

  agronomy-13-01108




agronomy-13-01108







Agronomy 2023, 13(4), 1108; doi:10.3390/agronomy13041108




Article



Genome-Wide Identification and Expression Pattern Analysis of the F5H Gene Family in Flax (Linum usitatissimum L.)



Dandan Liu, Hongmei Yuan, Yubo Yao, Lili Cheng, Lili Tang, Qinghua Kang, Xixia Song, Si Chen and Guangwen Wu *





Heilongjiang Academy of Agricultural Sciences, Harbin 150000, China









*



Correspondence: wugw1964@163.com







Academic Editors: Siyuan Zhu and Mingbao Luan



Received: 15 March 2023 / Revised: 6 April 2023 / Accepted: 11 April 2023 / Published: 13 April 2023



Abstract

:

Ferulate 5-hydroxylase (F5H) is a cytochrome P450-dependent monooxygenase that plays a key role in the biosynthesis of syringyl (S) lignin. In this study, mining of flax (Linum usitatissimum) genomic data enabled the identification of nine LuF5H genes. Bioinformatics analysis revealed the physicochemical properties, gene structures, conserved motifs, phylogenetic evolutionary features and promoter cis-acting elements related to these genes and their encoded proteins. Based on the gene structural and phylogenetic features, the nine LuF5Hs were assigned to two subclasses. The expression levels of the nine LuF5Hs was analyzed by the RNA-seq technique, and the RNA-seq data were verified by qRT-PCR. The results of the RNA-seq analysis showed that LuF5H genes belonging to the same subclass exhibited similar expression patterns. Notably, the transcripts of the LuF5H3 and LuF5H7 subclass 1 genes accumulated at high levels in stem tissues, thus indicating that LuF5H3 and LuF5H7 are the main LuF5H genes involved in flax lignin biosynthesis. Furthermore, the expression levels of LuF5H1, LuF5H3, LuF5H4 and LuF5H7 were upregulated 1.2–1.9-fold under drought, NaCl stress and brassinosteroid treatment conditions. This first comprehensive study of the flax F5H gene family provides valuable data for use in gene function analysis toward improving flax fiber quality and reducing flax manufacturing costs and associated environmental pollution.
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1. Introduction


Flax (Linum usitatissimum L.) is an important fiber crop that has been utilized by humans for thousands of years [1,2]. Flax fiber possesses high tensile strength, softness and fineness, and, thus, it is an excellent textile raw material [3]. Flax textiles are favored by consumers due to the characteristics related to their softness, high hygroscopicity, air permeability and anti-electrostatic, antibacterial and antioxidant properties [4,5]. High lignin content is an important factor affecting flax fiber yield and quality, while high raw flax lignin content is associated with increased degumming costs and generation of environmental pollutants [6]. Therefore, strategies that reduce flax lignin content are urgently sought by the flax industry to improve flax fiber quality while reducing flax manufacturing costs and associated environmental impacts.



Lignin, a complex phenolic polymer that is mainly found in plant secondary cell walls, is second only to cellulose in natural abundance [7,8]. Lignin is essential for maintaining the structural integrity of vascular plants and occupies the space between wall polysaccharides, including cellulose and hemicellulose, to enhance plant mechanical strength, water transport capability and resistance to environmental stressors [9,10]. Lignin biosynthesis has been intensively researched to reduce costs related to lignin removal from raw materials in order to increase utilization of renewable lignocellulosic materials (e.g., chemical pulp, biofuel and raw flax) [8,11,12,13]. Lignin consists of three main units, namely p-hydroxyphenyl lignin (H-lignin), guaiacyl lignin (G-lignin) and syringyl lignin (S-lignin), which are formed by oxidative polymerization of p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, respectively [14,15,16,17]. The susceptibility of a given lignin molecule to degradation depends on its composition; a G-lignin monomer contains a single methoxy group that can form stable C-C bonds with other monomers, while an S-lignin monomer contains two methoxy groups (one of which occupies the C-5 position) that mainly bond with other monomers via β-O-4 linkages [10,18]. Lignins containing S units in high abundance exhibit low degrees of condensation, have relatively loose structures, and are more easily removed than other monomers, thus supporting greater industrial-scale plant resource utilization [9,10,19,20]. To date, most research studies on lignin biosynthesis have focused on reducing lignin content [21,22], altering lignin structure [11,23] or on both of these goals [24].



Ferulate 5-hydroxylase (F5H), which is also known as coniferaldehyde 5-hydroxylase (CAld5H), is a cytochrome P450-dependent monooxygenase that belongs to the CYP84 family [9,25]. As a lignin synthesis pathway enzyme, F5H catalyzes the hydroxylation of three substrates, including ferulate, coniferyl alcohol and coniferaldehyde, at the phenyl ring C-5 position. Importantly, F5H is one of several key enzymes that regulate S-lignin synthesis [26,27], and, thus, this enzyme plays a key role in shaping plant lignin composition by influencing plant S-lignin/G-lignin ratios. The first F5H gene was discovered by Meyer in 1996 and later became the focus of efforts to alter lignin compositions of vascular plants [28]. Previous studies had shown that Arabidopsis with F5H-deficient fah1 mutant contains almost no S-lignin [19,29,30]. Conversely, overexpression of F5H has been reported to increase both S-lignin content and the S/G ratio [10,20,23,31].



The flax genome was assembled in 2012 [32], a feat that has led to significant advances in flax genetics, molecular biology and breeding. With the publication of the flax genome, many genes related to important agronomic traits were identified [2,3,33,34,35], thus highlighting the utility of genome-wide gene identification as a rapid, accurate and effective strategy for studying gene families. Using this strategy, Tombuloglu employed a local blastP (v2.6.0) tool to identify 175 MYB genes within the flax genome [35]. Similarly, in this study, nine flax F5H genes were identified using the BLASTP plugin of the Phytozome database as a more accurate number of LuF5H genes than was previously reported [36].



In recent years, F5H homologues have been identified and characterized for diverse plant species, such as Arabidopsis thaliana [28,29], Eucalyptus globulus [26], Populus tomentosa [31,37], Oryza sativa [9], Sorghum bicolor [10], Brassica napus [22] and Corchorus capsularis [8]. However, few studies have focused on flax F5H genes, which has prompted this study. Here, we provide the first detailed analysis of flax F5H gene structures, conserved motifs, phylogenetic evolution, promoter cis-acting elements and expression patterns and identify the main F5H genes involved in flax lignin biosynthesis. The results presented here provide a rich theoretical basis to guide future F5H cloning, functional verification and flax breeding efforts toward reducing flax lignin content and improving flax fiber quality.




2. Materials and Methods


2.1. Identification of F5H Genes in Linum usitatissimum


Using the F5H protein sequences of A. thaliana, E. globulus, P. tomentosa and O. sativa as the query sequences, homologous F5H sequences within the flax genome (L. usitatissimum v1.0) were detected based on results of BLASTP sequence alignments (using an e value cutoff of 10−10) against the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 1 August 2022). The presence of the F5H conserved domain was confirmed using the NCBI-CDD (http://www.ncbi.nlm.nih.gov/Structure/cdd/, accessed on 1 August 2022) online tool. The F5H protein sequences of A. thaliana (Q42600.1), P. tomentosa (APX43202.1), E. globulus (ACU45738.1) and O. sativa (XP_015614553.1) were downloaded from the NCBI database.




2.2. Sequence Analysis and Structural Characterization of LuF5Hs


The online program ExPAsy (https://web.expasy.org/protparam/, accessed on 6 August 2022) was used to predict the basic characteristics of LuF5H proteins from their sequences [38]. ProtComp (http://www.softberry.com/berry.phtml?topic=index&group=programs&subgroup=proloc, accessed on 6 August 2022) was used to predict subcellular localization sites of F5H proteins. The DNAMAN software was used to conduct multiple sequence alignments of encoded proteins. The exon/intron configurations of flax F5H genes were analyzed using the GSDS tool (http://gsds.gao-lab.org/, accessed on 9 August 2022) [39]. The conserved motifs of LuF5H proteins were analyzed online using the MEME website (http://meme-suite.org/tools/meme, accessed on 14 August 2022) [40,41], with the parameter defining the maximum number of identified motifs set to 12. The results were visualized using the TBtools.




2.3. Phylogenetic Analysis of the LuF5H Gene Family


After the flax F5H protein sequences were obtained, they were first aligned using ClustalW, a plugin that is provided with MEGA 7.0. Next, a phylogenetic tree was built using MEGA 7.0 with the neighbor-joining (NJ) method and with 1000 repetitions employed for the bootstrap test [42].




2.4. Analysis of cis-Acting Elements in the LuF5H Gene Promoter


Thereafter, cis-acting elements of LuF5H gene promoters were analyzed using TBtools [42]; then, the 2.0 kb upstream region of the LuF5H gene’s protein-coding sequence (CDS) was extracted from the flax genome using the TBtools and saved as a FASTA file. The PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 1 December 2022) web server was used to predict cis-acting elements [43], and then the results were visualized using the TBtools.




2.5. PPI Network of F5H Proteins in Linum usitatissimum


Meanwhile, the PPI (protein–protein interaction) network of flax F5H proteins was constructed and then used to predict the PPI network of LuF5H proteins using the String database (https://cn.string-db.org/, accessed on 27 November 2022). The results were downloaded as a TSV file; then, the PPI network of LuF5H proteins was visualized using Cytoscape 3.9.1.




2.6. Analysis of Expression Pattern of LuF5Hs


The plant materials used for LuF5H expression analysis included fiber flax plants of the variety “Diana”. The plants were grown under natural conditions in the experimental field of the Institute of Industrial Crops of the Heilongjiang Academy of Agricultural Sciences (Harbin, China). The samples were collected at the seedling stage, fir-like stage, early fast-growing stage, fast-growing stage, bud stage, flowering stage, green stage and mature stage, with the growth stages defined as reported by Yuan et al. [2]. The stems of the flax samples in the fast-growing stage were divided into 20 equal parts that were designated as S1–S20. Next, the samples were quickly frozen in liquid nitrogen and stored at −80 °C until they were used for RNA extraction and transcriptome analysis. The FPKM values were converted to log10-fold change values; then, the TBtools was used for heat map generation and cluster analysis [44].




2.7. Drought, NaCl and Brassinosteroid (BR) Treatments


The flax plants were grown outdoors under natural environmental conditions in a field located in Harbin, China, at the Institute of Industrial Crops of the Heilongjiang Academy of Agricultural Sciences. The flax plants were exposed to drought stress, NaCl stress or brassinosteroid (BR) treatment. For the plants exposed to the drought conditions, healthy flax plants in the fast-growing stage with similar characteristics were selected; then, each whole plant was sampled after watering had been stopped for 10 days and the leaves began to wilt. The control plants were grown under normal conditions and watered every 2 days. For the NaCl treatment, similar flax plants in the bud stage were treated with 300 mmol·L−1 NaCl, and the middle 1/3 of each stem was sampled after 12 h; plants treated with water served as the controls. For the BR treatment, similar flax plants at the bud stage were sprayed with 0.2 mg·L−1 BR, and then the middle 1/3 of each stem was sampled after 12 h; plants sprayed with distilled water served as the controls. Three biological replicates were prepared for each treatment. The harvested samples were frozen in liquid nitrogen and stored at −80 °C until they were used for RNA preparation and transcriptome analysis.




2.8. RNA Extraction


For RNA extraction, each plant sample was ground into a powder using a mortar and pestle precooled in liquid nitrogen. The material for RNA extraction must be a fresh sample. If it could not be extracted immediately, it must be frozen in liquid nitrogen and stored at −80 °C. The material used for RNA extraction must be protected from RNase contamination. Total RNA preparations from the plant samples were extracted using the cetyltrimethylammonium bromide (CTAB) method. DNA was digested using DNase I (Promega, Madison, WI, USA) to remove contaminating genomic DNA (gDNA). RNA integrity was verified via 1% agar gel electrophoresis, and then RNA concentration and quality were measured using a Nanodrop and Agilent 2100 Bioanalyzer (Thermo Fisher Scientific, Waltham, MA, USA).




2.9. DGE Library Preparation and Sequencing


The RNA samples were purified using oligo-dT magnetic beads. Thereafter, the purified mRNAs were fragmented into shorter molecules via treatment with a fragment buffer. The fragmented mRNA preparations were next used as templates for first-strand cDNA synthesis via reverse transcription using random hexamer primers; then, second-strand cDNA synthesis was conducted. Thereafter, end repair was performed to generate library-template DNA preparations, which were then subjected to PCR enrichment to generate the final cDNA libraries. The library quality was determined using an Agilent 2100 Bioanalyzer (Thermo Fisher Scientific, MA, USA). The volume of each library was adjusted to 50 µL (while ensuring the library concentration was ≥1 ng/µL), and then transcriptome sequencing was performed. The general characteristics of the transcriptome sequence results are presented in Table S1.



SOAPnuke (v1.5.2) [45] was used to screen and filter the sequence data using the following steps: (1) remove reads containing sequencing adapter; (2) remove reads with low-quality base rates of >20%; and (3) remove reads with unknown base (N) rates of >5%. Thereafter, clean reads were mapped to the reference genome using HISAT2 (v2.0.4) [46]; then, the clean reads were compared with the reference coding gene set using Bowtie2 (v2.2.5) [47]. Finally, gene expression levels were calculated using RSEM (v1.2.12) [48].




2.10. Real-Time Quantitative PCR Analysis


The abovementioned RNA extracts were used to synthesize cDNA using a PrimeScript™ RT Reagent Kit with a gDNA Eraser kit (TaKaRa) in a 20 µL reaction volume containing 1 µg of RNA template. In this study, the relative quantitative method was used to compare gene expression levels. Real-Time PCR was performed according to the instructions provided with the TB Green® Premix Ex Taq™ II kit (Tli RNase H Plus) (TaKaRa) in a 20 µL PCR reaction volume at a Tm of 60 °C. Three technical replicates and two biological replicates were performed in all experiments. The GAPDH and EF1A genes served as the internal reference genes for use in normalizing the results across the samples. According to the Ct values, the relative expression levels were calculated using the 2−ΔΔCt method. The RT-PCR primers (Table S2) were designed using Primer 5.0.




2.11. Determination of Lignin Content and Correlation Analysis


The flax samples were taken at different developmental stages for lignin content determinations. The details regarding the experimental materials, plant cultivation environment and sampling periods are shown in Section 2.6. Lignin contents in the plant samples were determined by UV spectrophotometry using commercially available kits based on the acetyl bromide method (QIYI, Shanghai, China) [2]. Correlation analysis between lignin content and LuF5Hs gene expression was conducted using the SPSS 23.0 software.





3. Results


3.1. Identification and Basic Information of F5H Genes in Linum usitatissimum


The results of the BLASTP comparisons between the reference F5H protein sequences of A. thaliana, P. tomentosa, E. globulus and O. sativa and the sequences within the Phytozome database revealed homologous F5H protein sequences encoded by the flax genome. Then, the conserved domain of LuF5Hs was confirmed by the CDD database. Ultimately, nine LuF5Hs were identified that all contained the conserved P450 domain, thus indicating that these LuF5Hs belong to the cytochrome P450 superfamily. Based on previously reported findings and genome assembly scaffold data, the LuF5H genes were named in sequential order (LuF5H1 to LuF5H9). The ExPASy website online tools were used to analyze the physicochemical properties of predicted LuF5H proteins (Table 1). The LuF5H sequences ranged from 388 (LuF5H9) to 515 (LuF5H1) aa, with an average length of 489 aa. The predicted molecular weights (MWs) ranged from 43893.39 Da (LuF5H9) to 58072.41 Da (LuF5H8), with an average MW of 55063.06 Da. The theoretical pI values ranged from 5.12 (LuF5H9) to 6.68 (LuF5H8), with an average predicted pI of 6.14. Overall, the LuF5H family proteins had pI values that were <7, thus indicating they are acid proteins. An analysis of the nine LuF5Hs using the online ProtComp tool, which is used to predict subcellular localization of proteins, predicted that all nine LuF5Hs localize to the plasma membrane (PM).




3.2. Multiple Sequence Alignment of LuF5H Proteins


The results of the multiple sequence alignment analysis conducted using the DNAMAN tool showed that the protein homology rates of the LuF5H proteins ranged from 50.58% to 94.56% (Figure 1). Figure 1 also shows that the flax F5H amino acid sequences share high degrees of identity with the F5H sequences of other plants. For example, LuF5Hs 1–9 share 68.18%, 63.89%, 69.73%, 70.04%, 56.79%, 62.90%, 65.07%, 62.57% and 47.92% sequence identity with AtF5H1 (Q42600.1), respectively, and 72.85%, 64.82%, 70.33%, 73.17%, 58.65%, 65.77%, 66.47%, 64.50% and 49.90% sequence identity with Populus trichocarpa F5H (CAB65335.1), respectively. LuF5Hs and other plant F5Hs are highly homologous and contain the heme-binding domain (PFGSGRRSCPG), wherein a conserved cysteine acts as a heme-binding ligand, thus providing further evidence that LuF5Hs belong to the cytochrome P450 family.




3.3. LuF5H Gene Structures and Conserved Motifs


In order to study LuF5H gene structures, we analyzed their DNA sequences to determine their intron and exon compositions and overall lengths (Figure 2A). The results of this analysis revealed significant differences in the lengths of the flax F5H gene family members. The shortest gene length was noted for the LuF5H9 gene (1164 bp), and the greatest gene length was noted for the LuF5H4 gene (3595 bp). The nine LuF5H genes were assigned to two subclasses according to their intron number. The four genes that contain one intron (LuF5H1, LuF5H3, LuF5H4 and LuF5H7) were assigned to subclass 1, and the five remaining LuF5Hs that contain no intron (LuF5H2, LuF5H5, LuF5H6, LuF5H8 and LuF5H9) were assigned to subclass 2. Different intron sizes were observed for subclass 1 members, with sizes of 621 bp, 1035 bp, 2066 bp and 569 bp, respectively.



To assess LuF5H protein structural diversity, 12 conserved motifs (motif 1–12) of the L. usitatissimum F5H family were identified using the MEME online program. As shown in Figure 2B, the motif compositions of most LuF5H proteins are similar overall but exhibit individual differences. LuF5H9 was found to lack Motif3, Motif5 and Motif10, whereas LuF5H5 and LuF5H7 were found to lack Motif7. The results of the multiple sequence alignment and conserved domain analyses of LuF5H amino acid sequences revealed that the predicted LuF5H proteins share motifs with typical cytochrome P450 proteins (Figure 1 and Figure 2C). These shared motifs include several conserved P450 motifs, such as the proline-rich membrane hinge, the I-helix, the K-helix and the heme-binding domain with a conserved cysteine residue [49].




3.4. Phylogenetic Analysis and Classification of the F5H Gene Family in Linum usitatissimum


To reveal the evolutionary relationships among the F5H gene family members of flax and other plants, we downloaded F5H protein sequences of 12 plant species, including L. usitatissimum, A. thaliana, P. trichocarpa, S. bicolor and O. sativa, and then constructed a NJ (neighbor-joining) phylogenetic tree using MEGA 7.0. An analysis of the phylogenetic tree revealed that the F5H protein family members cluster into two groups according to their monocot versus dicot status (Figure 3). Notably, LuF5Hs cluster with F5Hs of dicots, such as A. thaliana, of which several members of this cluster have been confirmed to participate in lignin biosynthesis. Furthermore, based on the protein sequences, the flax F5Hs could be assigned to two subclasses that are consistent with the abovementioned subclass assignments of LuF5Hs based on the gene intron characteristics; subclass 1 includes LuF5H1, LuF5H3, LuF5H4 and LuF5H7, and subclass 2 includes LuF5H2, LuF5H5, LuF5H6, LuF5H8 and LuF5H9, thus confirming the accuracy of the phylogenetic tree.




3.5. Cis-Element Analysis in the Promoters of LuF5H Genes


In order to obtain more information about F5H gene functions in flax, the online tool PlantCARE was used to analyze the promoters of the nine LuF5H genes. The results of this analysis revealed various types of cis-elements within the LuF5H promoter regions that are related to plant responses to hormone exposure, environmental stress, light, site binding and others (Figure 4A and Table S4). Abundant hormone response-related elements that can respond to methyl jasmonate (MeJA), abscisic acid (ABA), salicylic acid (SA), auxin and gibberellic acid (GA) were detected, of which the most numerous and widely distributed elements include the CGTCA motif (MeJA-response element) and the TGACG motif (MeJA-response element), followed by ABRE (ABA-responsive element) (Figure 4B). ARE, an anaerobic stress-response element, is present in eight LuF5H promoters (Figure 4B), while many promoters contain other cis-elements related to drought response (MBS), low-temperature response (LTR), wound response (WUN-motif), meristem expression (CAT-box) and light response (GT1-motif, G-box). Taken together, these results suggest that LuF5H genes may be critical players in numerous developmental processes and various stress responses.




3.6. Analysis of Expression Pattern of LuF5H Genes


Transcriptome analysis was performed on the specimens collected from different flax developmental stages and different stem regions during the fast-growing stage in order to compare LuF5H gene transcript level differences among the experimental groups. Based on the expression patterns of the LuF5H genes, these genes could be assigned to two subclasses (Figure 5). The second subclass consisted of five genes (LuF5H2, LuF5H5, LuF5H6, LuF5H8 and LuF5H9), which were expressed at very low levels or not at all during different developmental stages and in different parts of the stem. The first subclass contained the remaining four genes, which were assigned to two subgroups, G1 and G2, based on their expression patterns. Members of the G1 subgroup (LuF5H3 and LuF5H7) shared the same expression pattern, whereby high-level transcript accumulation was observed in the analyzed tissues. Moreover, the levels of LuF5H3 and LuF5H7 transcripts first increased and then decreased as development progressed, and finally, they reached peak levels during the fast-growing stage. Furthermore, LuF5H3 and LuF5H7 were present at high levels in mature stems (S10–S18) and at relatively lower levels in young stems (S1–S3). The expression levels of the G2 subgroup members (LuF5H1 and LuF5H4) were relatively greater after flowering. Their expression patterns in different parts of the stem resembled the corresponding patterns observed for the G1 members, but both genes were expressed at relatively lower levels than their G1 counterparts.



The transcriptome data in different parts of flax stem were further validated via the qRT-PCR analysis of nine genes. The nine randomly selected genes included LuF5H3 (Lus10028361), LuFOMT1 (Lus10015576), LuFOMT2 (Lus10032929), Lu4CL (Lus10005390), LubZIP (Lus10040069), LuTCP15 (Lus10037190), LuGOMT (Lus10006258), Expansin (Lus10000957) and LuZF-HD (Lus10015370). It can be seen from Figure 6 that the change trend of the nine genes is consistent with the RNA-seq data, indicating that the RNA-seq data are reliable. The accuracy of transcriptome data at different developmental stages has been verified by Yuan et al. [2].




3.7. Interaction Analysis between F5H Proteins in Linum usitatissimum


In order to identify LuF5H gene functions, protein–protein interaction (PPI) networks of LuF5H proteins were built using the information provided by the String database (Figure 7A). The results of this analysis revealed that LuF5Hs did not interact with each other and that each LuF5H interacted with flavonol 3′-O-methyltransferase (Lus10015576, Lus10032929), cinnamyl-alcohol dehydrogenase (Lus10010149, Lus10017354), 4-coumarate-CoA ligase (Lus10016630, Lus10022542, Lus10005390, Lus10026143, Lus10002791) and peroxidase (Lus10011079). Due to the fact that cinnamyl-alcohol dehydrogenase, 4-coumarate-CoA ligase and peroxidase are all involved in lignin biosynthesis, these results imply that LuF5Hs participate in lignin biosynthesis. Furthermore, flavonol 3′-O-methyltransferase catalyzes the methylation of flavonol, which can enhance plant hydrophobicity to protect plant cells from microbial pathogens, thus suggesting that LuF5H functions may be related to pathogen resistance. After we analyzed the expression patterns of the interacting proteins within the PPI network (Figure 7B), we found that the expression patterns of LuF5H3 and LuF5H7 were similar to those of flavonol 3-O-methyltransferase and 4-coumarate-CoA ligase, whereby the expression levels of these genes initially increased and then decreased as plant development progressed.




3.8. Expression Profiles of LuF5H Genes in Response to Drought, NaCl and BR Treatments


The results of previous studies show that F5H proteins participate in abiotic stress responses, which prompted us to examine the transcription levels of LuF5H genes under drought and NaCl stress conditions. After the flax plants were exposed to simulated drought conditions for 10 days, the expression levels of LuF5H1, LuF5H4 and LuF5H7 were found to be upregulated by 1.9-fold, 1.7-fold and 1.5-fold, respectively, when compared to the corresponding control group levels (Figure 8A). By contrast, after the flax plants were exposed to high NaCl stress conditions for 12 h, the expression levels of LuF5H1, LuF5H3, LuF5H4 and LuF5H7 transcripts increased 1.3-fold, 1.6-fold, 1.2-fold and 1.6-fold, respectively (Figure 8B), with similar trends observed in the expression levels of the same genes in the BR-treated plants (Figure 8C). However, the expression levels of LuF5H2, LuF5H5, LuF5H6, LuF5H8 and LuF5H9 exhibited no significant changes in response to any treatments.




3.9. Correlation Analysis between Lignin Content and LuF5H Gene Expression Levels


In order to study the relationship between the lignin content and expression patterns of LuF5H genes, we determined the lignin content of flax plants during different developmental stages (Figure 9). In general, lignin content increased slowly as development progressed and then reached a large value during the mature stage. The results of the correlation analysis revealed that lignin content was positively correlated with the expression levels of LuF5H1, LuF5H3, LuF5H4 and LuF5H7 genes (based on correlation coefficients of 0.475, 0.478, 0.453 and 0.591, respectively), although these results were not statistically significant (Table 2).





4. Discussion


Flax, an important bast fiber crop, is one of the most widely used fibrilia by the global textile industry. The chemical composition of flax fiber consists mainly of cellulose, which generally accounts for 62%–77% of flax fiber content, followed by hemicellulose and lignin [4,5]. Raw flax must be degummed before it can be used to make textiles, with lignin in flax gum being the most difficult component to remove during the degumming process. The high lignin content in raw flax not only increases the cost of degumming but also pollutes the environment [6]. At the same time, lignin is easily oxidized, which can make flax fiber hard and brittle and reduce flax fiber quality. Therefore, the flax fiber industry has urgently worked to reduce flax fiber lignin content in order to address this issue.



The relative proportions of the three main lignin monomers within plant lignins vary across species. The lignin of gymnosperms consists of G units only, while those of dicotyledonous plants are mainly G-S units, and those of non-woody monocotyledonous plants contain G-S lignin and more H lignin than is found in other plant types [17]. To date, fiber lignins of some bast fiber crops have been structurally characterized, with the molar H/G/S compositional ratio of fiber lignin in jute reported to be 2:33:65 [50], that of hemp reported to be 13:53:34 [51] and that of G-lignin-rich flax reported to be 13:72:15 [52]. Importantly, S-lignin units are easier to remove than G-lignin units due to differences in the bond types between monomers. Therefore, plant materials that are rich in S-lignin units are preferred as flax breeding stock.



F5H is a cytochrome P450-dependent monooxygenase (P450s), which can catalyze the hydroxylation of ferulate, coniferyl alcohol and coniferaldehyde phenyl ring in the phenylpropanoid pathway, and is a key enzyme in the regulation of S-lignin synthesis. Thus, since its discovery, F5Hs have been the focus of efforts to alter lignin compositions of vascular plants. Arabidopsis F5H homologues, AtF5H1 and AtF5H2, were the first identified ferulate 5-hydroxylase [7,28], of which AtF5H1 has been characterized in many plants, including Arabidopsis, tobacco and poplar [23,29]. Sibout et al. cloned PopF5H in P. trichocarpa and found that this gene was highly expressed in lignified tissues. Moreover, this gene was able to complement the A. thaliana fah1-2 gene mutation to reverse its associated lignin synthesis defect when expressed in mutant plants under the control of the CaMV 35S promoter [31]. In other work, Takeda et al. identified three F5H genes in rice, namely CYP84A5, CYP84A6 and CYP84A7, and found that the expression of CYP84A5 (OsCAld5H1) in rice vegetative tissues correlated with lignin content [9]. In addition, Takeda et al. reported that downregulation of OsCAld5H1 increased the proportion of G-lignin, such that upregulation of OsCAld5H1 led to the production of syringyl-rich lignins [9]. Meanwhile, the Sorghum genome has been found to contain three F5H genes, namely Sobic.001G196300.1, Sobic.002G029700.1 and Sobic.005G088400.1 [10]. Due to the fact that Sobic.001G196300.1 is the major F5H gene involved in Sorghum lignin biosynthesis, it is designated SbF5H [10]. Notably, when the expression of this gene was placed under the control of the CaMV 35S promoter, overexpression of SbF5H occurred, which led to increased S-lignin content and an increased lignin S/G ratio [10].



In this study, we identified nine F5H genes from the flax genome and from the analyses of the physicochemical properties, gene structures, conserved motifs, phylogenetic evolution, promoter cis-acting elements, interacting proteins and expression patterns. Our results revealed that the putative LuF5Hs, in addition to being highly similar to F5H genes of other plants, also encode proteins with cytochrome P450 features, such as the heme-binding domain (FGSGRRSCPG), the proline-rich membrane hinge, the I-helix and the K-helix, as consistent with the F5H protein structural features reported by Meyer and Zhang [28,49]. Notably, a conserved cysteine residue acts as a critically important heme-binding ligand and, thus, is present in all cytochrome P450 proteins [53]. The I-helix consensus sequence (AGxD/ET) plays a crucial role in oxygen binding [54]. Ultimately, the LuF5Hs identified here possess all of the abovementioned conserved P450 features and, thus, should be assigned to the cytochrome P450 CYP84 family based on their sequence characteristics.



In this study, the ProtComp online software tool was used to conduct subcellular localization analysis of all nine LuF5Hs, which revealed that all of these proteins are present on the PM. In contrast, the results of most other studies indicated that cytochrome P450 proteins are found within the endoplasmic reticulum, including the results reported by Bai et al. for CYP99A44 and CYP704A177 proteins [55] and the results reported by Lu et al. for CYP81A6 [56]. Due to these contradictory results, we should verify our subcellular localization results for LuF5Hs in future studies.



Importantly, our phylogenetic analysis results indicated that LuF5Hs could be assigned to two subclasses (designated 1 and 2) based on their gene structural characteristics and gene expression patterns. The genes in subclass 2 (LuF5H2, LuF5H5, LuF5H6, LuF5H8 and LuF5H9) exhibited very low expression levels or no expression during different developmental stages and in different tissue parts of stems, while high-level transcript accumulation was observed for the genes of subclass 1 (LuF5H1, LuF5H3, LuF5H4 and LuF5H7) (Figure 5). Moreover, the transcriptional expression levels of LuF5H3 and LuF5H7 increased and then decreased as development progressed, as consistent with previously reported HcF5H expression patterns in Hibiscus cannabinus stems [7]. Furthermore, peak expression levels were observed for LuF5H3 and LuF5H7 in mature flax stems, as consistent with the expression pattern reported previously for the A. thaliana F5H gene FAH1 [57], which is highly expressed in the rachis (flowering stem) of adult plants [57]. Of particular note, the results of the expression pattern analysis conducted in this study showed that LuF5H3 and LuF5H7 were the main F5H genes involved in flax lignin biosynthesis.



Intriguingly, the results of previous studies have found that F5H gene expression is induced by various environmental stresses and phytohormones [7,49]. Under drought conditions, plant cell walls become impermeable due to lignin accumulation (lignification), which reduces water transpiration, as consistent with the results obtained here showing upregulated LuF5H1, LuF5H4 and LuF5H7 expressions under drought conditions. Similarly, increased lignification or changes in cell wall lignin monomer composition may help plants survive salt stress [58], as consistent with previously reported results in kenaf [7] and the flax results obtained here showing that LuF5H1, LuF5H3, LuF5H4 and LuF5H7 were induced and upregulated by NaCl stress. Additionally, the results of this study revealed upregulated expressions of LuF5H1, LuF5H3, LuF5H4 and LuF5H7 in plants treated with the plant hormone BR. BRs play important roles in the regulation of plant growth and development [59,60], while also improving plant tolerance to abiotic stresses, such as drought, salt, high temperature and heavy metal exposure [61,62,63].




5. Conclusions


The current study is the first reported genome-wide investigation to identify and comprehensively analyze LuF5H gene family members (LuF5Hs 1-9). Our results revealed the presence of nine LuF5Hs within the flax genome that were assigned to two subclasses based on their gene structure and phylogenetic relatedness. LuF5H3 and LuF5H7 exhibited high transcript accumulation throughout development and were the main LuF5H genes involved in flax lignin biosynthesis. Meanwhile, the expression levels of LuF5H1, LuF5H3, LuF5H4 and LuF5H7 were upregulated in flax exposed to abiotic stress. Our future research efforts will focus on investigating the mechanisms employed by LuF5H3 and LuF5H7 to regulate flax lignin biosynthesis, the roles of upstream LuF5H genes in regulating LuF5H expressions and flax fiber lignin structural and compositional characteristics. The results of this study provide a rich theoretical resource to facilitate future functional studies of LuF5Hs for improving flax fiber quality.
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Figure 1. Multiple alignment of F5H amino acid sequences. The amino acids conserved in all the sequences are shaded in black. Sequence identity ≥75% is shown in pink, and sequence identity ≥50% is shown in blue. The signature motifs in P450 proteins, including the proline-rich membrane hinge, the AGxD/ET (I-helix), the KETRL (K-helix), the PERF/W and the heme-binding domain, are indicated by solid red bars. The black pentagram marks the cysteine residue important for heme binding. Details of the F5H sequences are shown in Table S3. 
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Figure 2. Gene structure and motif analysis of LuF5Hs. (A) Exon-intron structure of LuF5H genes. Exons are represented by yellow boxes, and introns are represented by black lines. (B) Motif composition of LuF5H proteins. Different colored boxes indicate different motifs. (C) Sequence logos of the conserved domains in cytochrome P450 proteins. The typical motifs of the proline-rich membrane hinge (Motif5), the I-helix (Motif7), the K-helix (Motif2) and the heme-binding domain (Motif1) are marked by solid bars, respectively. Details of each motif are provided in Supplementary Material S1. 
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Figure 3. Phylogenic tree of F5H orthologs. The phylogenetic tree was generated using the neighbor-joining method of the Mega7 program. Bootstrap support was based on 1000 replicates. The red dots represent Linum usitatissimum F5H, and the yellow squares are genetically characterized F5H. The F5H sequences of Sorghum bicolor and Linum usitatissimum were obtained from the Phytozome database, and the other F5H sequences were downloaded from the NCBI. 
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Figure 4. Cis-acting elements in LuF5H promoters. (A) Each LuF5H promoter contains the number of cis-acting elements detected, which are divided into four types. (B) Visualization of hormone-responsive elements in the LuF5H promoters by TBtools. 
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Figure 5. Expression patterns of LuF5H genes in flax. (A) Different developmental stages: H1 seedling stage, H2 fir-like stage, H3 early fast-growing stage, H4 fast-growing stage, H5 bud stage, H6 flowering stage, H7 green stage, and H8 maturity stage. (B) Different parts: flax stems of fast-growing stage were divided into 20 equal parts that were named S1–S20. S1 is closest to the shoot apex, and S20 is closest to the root. Red represents a high expression level, and blue represents a low expression level. 
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Figure 6. Validation of RNA-seq data by qRT-PCR. Flax stems of fast-growing stage were divided into 20 equal parts that were named S1–S20. S1 is closest to the shoot apex, and S20 is closest to the root. Five parts were selected for the qRT-PCR verification. Each gene was normalized with S1 as the control. 
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Figure 7. PPI networks of F5H proteins and interacting protein expression patterns in flax. (A) PPI networks of F5H proteins in flax. Different shapes represent different functions of proteins. The ellipse is the LuF5H protein to be studied, and the colors from yellow to red indicate a greater proportion of this protein in the PPI network. (B) Interacting protein expression patterns. The periods represented by H1–H8 are shown in Figure 5. Red represents a high expression level, and green represents a low expression level. 
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Figure 8. Expression patterns of LuF5H genes in response to various abiotic stresses: (A) drought treatment; (B) NaCl treatment; and (C) BR treatment. The data were obtained from the RNA-seq data (RPKM). The average expression value was calculated by repeated calculations of three independent replicates. 
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Figure 9. Lignin content in flax at different developmental stages. The periods represented by H1–H8 are shown in Figure 5. Lignin content data were obtained from Yuan et al. [2]. 
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Table 1. Information of LuF5H gene family members.
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	Gene Name
	Gene ID
	aa
	MV (Da)
	pI
	GRAVY
	Aliphatic

Index
	Subcellular

Localization





	LuF5H1
	Lus10014273
	515
	57,508.51
	5.75
	−0.087
	89.20
	PM



	LuF5H2
	Lus10041511
	493
	55,865.44
	6.37
	−0.210
	85.45
	PM



	LuF5H3
	Lus10028361
	512
	57,743.95
	6.07
	−0.111
	92.54
	PM



	LuF5H4
	Lus10025975
	510
	57,051.18
	6.16
	−0.072
	89.69
	PM



	LuF5H5
	Lus10012582
	470
	53,319.63
	6.68
	−0.177
	85.67
	PM



	LuF5H6
	Lus10022303
	510
	57,656.91
	6.43
	−0.096
	91.98
	PM



	LuF5H7
	Lus10041811
	485
	54,456.20
	5.99
	−0.079
	95.10
	PM



	LuF5H8
	Lus10034300
	513
	58,072.41
	6.68
	−0.054
	90.68
	PM



	LuF5H9
	Lus10000326
	388
	43,893.39
	5.12
	−0.184
	84.68
	PM
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Table 2. Correlation analysis between LuF5H expression and lignin content.
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	LuF5H1
	LuF5H3
	LuF5H4
	LuF5H7
	Lignin Content





	LuF5H1
	1
	0.090
	0.982 **
	0.103
	0.475



	LuF5H3
	0.090
	1
	−0.204
	0.982 **
	0.478



	LuF5H4
	0.982 **
	−0.204
	1
	−0.003
	0.453



	LuF5H7
	0.103
	0.982 **
	−0.003
	1
	0.591



	lignin content
	0.475
	0.478
	0.453
	0.591
	1







** represents p < 0.01.
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