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Abstract

Background Cinnamoyl-CoA reductase (CCR) is the first important and committed enzyme in the monolignol
synthesis branch of the lignin biosynthesis (LB) pathway, catalyzing the conversion of cinnamoyl-CoAs to
cinnamaldehydes and is crucial for the growth of Linum usitatissimum (flax), an important fiber crop. However, little
information is available about CCR in flax (Linum usitatissimum L.).

Results In this study, we conducted a genome-wide analysis of the CCR gene family and identified a total of 22 CCR
genes. The 22 CCR genes were distributed across 9 chromosomes, designated LuCCRT-LuCCR22. Multiple sequence
alignment and conserved motif analyses revealed that LuCCR7/13/15/20 harbor completely conserved NADP-specific,
NAD(P)-binding, and CCR signature motifs. Furthermore, each of these LuCCRs is encoded by 5 exons separated by

4 introns, a characteristic feature of functional CCRs. Phylogenetic analysis grouped LUuCCRs into two clades, with
LuCCR7/13/15/20 clustering with functional CCRs involved in LB in dicotyledonous plants. RNA-seq analysis indicated
that LuCCR13/20 genes are highly expressed throughout all flax developmental stages, particularly in lignified tissues
such as roots and stems, with increased expression during stem maturation. These findings suggest that LuCCR13/20
play crucial roles in the biosynthesis process of flax lignin. Additionally, LuCCR2/5/10/18 were upregulated under
various types of abiotic stress, highlighting their potential roles in flax defense-related processes.

Conclusions This study systematically analyzes the CCR gene family (CCRGF) of flax (Linum usitatissimum L.) at

the genomic level for the first time, so as to select the whole members of the CCRGF of flax and to ascertain their
potential roles in lignin synthesis. Therefore, in future work, we can target genetic modification of LuCCR13/20 to
optimize the content of flax lignin. As such, this research establishes a theoretical foundation for studying LuCCR gene
functions and offers a new perspective for cultivating low-lignin flax varieties.
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Background

Flax (Linum usitatissimum L.) stands as a cornerstone
cash crop valued for its multifaceted utility in linseed oil
and flax fiber production. Fiber flax, a major morphot-
ype of cultivated flax, represents the oldest domesticated
crop and serves as a prime source of fiber for human con-
sumption [1]. Renowned for their robust tensile strength
and supple fine texture, flax fibers, derived from phloem,
are ideal raw materials for the industrial production of
premium-grade textiles [2, 3]. In recent years, the inte-
gration of flax fibers into composite materials has fur-
ther expanded its applications across various industries,
including automotive, aerospace and packaging [2, 4].
The flax industry in China is an important part of inter-
national trade. Currently, China is a major exporter of
flax products worldwide, yet the flax fiber used in pro-
duction is primarily imported. If we aim to enhance the
economic benefits of Chinese flax fiber, it is imperative
to develop our own raw material industry. Consequently,
cultivating new varieties with high fiber yield and supe-
rior quality becomes urgent.

The chemical composition of flax fiber is mainly cellu-
lose, followed by hemicellulose and lignin. Lignin, a com-
plex organic polymer, constitutes a crucial component
of plant secondary cell walls with a role in orchestrat-
ing numerous vitally important physiological processes
related to plant defense, mechanical support and water
transport [5, 6]. Lignin plays significant biological roles;
however, it adversely affects the utilization of flax fibers.
On the one hand, lignin is the most difficult component
to remove in the degumming process of flax. The high
lignin content impedes the flax degumming process and
contributes to increased waste pollution during fiber pro-
cessing [7-9]. On the other hand, the high lignin content
leading to substantial variability in fiber structure and a
coarser texture, impairing textile performance. Notably,
raw flax lignin content significantly influences fiber qual-
ity, necessitating strategic lignin content modification to
advance the flax industry.

Given lignan’s pivotal role in plant growth and indus-
trial applications, extensive studies have been con-
ducted to elucidate lignin biosynthetic pathways. In
flax, this pathway comprises two major branches: the
monolignol-specific pathway, which converts hydroxy-
cinnamoyl-CoAs into monolignols, and the phenyl-
propanoid pathway, which converts phenylalanine into
hydroxycinnamoyl-CoAs  [10-12].  Cinnamoyl-CoA
reductase (CCR) is an enzyme which belongs to the
SDR (short-chain dehydrogenase/reductase) superfam-
ily and catalyzes the first step in the monolignol-specific
pathway [13, 14]. Importantly, this pathway converts
in total of five hydroxycinnamoyl-CoAs (5-hydroxy-
feruloyl-CoA, caffeoyl-CoA, feruloyl-CoA, p-coumar-
oyl-CoA and sinapoyl-CoA) into their corresponding
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cinnamaldehydes, which serve as precursors for lignin
production [15-18]. Thus, CCR potentially regulates the
carbon flux of the lignin synthesis pathway, making it an
attractive target for interventions aimed at altering lignin
levels [19].

Cinnamoyl-CoA reductase has been identified in many
plants, with the number of family members varying,
including Arabidopsis thaliana with 11 genes [20], Popu-
lus tomentosa with 11 genes [21], Oryza sativa with 33
genes [22], Medicago sativa with 30 genes [23], and Euca-
lyptus grandis with 10 genes [24]. Research on the func-
tions of CCR genes has been conducted indiverse species,
such as A. thaliana [25] and O. sativa [26], among oth-
ers [27-30]. Intriguingly, downregulation of AtCCRI
expression in A. thaliana reduced lignin content by up
to 50% [25], while reintroduction of functional CCRI
into AtCCRI mutants effectively prevented vascular col-
lapse and increased total stem biomass by 59% compared
to wild type (WT) [31]. Additionally, overexpression of
BnCCR1 and BnCCR?2 in Brassica napus were shown to
increase lignin content both in stems and in roots [32].
Furthermore, transgenic O. sativa (rice) plants overex-
pressing OsCCRIO exhibited high root lignin content,
whereas the OsCCRI0 knock-out mutants mediated by
CRISPR/Cas9 showed reduced lignin accumulation in
root [26]. All of the above discoveries imply that regulat-
ing CCR gene expression may effectively alter lignin con-
tent in plants. However, there is little information on the
identification and functional characterization of CCRs
in flax. Therefore, it is necessary to conduct in-depth
identification and analysis of the flax CCR gene family,
to elucidate the structure-function relationships of these
proteins.

The first flax genome was assembled in 2012, with dif-
ferent versions being published subsequently [33, 1-2, 4].
Thanks to the publication of the flax genome, numerous
genes associated with key agronomic traits have been
identified and utilized, significantly accelerating the pro-
cess of flax molecular breeding [34, 35]. Genome-wide
identification enable systematic characterization of key
enzymes and their corresponding family members [36].
This study, which utilized flax genomic data, identified
all members of the CCR gene family and further analyzed
their gene structure, evolutionary relationships, and
expression patterns, determining the key CCRs involved
in the lignin synthesis process of flax. Genome-wide
analysis offers valuable insights for selecting target genes
for subsequent functional validation of CCR. A high lig-
nin content increases the production cost of flax fiber
raw materials. Targeted genetic modification of the CCR
gene can reduce the lignin content, thereby lowering pro-
duction costs.

This study systematically analyzes the CCR gene family
(CCRGF) of flax (Linum usitatissimum) at the genomic
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level for the first time, to ascertain their potential roles in
lignin synthesis. As such, this research establishes a theo-
retical foundation for studying LuCCR gene functions
and offers a new perspective for cultivating low-lignin
flax varieties.

Results

Genome-wide identification and chromosomal localization
of LuCCRs

Totally, 22 CCR genes were identified in L. usitatis-
simum through conserved domain confirmation and
homology analyses focusing on the signature motif
(KNWYCYGK). The sequence information of LuCCRs is
shown in Supplementary Table 1. These genes were des-
ignated LuCCRI through LuCCR22 based on their chro-
mosomal locations, with detailed information provided
in Table 1. Notably, LuCCR amino acid sequence lengths
ranged from 275 to 593 aa, with the majority of LuCCRs
(except for LuCCR3/9/13) exhibiting sequence lengths
of approximately 300 aa, as consistent with known func-
tional CCRs [37].

The investigated molecular weights (MWs) of the 22
LuCCRs (29.92 kDa to 64.82 kDa), while their predicted
isoelectric points (pI) (except for LuCCR3 and LuCCR12)
were below 7, indicating they are acidic proteins. Subcel-
lular localization predictions revealed that most LuCCRs
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were located within chloroplasts, followed by cytoplas-
mic locations.

Of the 22 LuCCRs, 20 were distributed across 9 chro-
mosomes (Fig. 1). Chromosome 7 harbored the most
LuCCR genes (5), followed by chromosome 1 (4) and
chromosome 12 (3). The remaining chromosomes each
contained 1-2 LuCCR genes. However, LuCCR21/22
were located on unassembled chromosomal scaffolds,
preventing their precise chromosomal localization.

Sequence homology and phylogenetic analyses of LuCCRs
Homology analysis of LuCCR proteins, conducted
using blastp, revealed homologies between LuCCRs
1-22 and functional CCRs of other plants ranging
from 35 to 84% (Supplementary Table 2). Among them,
LuCCR7/13/15/20 exhibited the highest homologies to
known functional CCRs (56-84%). To further study the
sequences of LuCCRs, multiple sequence analysis of
CCR sequences of A. thaliana, P. tomentosa, S. bicolor
and L. leucocephala alongside LuCCRs was conducted
using DNAMAN software. Sequence alignment results
showed that all predicted LuCCRs contained the char-
acteristic primary formations of CCRs, including the
representative NAD(P)-binding (NAD(P)-B) Rossmann
fold and the conserved Ser-Tyr-Lys (SYK) catalytic triad
(Fig. 2) [21, 38]. Moreover, both LuCCRs and CCRs in

Table 1 Basic information and subcellular localization of LuCCRs gene

Gene name Gene ID Length(aa) Mmv pl Aliphatic index subcellular localization
(kDa)
LuCCR1 L.us.o.m.scaffold6.568 321 35.70 573 88.32 Cytoplasmic
LuCCR2 L.us.o.m.scaffold287.5 341 3752 584 84.90 Cytoplasmic
LuCCR3 L.us.o.m.scaffold73.166 513 56.10 7.85 82.03 Chloroplast
LuCCR4 L.us.o.m.scaffold73.165 275 29.92 6.75 93.96 Chloroplast
LuCCR5 L.us.o.m.scaffold22.313 335 37.37 6.3 86.09 Chloroplast
LuCCR6 L.us.0o.m.scaffold96.220 332 36.23 526 89.31 Chloroplast
LuCCR7 L.us.o.m.scaffold2.334 342 38.13 6.36 91.70 Chloroplast
LuCCR8 L.us.o.m.scaffold251.35 324 35.95 6.02 90.80 Cytoplasmic
LuCCR9 L.us.o.m.scaffold251.37 593 64.82 538 96.00 Nuclear
LuCCRI10 L.us.o.m.scaffold256.56 314 34.25 537 96.53 Extracellular
LuCCR11 L.us.o.m.scaffold100.124 320 3471 6.18 100.81 Chloroplast
LuCCR12 L.us.o.m.scaffold23.319 330 36.26 8.07 9542 Cytoplasmic
LuCCRI13 L.us.o.m.scaffold65.106 436 47.66 6.20 90.55 Chloroplast
LuCCR14 L.us.o.m.scaffold65.259 325 35.85 6.13 93.26 Cytoplasmic
LuCCRI15 L.us.o.m.scaffold95.70 295 32.77 6.21 9244 Chloroplast
LuCCR16 L.us.o.m.scaffold96.89 323 35.69 5.88 94.77 Extracellular
LuCCR17 L.us.om.scaffold139.19 332 36.29 557 89.01 Chloroplast
LuCCRI18 L.us.o.m.scaffold3.479 325 3524 6.61 91.17 Chloroplast
LuCCR19 L.us.o.m.scaffold71.59 287 31.96 5.59 93.69 Chloroplast
LuCCR20 L.us.o.m.scaffold63.31 344 37.70 582 84.16 Cytoplasmic
LuCCR21 L.us.o.m.scaffold251.85 324 3571 549 8843 Cytoplasmic
LuCCR22 L.us.o.m.scaffold251.87 324 35.86 6.20 88.40 Cytoplasmic

Length (aa) represents the number of amino acids in the protein encoded by the LuCCRs. MW represents the molecular weight of the LuCCRs protein. pl represents
the isoelectric point of the LUCCRs protein. The aliphatic index refers to the abundance and relative content of nonpolar amino acids (such as alanine, valine,

isoleucine, and leucine) in proteins
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Fig. 1 Chromosomal location of CCR gene family in Linum usitatissimum. A chromosome distribution map was drawn based on the physical location of
the LuCCRs gene on the chromosome. Each vertical bar represents a chromosome. The chromosome number is shown on the left side of each chromo-
some.The black line on the chromosome indicates the physical location of the LuCCR gene

other plant species contained conserved NAD(P)-B and
substrate catalysis motifs (Fig. 2), including the CMs
G(X)2G(X)2 A/G and D(X)2D, which are involved in
NAD(P)-B and adenine-binding pocket stability [21, 37].

Interestingly, the NADP specificity motif R(X)5 K,
which is crucial for identifying CCRs from other SDRs
depended on NAD(H) [21], was present in all LuCCRs
except LuCCR6/16/17/19, while the R(X)6 K motif was
present in most LuCCRs. Notably, the possible importan-
ter for CCR activity, CCR signature motif (NWYCYGK),
was found in all LuCCRs in the form Y-X-X-X-K except
for LuCCR7/13/15/20, which contained the complete
NWYCYGK motif.

Analysis of NJ phylogenetic trees of LuCCRs and other
plant CCRs revealed their phylogenetic relationships,
showing that CCRs could be grouped as two clades:
the CCR-like clade (background green) and CCR bona
fide clade (CCRBEC, background yellow) (Fig. 3). The
CCRBFC could be further divided as two subgroups,
a monocot clade and a dicot clade. LuCCR7/13/15/20
clustered with functional dicotyledonous CCRs, such as
CCRs of A. thaliana and P. tomentosa associated with lig-
nin biosynthesis (LB). The CCR-like clade was separated
into three subgroups (Group a, Group b and Group c).
Group a contained 3 LuCCRs (LuCCR6/16/17), 2 AtC-
CRs and 2 PtoCCRs, while Group c contained 3 AtCCRs
(and no LuCCRs) and Group b contained the remaining
LuCCRs.

Gene structure and CM analysis of LuCCRs

Structures at gene level of LuCCRs were elucidated
through the approach shown in Fig. 4. Based on the count
of exons, the 22 LuCCR genes were categorized into four
groups, with similar structures generally observed within

the same group. For example, all members of the second
group, comprised of LuCCR7/13/15/20, contained five
exons. In contrast, genes in the third group contained six
exons, while those in the first group featured 2-3 exons
and those in the fourth group contained 8-10 exons,
highlighting the structural diversity across the four
groups.

The MEME online tool was employed to analyze
LuCCR protein structures, unveiling 10 c¢cm present
across the 22 LuCCRs (Fig. 5). Most of these proteins
contained motifs 1-9, while the CCR signature motif
was present in all 22 LuCCRs. Motif 2, the NAD(P)-bind-
ing motif G(X)2G(X)2 A/G, was identified in all LuC-
CRs except LuCCR12, while Motif 10 was exclusive to
LuCCR7/13/15/16/20.

CISAE analysis in promoters of LuCCRs

To investigate the function and regulatory patterns of the
LuCCR genes, we predicted cis-acting elements (CISAEs)
within a 2000-bp region upstream of the initiation codon
of each flax CCR gene (Fig. 6A). Except for LuCCRI, the
remaining 21 CCR genes possessed CISAEs ranging from
7 to 30 in number, categorized into four types, including
stress-responsive, light-responsive, hormone-responsive
and other related elements (Fig. 6B).

LuCCR promoters were found to be rich in hormone
response elements, such as the abscisic acid (ABA)
response element (ABRE) and the methyl jasmonate
(MeJA) response element (CGTCA-motif, TGACG-
motif). Stress response elements ARE and LTR, which
respond to anaerobic induction and low-temperature
stress, respectively, were also identified. Additionally,
a large number of widely distributed light-responsive
elements were found, including ACE, G-box, Spl and
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Fig. 2 MSA of LuCCRs and other plant CCRs. Details for AtCCR1, AtCCR2, PtoCCR1, PtoCCR7, SbCCR1, and LICCR are listed in Supplementary Table 3. The
NAD(P)-B motif, NAD(P) specificity motif, and the catalytic signature motif of CCRs are marked with red boxes. The green dots indicate G(X)2G(X)2 A/G,
R(X)5 K and D(X)2D motifs, while the red dot indicates the catalytic triad SYK
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Fig. 5 Conserved motifs of LUCCR proteins. A: Motif composition of LUCCR proteins. Different colored boxes indicate different motifs. B: Sequence logos

for the three key conserved motifs in the LUCCR protein. CCR signature motif WYCYGK and NAD(P) binding motif G(X)2G

GT1-motif elements, with the G-box element appearing
most frequently, found in 16 promoters.

In addition to these elements, some promoters con-
tained MYB binding sites, which have been implicated in
drought and light responses. These data suggest poten-
tial roles of LuCCR genes in growth, developmental and
stress responses in flax.

Collinearity analysis of LuCCR gene family members

Gene family expansion typically arises from gene dupli-
cation issues. To investigate the amplification mechanism
of the LuCCR gene family, gene duplication events in L.
usitatissimum were analyzed using MCScanx. Ultimately,
a total of 9 segmental duplicated gene pairs were identi-
fied across 7 chromosomes of the flax genome (Fig. 7A):

LuCCRI1-LuCCRI13, LuCCRI1-LuCCRS, LuCCRI-
LuCCR20, LuCCR2-LuCCR20, LuCCR6-LuCCRI17,
LuCCR7-LuCCRI15, LuCCR8-LuCCRI13, LuCCRI1I-

LuCCR19 and LuCCRI4-LuCCRI9. These findings
underscore the significant role of segmental duplication
in the expansion of the LuCCR gene family.

To delve deeper into the evolutionary correlations of
LuCCR gene family members, we conducted collinear-
ity analysis on the CCR genes of L. usitatissimum and
two representative species, A. thaliana and O. sativa
(Fig. 7B). Seven pairs of colinear genes were isolated
between L. usitatissimum and A. thaliana, while only one
colinear gene pair was found between L. usitatissimum
and O. sativa. These results suggest a closer evolutionary
relationship between flax and dicotyledonous plants than
with monocotyledonous plants.

LuCCR genes expression pattern analysis

We examined the expression patterns of LuCCR genes
across various tissues and developmental stages of flax
using RNA-seq transcriptome data (Fig. 8, Supplementary

(X)2 A/G are marked by solid bars

Table 5). The results revealed that nearly half of the
LuCCR genes, including LuCCR3/4/5/12/19, exhibited
loexpression levels or no expressed at all in different tis-
sues across different developmental stages (Fig. 8). In
contrast, several LuCCRs (LuCCR9/10/13/14/18/20/22)
showed high expression levels in various tissues during
different developmental stages.

Notably, LuCCR9 and LuCCRI10 were expressed in
leaves, stems and roots, with highest expression levels
observed in leaves (Fig. 8A). The expression patterns of
LuCCRI13/14/18/20 were similar across roots, stems and
leaves. However, LuCCR13/20 exhibited significantly
higher expression levels in lignifying organs (such as
roots and stems) compared to LuCCR14/18 (Fig. 8A).

The expression patterns of LuCCR13/20 remained con-
sistent across different developmental stages and across
different parts of stems, indicating robust transcript
accumulation. The expression levels of LuCCR13/20
increased as development progressed, peaking during
the fast-growing stage and gradually decreasing thereaf-
ter (Fig. 8C). LuCCR13/20 exhibited high expression in
mature stems (S10-S20), while expression in young stems
(S1-S3) was low (Fig. 8B). Although LuCCR13/20 expres-
sion was not specific to xylem, these genes were predomi-
nantly expressed in lignin-forming tissues, such as stems,
suggesting they play crucial roles in lignin synthesis.

LuCCR genes expression patterns under hormone and
abiotic stresses

This study further analyzed the response of the LuCCR
genes to different hormones and stressors based on tran-
scriptome data (Fig. 9, Supplementary Table 6). The Pro-
tein levels of LuCCR2/6/8/9/10/13/16/17/20/21 were
upregulated after treatment with exogenous Gibberel-
lin 3 (GA;). Notably, the promoters of a subset of these
genes, LuCCR6/9/10/13/17/20, contained GA response
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Fig. 6 Analysis of cis-acting elements of the LuCCRs promoter. A: Location of different cis-acting elements in the LuCCRs promoter. Different color blocks
represent different cis-acting elements. B: The number of different cis-acting elements in each LuCCRs promoter

elements (Fig. 6B), suggesting their involvement in the
GA signaling pathway. Following auxin treatment, the
expression levels of 12 of 15 LuCCRs were upregulated,
of which the promoters of LuCCR2/9/14/18/20/22 har-
bored auxin response elements (Figs. 6B and 9).
Compared with the control group, upregulated expres-
sion of LuCCR2/10/11/17/21 was observed after NaCl
treatment, with LuCCR2/10/17 showing expression

increases of 119%, 97% and 112%, respectively. Similarly,
upregulated expression of LuCCR2/10/11/17/21 was
observed after NaOH treatment, while following drought
treatment, expression levels of LuCCR2/5/10/15/17/18
were up-regulated by 39-362%. These results collectively
suggest that LuCCR2/5/10/18 might play pivotal roles in
plant abiotic stress tolerance.
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gRT-PCR (Quantitative RT-PCR) analysis of LuCCR genes
expression levels

We conducted qRT-PCR to determine expression levels
of LuCCRI14/18/20 in various parts of flax stems. The
data presented that these three genes were all expressed
in the whole tested tissues, with LuCCR14/18 exhibit-
ing high-level expression in young stems (S1) followed by
slightly lower but stable expression thereafter, as found
in mature stems. LuCCR20 exhibited high-level expres-
sion along the stem that decreased slightly as the stem

matured. In addition to these three CCR genes, three
additional genes were randomly selected and the findings
demonstrated that expression trends of all six genes were
generally consistent with the RNA-seq analysis results,
affirming the reliability of the transcriptome results
(Fig. 10).
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Discussion of enzymes, with CCRs acting as the primary commit-
With the expanding availability of plant genome ted enzymes in the monolignol pathway branch of the
resources, genome-wide identification has become LB pathway. First identified in Eucalyptus gunnii, CCR
crucial for elucidating the biological functions of key genes have garnered increasing attention as potential tar-
enzymes and their family members. LB, initiated with the  gets of interventions aimed at reducing lignin content in
phenylpropanoid pathway, relies on activities of a series  plants [39]. Given the significant impact of lignin content
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on flax quality and degumming process, flax breeding to  LuCCRs contained R(X)6 K instead of R(X)5 K, poten-
reduce lignin content remains a crucial research priority. tially influencing NADPH utilization.

Plant CCR genes, often found in gene families, exhibit CCR and CCR-like genes in plant exhibit variable num-
quantitative diversity across plant species, such as in A.  bers of introns and exons. The LuCCRs identified in this
thaliana [20], P. tomentosa [21], E. grandis [24], Dalber-  study displayed six exon-intron patterns categorized into
gia odorifera [37], M. sativa [23] and O. sativa [22]. This  four classes. Of note, most functional CCRs involved in
research selected 22 CCR genes, a number similar to that  lignification, such as EuCCR [39], AtCCR1 [40], LICCR
identified in D. odorifera. The proteins encoded by these  [28] and ZmCCRI [43], harbor 5 exons and 4 introns,
LuCCR genes exhibited physicochemical properties akin  the pattern found in LuCCR7/13/15/20. However, unlike
to known functional CCRs [19, 22, 39, 40]. However, the CCR genes involved in developmental lignifica-
exceptions were observed with LuCCR3 and LuCCR9, tion, stress-related AtCCR2, ZmCCR2, and SbCCR2-
which displayed unusually long peptide lengths, each 2 exhibit different exon-intron patterns. AtCCR2 and
containing two domains, unlike previously character- ZmCCR2 each consist of four exons, whereas SOCCR2-2
ized CCRs in other plants that typically feature a single is composed of six exons [40, 44, 45]. All of the LuCCR2,
domain [26, 40, 41]. Furthermore, LuCCR distribution = LuCCRS, and LuCCR10 in this study consist of five exons,
was uneven across the central chromosome regions, clus-  which differs from previous studies and is largely related
tering predominantly at chromosome ends, mirroring to the differences in species.
observations in D. odorifera [37]. Genomes of the majority morden plants in land,

All 22 LuCCRs exhibited high homology with the including the whole vascular plants, are discovered to
(NAD(P)-B) domain of functional CCRs (Fig. 2), a find-  harbor at least one functional CCR, a prerequisite for
ing consistent with characteristics shared by members tissue lignification [42]. The phylogenetic analysis of this
of the SDR family depended on NAD(P)H [21]. Notably, study showed that CCRs involved in developmental lig-
the signature CCR motif NWYCYGK, representing the nification were grouped separately from those involved
CCR catalytic active site [21, 39], was entirely conserved  in defense-related processes (Fig. 3). LuCCR7/13/15/20
in LuCCR7/13/15/20. Additionally, previous studies have  displayed close evolutionary relationships with PtoCCRs,
shown that the second and third amino acids within this =~ AtCCRs, MtCCRs and LICCRs involved in lignification
motif, W and Y, respectively, are crucial for enzyme-sub-  occurring during dicotyledonous plant development. The
strate binding [42], consistent with the extremely high  study found that during development, this group’s CCRs
conservation of these residues in all 22 LuCCRs. display high-level expression, particularly in nascent

The NADP specificity motif R(X)5 K, a pivotal char-  xylem tissues within stems and roots. For example, in
actersistic distinguishing CCR from SDRs depended A. thaliana, AtCCRI was preferentially expressed in
on NAD(P)H, is highly conserved in active CCRs, such  stem tissues undergoing lignification [40], which aligns
as OsCCR19/20 and PtoCCR1/7 [14, 21, 22]. However, with findings in L. leucocephala showing high-level
LuCCR6/16/17/19 lacked this motif, while the remaining  LICCR expression in lignified roots and stems, but not

in leaves [46]. In this present study, we discovered the
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highest expression levels of LuCCR13/20 in stems fol-
lowed by roots. Moreover, the functional CCR OsCCR20
in rice, which was highly expressed across all develop-
mental stages [22], resembled trends observed herein for
LuCCR13/20 showing high-level expression throughout
flax development. Notably, LuCCR13/20 expression lev-
els gradually increased during stem maturation, align-
ing with previously reported findings in corn showing
high-level ZmCCRI1 expression in stems [44]. These find-
ings collectively suggest that LuCCR13/20 likely serve as
functional CCRs that actively participate in flax develop-
mental lignification processes.

Lignification functions as a pivotal defense mecha-
nism against environmental stress, as shown in prior
investigations underscoring the roles of CCRs in stress
response pathways, including a study demonstrating
increased AtCCR2 mRNA levels following inoculation
of A. thaliana plants with pathogenic bacteria [40]. Simi-
larly, HcCCR2 expression in kenaf (Hibiscus cannabinus)
surged following drought and NaCl treatments [47], while
SbCCR2-1 exhibited elevated expression levels follow-
ing drought exposure or sorghum aphid infestation [45].
Furthermore, rice OsCCRIO0 transcript levels increased
after plants were exposed to the hormone ABA or abiotic
stressors, such as drought and high salinity [26]. More-
over, our transcriptomic analysis findings revealed upreg-
ulated expression of LuCCR2/10 following both NaOH
and NaCl stress treatments, while LuCCR5/18 expres-
sion levels were up-regulated 361% and 72%, respectively,
under drought conditions. LuCCRS5 displaying negligible
expression in ormally growing tissues and is only induced
by drought. These findings collectively suggest poten-
tial roles for LuCCR2/5/10/18 in stress-induced ligni-
fication. Unlike previous studies, the LuCCR2/5/10/18,
involved in stress response in this study, did not cluster
with AtCCR2, SbCCR2, or OsCCR10. Instead, they clus-
tered separately within the CCR-like clade, which may
be related to gene duplication during the evolutionary
process.

Transgenic technology has been widely applied to
control the lignin content and composition of various
plants. Notably, downregulation of AtCCRI in A. thali-
ana resulted in decreased lignin content of up to 50%
[25], while specific reintroduction of CCRI in AtCCRI
mutants effectively mitigated vascular collapse and
led to a 59% increase in total stem biomass production
compared to WT plants [31]. Similarly, the introduc-
tion of LICCR antisense constructs into the AS17 Nico-
tiana tabacum (tobacco) line led to downregulated CCR
expression resulting in a 24.7% reduction in lignin con-
tent, accompanied by a 15% increase in cellulose con-
tent. Conversely, lines with upregulated CCR expression
exhibited significantly increased lignin content [28].
Additionally, in transgenic rice group vs. non-transgenic

Page 12 of 16

controls, the over-expressing OsCCRI0 exhibited
enhanced drought tolerance during vegetative growth
stages, whereas OsCCR10 knock-out mutants mediated
by CRISPR/Cas9 displayed decreased root lignin accu-
mulation and substantially decreased drought tolerance
compared to WT controls [26]. This study has identified
CCRs related to development and CCRs related to stress
by analyzing the gene structure, phylogeny, and expres-
sion patterns of the CCR genes. Consequently, we can
develop new flax varieties with enhanced stress resis-
tance and desirable lignin content through the overex-
pression or knockout of the corresponding CCR genes.

These results emphasize the potential applications of
the CCR gene in flax genetic engineering. In flax, sup-
pressing the expression of functional CCR gene can
produce varieties with low lignin content, but the stress
tolerance of the plants may decrease. Conversely, the
induction of CCR gene expression by environmental
stress may assist in plant defense, yet it could negatively
impact the quality of flax fibers. Therefore, using molecu-
lar biological means to reduce lignin content, one should
also consider the overall quality, which would be very
interesting work.

Conclusion

This study identified 22 CCR genes within the L. usita-
tissimum genome, distributed across 9 chromosomes.
Through multiple sequence alignment, phylogenetic
analysis, and examination of gene structures and CMs,
LuCCR13/20 were found to align closely with functional
CCRs involved in LB in dicotyledonous plants. Conse-
quently, they share NADP-specificity, NAD(P)-B, and
CCR signature motifs with known functional CCRs.
Notably, transcriptomic analysis indicated robust expres-
sion of LuCCR13/20 throughout flax development, par-
ticularly in tissues undergoing active lignification, such
as roots and stems, with heightened expression observed
in mature stems. These results suggest the functional
involvement of these genes in flax LB. In future work,
we can genetically modify LuCCR13/20 to optimize the
content of flax lignin. Moreover, upregulated expression
of LuCCR2/5/10/18 under abiotic stress conditions indi-
cates pivotal roles of these genes in defense-related lig-
nification processes in flax. This research may provide
theoretical basis for further investigation on LB and its
regulation in flax, also, providing deep theoretical basis
for the genetic mechanisms essential lignin synthesis and
stress response pathways in this important crop.

Methods

Identification and chromosome localization of flax CCR
genes

To investigate flax CCR genes and CCR proteins, we
established a local database by downloading genomic and



Song et al. BMC Genomics (2025) 26:315

protein data sourced from the NCBI database (https://w
ww.ncbi.nlm.nih.gov/datasets/genome/GCA_010665275.
2/) and figshare database (https://figshare.com/articles/d
ataset/Annotation_files_for_Longya-10_genome/136143
11/3), respectively. Utilizing experimentally verified CCR
sequences as query sequences (Supplementary Table 3),
we conducted BLAST searches against the L. usitatissi-
mum protein database using the threshold, e-value = 1e-5.
Putative L. usitatissimum CCR (LuCCR) conserved
sequence domains were confirmed by the CDD online
tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/). Only
sequences containing conserved CCR domains, including
the CCR signature motif (KNWYCYGK), were included
in subsequent multiple sequence alignment (MSA) analy-
sis. ExPAsy online program (https://web.expasy.org/prot
param/) [48] was applied to predict the physicochemical
properties of LuCCR proteins. WoLF PSORT (https://w
ww.genscript.com/wolf-psort.html) was used to conduct
the subcellular localization predictions of LuCCR pro-
teins. Chromosome distribution maps of LuCCR genes
were generated using TBtools based on their physical
locations within chromosomes [49].

MSA and phylogenetic analyses of LuCCRs

DNAMAN software was introduced to analyze the pro-
tein sequences of LuCCRs and representative CCRs
(Supplementary Table 3). Then, MEGA?7 software of the
Neighbor-Joining (NJ) method was applied to orgnize a
phylogenetic tree, and thereafter it’s reliability was evalu-
ated by the Bootstrap analysis with 1000 replicates. The
Evolview (https://www.evolgenius.info/evolview/) [50]
was introduced to display the phylogenetic tree.

LuCCR gene structure and conserved motif (CM) analyses
of LuCCRs

Information regarding the locations of LuCCR exons and
introns was obtained from flax genome annotation files.
After that, TBtools software [49] was applied to present
their gene structures. MEME (http://meme-suite.org/t
ools/meme) was introduced to analyze LuCCRs’s CM,
select criteria is a motif width of 6 x50 and a maximum
number of identified motifs set to 10. Predicted motifs
were visualized using TBtools [49].

Prediction of cis-acting elements of LuCCR gene promoters
For each LuCCR gene, PlantCARE (http://bioinformatics
.psb.ugent.be/webtools/plantcare/html/) [51]was applied
to investigate the CISAEs at the 2000-bp sequences
upstream of the translation start site. The results of this
analysis were visualized using TBtools.

LuCCR gene family’s collinearity analysis
We obtained A. thaliana’s and O. sativa’s genomes and
gene annotation files from NCBI, and thereafter, we
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further carried out the collinearity analysis by the one-
step MCScanX module of TBtools to detect gene dupli-
cation events in genomes of flax and other species using
default parameters. TBtools [49] was adopted to present
the predicted results.

Expression pattern analysis of LuCCRs

Expression pattern analysis was conducted using the
fiber flax variety “Diana” and “Heiya 30”as research mate-
rial. Flax seeds were obtained from the Industrial Crops
Institute of Heilongjiang Academy of Agricultural Sci-
ences (Harbin, China), which were sown in the experi-
mental field and cultivated following natural conditions.
For “Diane’; flax root, stem and leaf samples were col-
lected with three biological replicates at the fast-growing
stage from the fiber flax variety “Diana”. The middle third
of the stems from “Diana” was also collected at different
developmental stages, details were as below: at seedling
stage which is characterized by the 4th pair of true leaves
unfolded, at fir-like stage, symbolled as the stem length/
final length=10%, at early fast-growing stage, which is
characterized by the stem length/final length=30%, at
fast-growing stage, characterized by the stem length/
final length =50%, at bud stage which is symbolled as the
flower buds are visible, at flowering stage, 50% of flow-
ers are open, at green stage and seeds appeared green
and undeveloped, and at mature stage, plants were fully
developed for harvesting of fiber. For “Heiya 307, the
flax stems were divided into 20 equal parts (designated
S1-S20). S1 is closest to the shoot apex, and S20 is clos-
est to the root. S1-S6, S8, S10, S12, S14, S16, S18 and S20
were collected for each sampling site with two biologi-
cal replicates. After sampling, specimens were promptly
frozen in liquid nitrogen and stored at -80 C for further
experiment.

Hormonal and abiotic stress treatments

For hormonal treatments, expression pattern analysis
was conducted using the fiber flax variety “Heiya 16” The
flax plants in the fast-growing stage were treated with
GA; (concentration of 100 mg/L) and IAA (concentra-
tion of 30 mg/L), respectively. Treatments were applied
by spraying and wetting all leaves of the plants, with
distilled water serving as the control. After a 24-h treat-
ment period, the top 2-cm portions of stalks were col-
lected, followed by the liquid-nitrogen-frozen treatment
at -80 °C.

For abiotic stress treatments, expression pattern analy-
sis was conducted using the fiber flax variety “Heiya 19"
For salt-stress or alkaline-stress, flax seedlings (3 weeks
old) were induced with NaCl (50 mM) and NaOH (6 mM,
pH 11.6), respectively, with distilled water serving as the
control. After 18-h treatment, samples were taken from
the entire plant (10 mixed samples). RPKM (reads per
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kilobase of exon model per million mapped reads) simul-
taneously represents the sequencing depth and gene
length for the read counts. For drought stress, water-
ing of flax plants in the fast-growing stage was stopped
for 10 days, causing initial wilting of leaves, after which
entire plants were sampled. Control plants were grown
under normal conditions and watered every two days. All
sampled materials were quickly liquid-nitrogen-frozen
treated at -80 ‘C for subsequent experiments.

DGE library Preparation and sequencing

The Plant Total RNA Extraction Kit (TTANGEN, China)
was applied to extract the total RNA. RNA integrity was
validated utilizing 1% agarose gel electrophoresis. Nano-
Drop 1000 spectrophotometer (Thermo Scientific, USA)
was utilized to evaluate the concentration and purity
of isolated RNA. Sequencing data was filtered using
SOAPnuke(v1.5.2) and RNA-sequencing (RNA-seq) data
were analysed.

RNA extraction and gRT-PCR validation

PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa,
China) was applied to produce the cDNA through the
reverse template of total RNA (1 pg). Thereafter, the reac-
tion volume of qRT-PCR was below: TB Green Premix
Ex Taq II (TaKaRa) (20 ul), with PCR conducted using
a melting temperature (Tm) of 58 °C. Thermal cycling
was carried out using a LightCycler 480 System, with the
GAPDH and EFIA genes serving as internal reference
genes [36]. The 2724 method was applied to data evalu-
ation. Primer 5.0 was introduced to generate all primers
(Supplementary Table 7).

Abbreviations

ABA Abscisic acid

ABRE Abscisic acid response element
CCR Cinnamoyl-CoA reductase
CCRBFC CCR bona fide clade

CCRGF CCR gene family

CISAEs Cis-acting elements
(@Y% Conserved motif

FPKM Fragments per kilobase of transcript per million mapped reads
GA Gibberellin

LB Lignin biosynthesis

MeJA Methyl jasmonate

NJ Neighbor-Joining

gRT-PCR  Quantitative RT-PCR

SDR Short-chain dehydrogenase/reductase

MSA Multiple sequence alignment

MW Molecular weights

WT Wild type
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