealed that DEGs are mainly enriched in the phenylpropanoid metabolism pathway, which
is the pathway that produces lignan and lignin. Based on the measurement of stem lignin content and
�axseed lignan content in different stages of plant growth, as well as SEM observations on �ax cultivars
with signi�cant differences in lignan content, we found that the lignan content of a �ax plant is
negatively correlated with its lignin content. Many of the DEGs were functionally annotated as UGTs;
based on the results of previous studies, we speculate that UGTs are regulatory node genes for lignan and
lignin metabolism.

Methods
Plant materials

Flax plants of Shuangya 4 and NEW were sown at the Harbin Experimental Base of Heilongjiang
Academy of Agricultural Sciences (45°65′N, 126°68′E), Harbin, China, in April of 2018. The average
annual rainfall from seeding to harvest was 350.2 mm and the average annual temperature was 4.26°C.
Each cultivar was planted in 10-m lines, with a 20-cm inter-line gap, and each test had ten rows and the
area was 20 m2, with three replicates. The �eld management was the same as the local �eld
management.

PacBio sequencing

Root, stem, leaf, �ower petal, anther, and stigma samples were acquired from the Shuangya 4 �ax cultivar
when it began to �ower. RNA from each sample was extracted and equally mixed, and the SMARTerTM

PCR cDNA Synthesis Kit was used to synthesize full-length cDNA from the mRNA. The BluePippin size-
selection system was used to select full-length cDNA fragments, which were used to construct cDNA
libraries of varying size. The selected full-length cDNAs were PCR ampli�ed, and end repair was
performed on the full-length cDNAs, followed by the ligation of PacBio Single Molecule, Real-Time
(SMRT) bell adaptors and exonuclease digestion. Secondary screening was performed using the
BluePippin system to construct the sequencing libraries, which were quanti�ed using a Qubit 2.0
�uorimeter. An Agilent 2100 Bioanalyzer was used to inspect the size of the sequencing libraries.
Sequencing was performed only after the sizes of the sequencing libraries matched the expected sizes.
Sequencing was performed on a Paci�c Bioscience (PacBio) RS II sequencer, with a movie time of 240
minutes.

Raw SMRT sequences were deposited in the National Center for Biotechnology Information (NCBI) and
can be accessed in the database (https://www.ncbi.nlm.nih.gov/) under accession PRJNA478803.

Illumina RNA-seq sequencing

The �ax seeds of Shuangya 4 and NEW �ax cultivars were obtained 10, 20, and 30 days after �owering,
with three biological replicates for each sample. RNA extraction was conducted on a total of 18 samples.
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Second-generation transcriptome sequencing was performed using an Illumina HiSeq sequencing
system. Detailed process of transcriptome analysis as described in our team previous research [44]. Raw
Illumina sequences were deposited in the National Center for Biotechnology Information (NCBI) and can
be accessed in the database (https://www.ncbi.nlm.nih.gov/) under accession PRJNA476039.

Identi�cation of long non-coding RNA (lncRNA)

The full-length transcriptome was compared to the genetic model of �ax, so as to enable the
identi�cation of new transcripts. The transcripts that could not be matched to the genetic model were
deemed as new transcripts. lncRNAs were then identi�ed in these new transcripts. As they do not code for
proteins, lncRNAs can be identi�ed by screening the transcripts for coding potential. lncRNA prediction
was performed on the newly discovered transcripts using the most widely used methods for coding
potential analysis, including the Coding Potential Calculator (CPC) [45], Coding-Non-Coding-Index (CNCI)
[46], Coding Potential Assessment Tool (CPAT) [47], and the Pfam protein family’s database. The
transcripts that were identi�ed as lncRNA by all four methods were treated as high-con�dence lncRNA
transcripts.

Alternative polyadenylation site analysis

The TAPIS pipeline [48] was used to identify the alternative polyadenylation sites of the full-length
transcripts. In nucleotide sequences that contain eight adenylates and a maximum of two non-
adenosines in the 3’ end, each starting base was identi�ed as an alternative polyadenylation site. The
alternative polyadenylation sites of the genome were then extracted by comparing the transcripts to the
reference genome.

Quantitative real-time PCR

Fresh seed and stem (5 cm long, 5 cm-10 cm above the cotyledon nodes) samples at three different
developmental stages of 10, 20 and 30 day after �owering were collected. The samples were put into
liquid nitrogen immediately and stored at -80 °C until RNA isolation. The method of quantitative real-time
PCR (qRT-PCR) was described by our previous report [49]. All the qRT-PCR experiments were performed for
three biological replicates, and each with three technical repeats under the same conditions.

Determination of lignan content

The seeds of Shuangya 4 and NEW �ax cultivars were obtained 0, 5, 10, 20 and 30 days after �owering,
with three biological replicates prepared for each sample. Fixation was performed at 105°C for 30
minutes, and the samples were then baked at 80°C until they reached a constant weight. The dried and
�xed samples were then grounded into a powder and passed through a #100 mesh. The resulting powder
was stored in a desiccator until further use.

In this study, the High-Performance Liquid Chromatography (HPLC) procedure of Charlet et al. (2002)
(with minor modi�cations) was used to quantify the lignan content of the �ax seeds [50]. HPLC was
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performed using an Agilent 1260 HPLC and a diode array detector (DAD). The mobile phases were
methanol (A) and ultrapure water (B). The chromatography column was an Agilent C18 (4.6 mm × 250
mm × 5 μm), and the temperature of the column was 35°C. The detection wavelength was 290 nm, and
20 μL of sample was injected into the column.

Determination of lignin content

The lignin content of the experimental materials was determined using the NYT 2337-2013 Agricultural
Industry Standard of the People’s Republic of China (Testing Retted Jute/Retted Kenaf Fibre Lignin with
Sulfuric Acid Method), with minor modi�cations. The root, lower stem (5 cm long, 5 cm-10 cm above the
cotyledon nodes), upper stem (5 cm long, 5 cm-10 cm below the �rst branch), and leaves of Shuangya 4
and NEW �ax cultivars were obtained 0, 5, 15, 20, and 30 days after �owering. Three biological replicates
were prepared for each sample.

Preparation for scanning electron microscopy

The lower stem (5 cm segment, 5 cm - 10 cm above the cotyledon node) of Shuangya 4 and NEW �ax
plants were collected 0, 5, 10, 20, and 30 days after �owering, as samples for SEM. The �ax stem
samples were �xed in 2.5% glutaraldehyde at 4°C, washed with PBS buffer three times (10 minutes for
each wash), and then �xed in 1% osmium tetroxide for 2 hours, followed by another round of PBS buffer
washes (3 washes, 10 minutes for each wash). The samples were dehydrated using a series of ethanol
concentrations in distilled water (30%, 50%, 70%, 90%, and 100% ethanol, for 10 minutes each); then the
samples were dehydrated twice in 100% ethanol. Critical point drying was then performed on the
samples, which were then sputtered in gold. An Eiko (Japan) IB-3 ion coater was used to coat the
samples in gold, and SEM was performed using a JEOL (Japan) JSM-6390LV scanning electron
microscope.
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Tables
Table 1 Classification of high-quality reads of insert

Category 1-2 kb 2-3 kb 3-6 kb Total
Value Ratio Value Ratio Value Ratio

No. of reads of insert 213559 100% 211111 100% 125570 100% 550240
No. of five primer transcripts 127897 59.89% 114263 54.12% 70127 55.84% 312287
No. of three primer transcripts 141481 66.25% 126590 59.96% 75398 60.04% 343469
No. of poly(A) transcripts 135010 63.22% 122846 58.19% 74496 59.33% 332353
No. of filtered short transcripts 26552 12.43% 19697 9.33% 5443 4.33% 51692
No. of nonfull-length transcripts 79816 37.37% 97921 46.38% 61863 49.26% 239600
No. of full-length transcripts 107191 50.19% 93493 44.28% 58264 46.40% 258948
No. of chimeric transcripts 106609 49.92% 93286 44.19% 58187 46.34% 258082
Average length of full-length transcripts 1301 — 2285 — 3359 —  

Table 2 Alternative splicing (AS) event statistics

AS event Number Percent Gene Percent
Mutually exclusive exon 111 0.68% 96 0.39%

Intron retention 10741 65.53% 5010 20.40%
Exon skipping 1035 6.31% 823 3.35%

Alternative 5’ splice site 1397 8.52% 1082 4.40%
Alternative 3’ splice site 3107 18.96% 2225 9.06%

 

Table 3. Correlation analysis between seed lignan content and tissue lignin content of flax plants in various stages of growth

Note: n = 10, *P < 0.05 indicates a significant correlation, **P < 0.01 indicates an extremely significant correlation.

Figures



Page 20/24

Figure 1

Characterization of �ax (Linum usitatissimum L.) transcriptome using Iso-Seq. A: Classi�cation of high-
quality reads. B: Summary of full-length isoform mapping in 1-2 kb, 2-3 kb, and 3-6 kb libraries. This
includes multiple mapping, unique mapping, and unmapped isoforms. C: Box-plots show distribution
patterns of transcript length in reference annotation and PacBio Iso-Seq data (p < 0.001).
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Figure 2

Distribution of the number of poly(A) sites per gene.

Figure 3
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Classi�cation of AS events and distribution of the number of isoforms per gene. A: Classi�cation of AS
events. images display the AS events: exon skipping (ES), alternative 3’ splice site (A3’S), mutually
exclusive exon (ME), alternative 5’ splice site (A5’S), and intron retention (IR). B: Distribution of the
number of isoforms per gene. The average number of isoforms for all genes in reference annotation and
PacBio data are shown in blue and red.

Figure 4

RT-PCR validation of AS events for four genes. Gel bands in each �gure show DNA markers and PCR
results in seven samples (DPA, days post-anthesis). Transcript structure of each isoform is shown in the
right panel. Yellow boxes indicate exons and lines with arrows indicate introns. PCR primers (F, forward
and R, reverse) are shown on the �rst isoform of each gene. The length of each full-length isoform is
shown after the transcript structure. (Note In order to facilitate understanding, we had cut the gel picture
accordingly. Please refer to the original picture in the Fig. S5)
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Figure 5

The expression patterns of UGTs between Shuangya 4 and NEW in each stage of �axseed and stem
development. The total RNA of the �ax plants was obtained from 0-30 days after �owering, to facilitate
an analysis of the expression patterns of each UGT gene in each stage of �axseed and stem
development. The quantitative PCR data are the mean of three biological replicates, whereas the bars
represent the standard deviations.
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Figure 6

SEM observations on the accumulation of lignin in the stem �bers of �ax plants, in various stages of
growth. (A-C) Stem cross-sections of the Shuangya 4 cultivar illustrate the gradual development of �ber
bundles in various stages of growth, A = 10 days after �owering, B = 20 days after �owering, C = 30 days
after �owering; (D-F) stem cross-sections of the NEW cultivar illustrate the gradual development of �ber
bundles in various stages of growth, D = 10 days after �owering, E = 20 days after �owering, F = 30 days
after �owering. The SEM images are 100× magni�ed with a scale of 50 μm.
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