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Abstract

:

The turnip and the Chinese cabbage belong to the Brassica rapa subspecies, yet they have evolved marked differences in morphology. The turnip has a distinct swelled taproot, while the Chinese cabbage has a big leafy head. The turnip’s taproot is developed mainly by the hypocotyl. To explore the taproot formation, we firstly compared the vascular structure of the hypocotyl during the early developmental stages of the turnip and the Chinese cabbage, finding that there were observable differences in the number of xylem cells and the cell-wall lignification in the hypocotyl vascular tissues after the transition from primary to secondary growth. Laccases (LAC) play an important role in lignification by polymerizing monolignols in the cell wall, however, it is not clear whether differences in the lignification levels in the hypocotyl xylem cell walls are related to the genetic variations of the LAC gene family, between the turnip and the Chinese cabbage. Therefore, we systematically characterized the LAC genes from the turnip and the Chinese cabbage, and 27 LAC genes were identified in each. These LAC genes can be divided into six groups, and each LAC in the turnip is closely adjacent to that in the Chinese cabbage. Gene structure, conserved motif, and chromosomal localization were highly conserved between the turnip and the Chinese cabbage. We also compared the expression pattern of the laccases in the different tissues and hypocotyl’s early development stage, and the results clearly showed the different profiles between the turnip and the Chinese cabbage. Following a comprehensive analysis of these results, we predicted that LAC17.1 and LAC17.3 are two candidate genes that participate in the regulation of lignin synthesis during taproot formation. Our results provide a valuable clue for uncovering the regulation mechanism of the lower lignification level in the turnip’s hypocotyl and fundamental information for further studies of the LAC gene family in Brassica rapa.
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1. Introduction


Brassica plants belong to the Brassicaceae family, including the six most cultivated species. According to the triangle of U theory, these six plants can be divided into two groups, the ancestral diploid species, B. rapa (AA, n = 10) B. nigra (BB, n = 8), and B. oleracea (CC, n = 9) as well as three derived ones, B. juncea (AABB, n = 18), B. napus (AACC, n = 19), and B. carinata (BBCC, n = 17) [1]. These plants are valuable resources of vegetables and oil, collectively contributing 12% of the world’s edible vegetable-oil production [2]. The Chinese cabbage (Brassica rapa var. pekinensis) and the turnip (Brassica rapa var. rapa) are two important vegetables in China. The main edible part of the Chinese cabbage is its leafy head, while that of the turnip is its taproot. The taproot is developed mainly from the hypocotyl and, also, partially from the root [3]. The taproot of the turnip is the main organ for edible and medicinal purposes. Thus, the development of hypocotyls directly affects the quality and application value of plants. Previous studies show lignification could affect the tuber and tuberous root formation [3], and our results also demonstrated that gibberellic acid (GA) could induce lignin deposition in the hypocotyl xylem and resulted in the inhibition of taproot formation [4]. Therefore, it is necessary to figure out the lignification process of xylem tissue.



Laccases (LACs) are widely found from bacteria to high plants [5,6,7,8,9]. Recently, researchers found that LACs are expressed in lignified cells of plants [10] and catalyze lignin formation by polymerizing monolignols [11]. Many studies have shown the relationship between LACs and cell lignification [12,13]. AtLAC4, AtLAC8, AtLAC15, AtLAC11, and AtLAC17 of the LAC family are expressed in highly lignified tissues, such as the seed coat, stem, root, pollen grain, and cell wall. Genetic experiments proved that LACs played a critical and nonredundant role in lignin polymerization during vascular development [14,15]. In cotton, LACs affected cell elongation, lignification, and pigmentation, and are closely related to the economic value of cotton fiber [16]. LACs were also found involved in other aspects of plants life, such as biotic or abiotic stress [17,18,19,20,21].



In this study, we compared the hypocotyl vascular structure at the early development stages between the turnip and the Chinese cabbage through free-hand section. We found that the xylem cells in the turnip’s hypocotyl expanded rapidly once the vascular development was transformed from primary growth to secondary growth, and the lignification of the xylem in the turnip significantly decreased, which was opposite to the Chinese cabbage, implying a correlation between lignification and taproot formation. In order to explore the lignification of the xylem during taproot formation, we researched and identified 27 LAC genes in both the turnip and the Chinese cabbage. We analyzed the phylogeny, gene structure, conserved motif, chromosomal localization, and the expression pattern in different tissues and the early hypocotyl development stages. Understanding the LAC gene family genome-wide and clarifying the expression profiles during the lignification of xylem cells will be beneficial to optimize and improve the quality and economic value of the turnip through bioengineering technology.




2. Materials and Methods


2.1. Plant Growth, Sample Collection, and Preparation


Chinese cabbage seeds (Brassica rapa var. pekinensis) were obtained from Liangpin Agricultural Science and Technology Development Co., Ltd. (Harbin, Heilongjiang Province, China), and turnip seeds (Brassica rapa var. rapa) were obtained from Lhasa, Tibet, China (KTRG-B17). The seeds were planted in plastic pots containing humus soil and were grown in a greenhouse at 22 °C with a 16 h light/8 h dark cycle at the Kunming Institute of Botany, Chinese Academy of Sciences. From the fourth day after sowing, the hypocotyls were collected every other day and were cut freehand into slices. Hypocotyls from plants growing for 8 days, 15 days, 22 days, 29 days, and 36 days were collected, respectively, and were frozen rapidly in liquid nitrogen for RNA extraction.




2.2. Free-Hand Section


The hypocotyls of the turnip and the Chinese cabbage were sampled every other day from the fourth day after planting and were washed with distilled water and cut freehand into sections. The thin sections were stained with Safranin O-Fast Green. After staining, the slides were checked under a Leica DM1000 microscope.




2.3. Identification of the LAC Proteins in Turnip and Chinese Cabbage


To identify the LAC proteins in the turnip and the Chinese cabbage, we first downloaded the Arabidopsis thaliana LAC proteins from TAIR (https://www.arabidopsis.org, accessed on 21 November 2020), which have been reported previously [6]. These Arabidopsis proteins were then queried, and Protein BLAST was used search for LAC proteins of Chinese cabbage and turnip against the Brassica rapa var. pekinensis protein database at NCBI (https://www.ncbi.nlm.nih.gov/, GenBank accession: GCA_008629595.1, accessed on 22 November 2020) or the turnip protein database from the genome assembly data, which is deposited in the Genome Sequence Archive in the BIG Data Center under accession numbers CRA005412 and GWHBFXQ00000000. In total, 27 Chinese cabbage LAC proteins and 27 turnip LAC proteins were identified and named BraLAC1–BraLAC22 and BrrLAC1–BrrLAC22, respectively, according to their Arabidopsis thaliana orthologs. These proteins were reconfirmed as belonging to the LACCASE superfamily, by analyzing them online with Interpro (https://www.ebi.ac.uk/interpro/, accessed on 22 November 2020) and CD-search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 22 November 2020). The relative molecular weight, isoelectric point, hydrophobicity, and other physical and chemical properties of the predicted amino acid were analyzed by the ProtParam online tool (http://expasy.org/tools, accessed on 22 November 2020).




2.4. Phylogenetic, Motif Analysis, and Gene Exon/Intron Structure Determination


The amino-acid-sequence alignments of the BraLACs and BrrLACs were performed by ClustalW, for the MEGA 7.0 software (available online https://megasoftware.net/, accessed on 25 November 2020), with default settings. Consensus trees were generated with 1000 bootstrap replicates. Conserved motifs were analyzed online on the MEME Suite (http://meme-suite.org/, accessed on 25 November 2020) with the maximum 15 motifs. The Gene Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/, accessed on 25 November 2020) online tool was used to analyze gene structure analysis, mainly the distribution of introns and exons.




2.5. Phylogenetic-Tree Construction of LACs among Different Species


The LAC amino acid sequences of 17 Arabidopsis thaliana, 27 Oryza sativa, and 52 Populus trichocarpa were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 28 November 2020). An un-rooted neighbor joining (NJ) was constructed using the distance-based adjacency method, in MEGA 7.0 software with 1000 bootstrap replicates. The classification of BrrLACs and BraLACs into a subfamily was based on that of LACs in Arabidopsis.




2.6. Chromosome Location of LAC Genes in Turnip and Chinese Cabbage


The chromosome location data of the Chinese cabbage was download from NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 28 November 2020), and the chromosome location data of the turnip was from our database. The chromosome location maps of the BrrLACs and BraLACs were generated with TBtools [22].




2.7. Total RNA Isolation and Gene Expression of BrrLACs and BraLACs


The expression levels of BrrLACs and BraLACs were evaluated by the quantitative real-time PCR (qPCR) method. The hypocotyl materials of the turnip and the Chinese cabbage were sampled in five growth periods (8, 15, 22, 29, 36 days) after sowing. Total RNA was extracted using TRIzolTM (Invitrogen, Carlsbad, CA, USA) and treated with DNase I to erase genome DNA. After checking the quality and quantity of total RNA by 1% agrose gel electrophoresis and a NanoDrop™ 1000 Spectrophotometer (Thermo Fisher, Waltham, MA, USA), 1 µg of RNA was used to synthesize cDNA with M-MLV reverse transcriptase (Promega, Madison, WI, USA). A total of 20 μL reaction mixture was used, containing 10 μL SYBR GreenER qPCR SuperMix (Thermo Fisher, USA), 0.4 μL of each primer (10 μM), 1 μL of 10-fold dilution of cDNA, and 0.4 μL ROX Reference Dye. RT-qPCR was performed on the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Tubulin-α gene was used as the internal reference gene. The relative expression levels of BrrLACs and BraLACs were analyzed with the 2−ΔΔCT method [23]. The primers used for qPCR are shown in Supplementary Table S1.




2.8. Statistical Analysis


All the experimental data were calculated and analyzed using ANOVA and SPSS 17.0 software (SPSS Inc., Chicago, DE, USA, available online https://www.ibm.com/analytics/spss-statistics-software accessed on 22 November 2020). Graphs of the standard curves were plotted using GraphPad Prism (GraphPad Prism Software, Inc., San Diego, CA, USA), and the heat map was constructed in R Studio 1.4 (RStudio, Inc., Boston, MA, USA, available online https://www.rstudio.com accessed on 22 November 2020).





3. Results


3.1. Hypocotyl Anatomical Characteristics during Early Developmental Stage in Turnip and Chinese Cabbage


The turnip and the Chinese cabbage belong to the Brassica rapa subspecies, but they display distinct phenotypes. The Chinese cabbage has a big leafy head, while the turnip develops a swelling taproot, mainly from the hypocotyl. In order to explore whether there are differences in the hypocotyl vascular structure, we dissected and compared the hypocotyls of the turnip and the Chinese cabbage, collected during the early developmental stages, by freehand section. According to the characteristics of the vascular structure from the slice sections, we divided the early development period into three stages: Stage I represents primary growth, Stage II represents initial secondary growth, and Stage III represents secondary growth (Figure 1). In Stage I, no obvious differences were observed in the morphology and vascular structure of the hypocotyls between the turnip and the Chinese cabbage. In Stage II, the degree of xylem lignification in the turnip and the Chinese cabbage both gradually increased, and the lignified cells mainly distributed the center of the xylem. The edge of the xylem cell group in the Chinese cabbage was clear, while that in the turnip appeared as a zigzag pattern. With the development of hypocotyl in Stage III, the hypocotyl diameter of the turnip significantly increased compared with the Chinese cabbage, while the hypocotyl vascular structures were distinctly different between the turnip and the Chinese cabbage. Moreover, the lignification in the xylem of the Chinese cabbage was further enhanced, while the lignification of the xylem in the turnip hypocotyl sharply decreased. As a result, parenchyma cells occupied most portions of the taproot xylem, and only a few lignified cells were distributed radially in the xylem tissue and the middle of the vascular tissue. These results implied that lignification of the xylem cells may correlate with taproot formation in the turnip.




3.2. Identification of LACCASE (LAC) in Turnip and Chinese Cabbage


We have shown the significant differences in the lignification patterns of the xylem, between the turnip and the Chinese cabbage. Previous studies have shown that plant LACs play important roles in lignin biosynthesis. LACs catalyze the last step of monolignols oxidation and polymerization in lignin synthesis, by directly using O2 to oxidize all types of monolignols. To explore the possible different roles of LACs in lignin biosynthesis between the turnip and the Chinese cabbage, we firstly searched out 27 LAC proteins from the turnip and the Chinese cabbage, named BrrLACs and BraLACs, respectively, by blasting the Arabidopsis LAC proteins against the genomes of the turnip and the Chinese cabbage. As shown in Table 1, the CDS length of the LAC ranged from 1623 bp to 1776 bp in the turnip and the Chinese cabbage. Most homologous LAC genes in the turnip and the Chinese cabbage have the same CDS length, except for LAC1, LAC4.1, and LAC8.1. The computed molecular masses of LAC proteins ranged from 60.2 kDa to 65.9 kDa in the turnip and 60.1 kDa to 66.0 kDa in the Chinese cabbage, and the theoretical isoelectric points (pI) ranged from 5.99 to 9.71 in the turnip and 5.96 to 9.73 in the Chinese cabbage. The grand average of hydropathicity (GRAVY) was negative for most of the BraLAC and BrrLAC proteins ranging from −0.301 to −0.034, indicating that they were hydrophilic. Only BraLAC7 and BrrLAC7 proteins were hydrophobic, possessing a positive GRAVY value. The predicted-protein instability index indicated that most LAC proteins were stable (instability index < 40), while BrrLAC3.1, BrrLAC3.2, BrrLAC9, and BrrLAC13 in the turnip, and BraLAC3.1, BraLAC3.2, BraLAC9, and BraLAC13 in the Chinese cabbage showed low protein stability (instability index > 40) (Table 1).




3.3. Phylogenetic Analysis


To assess the evolutionary relationship among the 27 BrrLACs in the turnip and the 27 BraLACs in the Chinese cabbage, we further searched the LAC proteins of three other species (Arabidopsis thaliana, Oryza sativa, and Populus trichocarpa) from the NCBI database. A phylogenetic tree of 150 LAC proteins from these species was constructed by the neighbor-joining method, with 1000 bootstrap replicates, using MEGA 7.0 software. These LAC proteins were clustered into seven groups: Group I to Group VII (Figure 2). BrrLACs and BraLACs were clustered together in all groups, and they were most closely clustered with LACs in Arabidopsis, except for BrrLAC22 and BraLAC22. Interestingly, LAC22 in the turnip and the Chinese cabbage was clustered with PtrLAC4.1 and PtrLAC4.2 in Poplar, suggesting they may have the similar functions. Group III and Group IV contained LACs from the turnip, Chinese cabbage, Arabidopsis, and Poplar but not from rice, while Group VII contained LACs only from rice, suggesting these LACs might have a distinct function in monocotyledons and dicotyledons.




3.4. Gene Structure and Conserved Motif Analysis of LACs in Turnip and Chinese Cabbage


We performed the conserved motif scanning of LAC proteins in the turnip and the Chinese cabbage, arranging them according to the LAC phylogenetic tree (Figure 3A). The number and arrangement of the conserved motif of LAC proteins are shown in Figure 3B. There were 15 conserved motifs to be found in most LAC proteins, except for BrrLAC8.1/8.2 and BraLAC8.1/8.2, which lacked motif 5, as well as BrrLAC9 and BraLAC9, which lacked motif 1 and motif 5. All these LAC proteins had a relatively conserved motif in their C-terminus. In most cases, plants have three copper-binding domains. To explore whether the lack of motif 5 in BraLAC8.1/8.2 as well as the lack of motif 1 and motif 5 in LAC9 would affect the three copper-binding domains, we performed conserved-domain research through the Pfam data. As the results indicated (Supplementary Data), all LAC proteins in the Chinese cabbage and the turnip had three copper-binding domains.



Further, the exon–intron structures of BrrLACs and BraLACs were analyzed in GSDS. As shown in Figure 3C, the intron number of LACs in the turnip and the Chinese cabbage varied from 3 to 6. Most orthologous genes of LACs from the turnip and the Chinese cabbage had an equal number and approximate length of exons and introns. However, there are some exceptions. For examples, BraLAC4.1 had six introns while BrrLAC4.1 had five introns; BraLAC8.1 had six introns while BrrLAC8.1 had five introns; the first intron length in BraLAC10 was longer than that in BrrLAC10; the fifth intron length in BraLAC16 was longer than that in BrrLAC16; the third intron length in BrrLAC17.3 was longer than that in BraLAC17.3; and the third intron length in BrrLAC8.1 was longer than that in BraLAC8.1. Differences in intron numbers and lengths might affect the genes’ expression in the post-transcriptional level.




3.5. Chromosomal Localization


To determine the genome organization and distribution of BrrLACs and BraLACs on the chromosomes of the turnip and the Chinese cabbage, a gene chromosomal location map was constructed (Figure 4). The results showed that the 27 BrrLACs in the turnip were unevenly distributed in eight chromosomes in the turnip, and chromosome A02/05/10 contained the most (>5). Several BrrLAC genes were clustered in the chromosomes, such as BrrLAC8.2/10/11.1/12.1, BrrLAC3.2/4.2/5.1/6, and BrrLAC11.2/12/2/14. BraLACs in the Chinese cabbage had a similar chromosomal distribution compared with the BrrLACs in the turnip. Strangely, BraLAC13 was not in chromosome A07 as it was for BrrLAC13, isntead located in chromosome A10.




3.6. Tissue-Specific Expression Patterns of Laccase Genes in Turnip and Chinese Cabbage


It was necessary to determine the expression patterns of LAC genes in the different tissues (leaf, stem, silique, root, and flower) of the turnip and the Chinese cabbage for predicting the possible function of laccases on turnip-taproot formation. As shown in Figure 5A,B most of the LAC genes showed a distinct tissue-specific expression pattern. In the turnip (Figure 5A), 19 out of 27 BrrLACs were highly expressed in stems, such as BrrLAC2, BrrLAC3.1, BrrLAC3.2, BrrLAC4.1, BrrLAC4.2, BrrLAC5.1, BrrLAC5.2, BrrLAC6, BrrLAC7, BrrLAC10, BrrLAC11.1, BrrLAC11.2, BrrLAC12.1, BrrLAC12.2, BrrLAC16, BrrLAC17.1, BrrLAC17.2, BrrLAC17.3, and BrrLAC22; 10 out of 27 BrrLAC genes were highly expressed in siliques, such as BrrLAC1, BrrLAC5.1, BrrLAC5.2, BrrLAC6, BrrLAC13, BrrLAC14, BrrLAC15.1, BrrLAC15.2, BrrLAC17.1, and BrrLAC17.2; and 7 out of 27 BrrLACs were highly expressed in roots (BrrLAC1, BrrLAC3.2, BrrLAC5.1, BrrLAC7, BrrLAC8.1, BrrLAC8.2, and BrrLAC9), while only two BrrLAC genes (BrrLAC6 and BrrLAC17.1) were highly expressed in the leaves, and most of the BrrLAC genes were not detected or expressed in a relatively low level in the flowers. More than half of the LAC genes in the Chinese cabbage had similar tissue-specific expression profiles to those in the turnip (Figure 5A). However, we also observed that the expression patterns of some LAC genes were differentiated between the Chinese cabbage and the turnip. LAC2, LAC4.1, LAC11.2, LAC16, LAC17.1, and LAC17.3 were expressed in the turnip siliques at low level, while they were highly expressed in the Chinese cabbage siliques. LAC8.1 and LAC8.2 were strongly expressed in the turnip root, but they were expressed at a relatively low level in the Chinese cabbage root. The expression of BrrLAC9 in the root and BrrLAC17.2 in the stem of the turnip was significantly higher than those in the Chinese cabbage. In the turnip, LAC11.1 were expressed in the leaf, stem, silique, and root, while LAC11.1 in the Chinese cabbage was only expressed in silique. In addition, we also found that almost all of the LAC genes were not expressed in the flowers in the turnip and the Chinese cabbage (Figure 5A,B).




3.7. Expression Analysis of LAC Genes during Early Hypocotyl Development Stage in Turnip and Chinese Cabbage


We have shown that the lignification of hypocotyl during the early development stage was remarkably different between the turnip and the Chinese cabbage. To explore whether LAC genes were responsible for such a difference, we checked the expression trends of the LAC genes in the turnip and the Chinese cabbage. According to the results of freehand slices, five growth points of plants after sowing were selected: 8 days, 15 days, 22 days, 29 days, and 36 days. The qPCR results were presented in Figure 6. In the turnip, the expression level of five LAC genes (BrrLAC 4.1/4.2/10/11.2/12.2) increased continually. Meanwhile, more than half of the LAC genes (BrrLAC2, BrrLAC3.1, BrrLAC3.2, BrrLAC5.1, BrrLAC5.2, BrrLAC6, BrrLAC7, BrrLAC8.1, BrrLAC8.2, BrrLAC11.1, BrrLAC12.1, BrrLAC13, BrrLAC16, BrrLAC17.1, BrrLAC17.3, and BrrLAC17.3) declined their expression when they reached the peak at 22 days, and, further, some of these LAC genes (BrrLAC2, BrrLAC3.1, BrrLAC3.2, BrrLAC6, BrrLAC7, BrrLAC8.1, BrrLAC8.2, BrrLAC11.1, BrrLAC12.1, BrrLAC13, BrrLAC17.1, and BrrLAC17.3) significantly decreased to relatively low levels. In the Chinese cabbage, 13 LAC genes (BraLAC4.1, BraLAC4.2, BraLAC5.1, BraLAC5.2, BraLAC6, BraLAC7, BraLAC11.2, BraLAC12.1, BraLAC12.2, BraLAC15.1, BraLAC16, BraLAC17.1, and BraLAC17.3) showed an increase in the expression level during the early development stages, maintaining a higher level after growing for 22 days. Eight BraLAC genes (BraLAC1, BraLAC2, BraLAC3.2, BraLAC4.1, BraLAC10, BraLAC14, BraLAC15.2, and BraLAC22) showed a rise first and then decreased in expression level. By comparing the expression profiles of LAC genes, three LAC genes (LAC6, LAC17.1, and LAC17.3) have similar trends with the lignin-content variation in the turnip and the Chinese cabbage.





4. Discussion


Ther turnip and the Chinese cabbage are both biennial Brassica plants. They are two variants of the same Brassica rapa species, but they have distinct morphological differences. The turnip has a unique swelling and edible taproot, which is mainly developed from its hypocotyl and root [24,25]. By comparing the anatomical structures of the hypocotyl of the turnip and the Chinese cabbage at early stages, we draw two conclusions: (1) the formation of the turnip taproot is the result of the increase in xylem cells; (2) most xylem cells are parenchyma cells with low-level lignification. Several studies have demonstrated that storage root formation is accompanied by the reduction in lignification [26,27,28]. Our previous study also proves that lignification is a restricting factor for taproot formation in the turnip. Therefore, further study on the regulation of lignification in the turnip taproot will be helpful to understand taproot expansion.



Laccases are multi-copper-oxidase enzymes that catalyze the oxidation of different compounds (phenolics and non-phenolics). Laccases participate in multiple physiology, biochemistry, and developmental processes including cell morphology, pigment formation, and second cell-wall biosynthesis. In this study, we comprehensively analyzed the laccase gene family in the turnip and the Chinese cabbage on a genome-wide scale. We comprehensively analyzed the laccase gene family in the turnip and the Chinese cabbage to compare the difference in phylogeny, gene structure, conserved motif, chromosomal localization, tissue-specific expression, and expression profile during the hypocotyl-development stage. Combining with the anatomical results, we predicted that expression regulation of BrrLAC17.1 and BrrLAC17.3 genes plays an important role in controlling the lignification level of the turnip hypocotyl during taproot formation.



Phylogenetic analysis showed that the LAC homologs between the turnip and the Chinese cabbage shared close relationships, and they were classified in the same groups with Arabidopsis. Compared with the homologous gene in Arabidopsis, a lot of LAC genes in the turnip and the Chinese cabbage have two–three copies, which was in line with the theory that Brassica rapa had experienced a whole-genome-triplication (WGT) event, approximately 9–15 million years ago [29,30,31]. Further analysis of the LAC motifs showed that the turnip and the Chinese cabbage shared a very similar protein-conserved sequence, which indicated that there was no obvious difference, at least in the protein function. In gene constructs, most BrrLAC genes and BraLAC genes showed similar alignment and length of exon and intron, but there are some exceptions. For example, there are six introns of LAC4.1 in the Chinese cabbage, while there are five introns in the turnip. The length of the third intron of LAC17.3 in the turnip was longer than that in the Chinese cabbage. In eukaryotes, the pre-mRNA would undergo RNA splicing, meaning removing non-coding introns from RNA transcripts to form mature RNA. As plenty of studies have demonstrated, the number and length of introns could be involved in RNA splicing and affect gene expression [32,33,34]. Therefore, the differences in the exon-intron organization of these LAC genes would be the potential reason responsible for the differential spatiotemporal expression between the turnip and the Chinese cabbage.



Significant differences in lignin content were observed in the hypocotyl vascular structure of the turnip and the Chinese cabbage during the early development stages. The lignification level of the xylem in the vascular tissue in the Chinese cabbage increased gradually, while that in the turnip decreased significantly after the transition from primary to secondary growth. With that in mind, we screened out three LAC genes (LAC6, LAC17.1, and LAC17.3), the expression profiles of which were consistent with the variant trends of the lignin content in the turnip and the Chinese cabbage. In Arabidopsis, peroxidases and laccases fulfil different functions in lignin polymerization. Specifically, AtLAC4, AtLAC11, and AtLAC17 are involved in monolignol polymerization, at least in the vascular tissue in Arabidopsis [14,15]. In Populus, PtrLAC2, PtrLAC3, PtrLAC14, and PtrLAC16 are homologous genes of AtLAC4 in Arabidopsis, having been proven to be active in catalyzing lignin polymerization [35,36,37,38]. Compared with Populus, the turnip and the Chinese cabbage have a closer genetic relationship to Arabidopsis. Therefore, LAC4.1, LAC4.2, LAC11.1, LAC11.2, LAC17.1, LAC17.2, and LAC17.3 are more likely to be involved in lignin synthesis in the turnip and the Chinese cabbage. Furthermore, most of these genes were expressed in the stems of the turnip and the Chinese cabbage, except for BraLAC4.1. Based on these facts, we predicted that LAC17.1 and LAC17.3 were two candidates participating in the regulation of lignin deposition in the hypocotyl during taproot formation in the turnip.



Though the expression pattern of LAC6 in the turnip and the Chinese cabbage had similar variant trends of lignin content, the function of LAC6 and its homolog in other species are not clear. In the phylogenetic tree, LAC6 also has a long distance from other LACs in the turnip, therefore, whether its function is related to turnip formation needs to be further studied.




5. Conclusions


Anatomical results of the turnip and the Chinese cabbage at early stages implied that lignification was involved in turnip-taproot formation. We, thus, analyzed the LAC genes of the turnip and the Chinese cabbage in the conserved motif, chromosome location, and spatiotemporal expression profiles. Our results indicated that LAC17.1 and LAC17.3 are two candidates that participate in the regulation of lignin synthesis during taproot formation. Further studies should be focused on the regulation mechanism of these two genes during the transition from primary to secondary growth in the turnip’s taproot.
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Figure 1. Changes of hypocotyl vascular structure during early development stage in turnip and Chinese cabbage. The free-hand sections of hypocotyl were made from 4–32-day-old seedlings and stained with Safranin O-Fast Green. Bar = 15 µm. 
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Figure 2. Phylogenetic analysis of laccase proteins from turnip and Chinese cabbage. Phylogenetic tree was constructed using laccase proteins from turnip (27), Chinese cabbage (27), Arabidopsis thaliana (17), Oryza sativa (27), and Populus trichocarpa (52). Phylogenetic tree was constructed using MEGA 7.0, by the neighbor-joining method, with 1000 bootstrap replicates. 
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Figure 3. Phylogenetic, conserved motif, and gene architecture analysis of turnip and Chinese cabbage. (A) The phylogenetic tree of turnip and Chinese cabbage laccase proteins. (B) Conserved motif in laccase proteins. (C) Exon–intron architecture of turnip and Chinese cabbage laccase genes. Exons are represented by light blue boxes, and introns are represented with black lines. 
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Figure 4. Chromosomal locations of LAC genes for turnip (A) and Chinese cabbage (B). The chromosome numbers are shown on the left side of each chromosome. Locations of LACs on chromosomes are indicated according to the location of the genes and length of chromosomes. Chromosomal distances are given in bp. 
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Figure 5. Transcription pattern of LAC genes across different tissues (leaf, stem, silique, root, and flower) in Chinese cabbage (A) and turnip (B) by RT-qPCR. Leaves, stems, and roots were collected from 30-day-old seedlings, while siliques and flowers were collected from bolting plants. The relative expression level was normalized using TUB gene. Values are the mean and SD of three replicates. 
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Figure 6. Transcription patterns of LAC genes in early developmental stages of turnip and Chinese cabbage. The hypocotyl of plants was collected at 8 days, 15 days, 22 days, 29 days, and 36 days after sowing. The relative expression level was normalized using TUB gene. Values are the mean and SE of three replicates. 
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Table 1. Physical and chemical properties of the predicted proteins of BrrLAC genes.
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	Gene
	CDS (bp)
	Molecular Weight (kDa)
	pI
	GRAVY
	Instability Index (%)





	BrrLAC1
	1719
	64.4
	9.03
	−0.268
	31.66



	BrrLAC2
	1737
	64.2
	9.47
	−0.091
	35.57



	BrrLAC3.1
	1713
	64.0
	9.46
	−0.269
	41.82



	BrrLAC3.2
	1713
	64.0
	9.42
	−0.249
	40.58



	BrrLAC4.1
	1677
	61.5
	9.36
	−0.085
	33.09



	BrrLAC4.2
	1680
	61. 8
	9.41
	−0.065
	30.91



	BrrLAC5.1
	1710
	63.1
	8.69
	−0.141
	36.25



	BrrLAC5.2
	1725
	63.7
	8.92
	−0.142
	35.12



	BrrLAC6
	1710
	63.7
	7.96
	−0.178
	34.69



	BrrLAC7
	1707
	62.6
	8.95
	0.030
	37.95



	BrrLAC8.1
	1755
	65.0
	7.29
	−0.066
	36.43



	BrrLAC8.2
	1776
	65.9
	7.67
	−0.044
	35.40



	BrrLAC9
	1623
	60.2
	5.99
	−0.116
	42.55



	BrrLAC10
	1680
	61.2
	9.49
	−0.034
	33.40



	BrrLAC11.1
	1683
	62.1
	8.75
	−0.072
	33.67



	BrrLAC11.2
	1686
	62.6
	8.91
	−0.114
	35.96



	BrrLAC12.1
	1698
	62.5
	9.49
	−0.172
	29.22



	BrrLAC12.2
	1698
	62.5
	9.10
	−0.134
	30.60



	BrrLAC13
	1701
	62.9
	6.65
	−0.149
	42.51



	BrrLAC14
	1743
	65.8
	9.71
	−0.296
	29.67



	BrrLAC15.1
	1680
	63.4
	9.04
	−0.194
	35.88



	BrrLAC15.2
	1683
	63.3
	9.03
	−0.157
	34.88



	BrrLAC16
	1698
	62.5
	9.14
	−0.052
	35.26



	BrrLAC17.1
	1722
	63.7
	9.28
	−0.168
	33.69



	BrrLAC17.2
	1719
	63.5
	9.27
	−0.147
	34.10



	BrrLAC17.3
	1722
	63.7
	9.33
	−0.120
	33.72



	BrrLAC22
	1683
	61.8
	8.47
	−0.081
	27.47



	BraLAC1
	1740
	65.2
	9.09
	−0.254
	31.61



	BraLAC2
	1737
	64.2
	9.47
	−0.091
	35.57



	BraLAC3.1
	1713
	64.0
	9.46
	−0.277
	41.48



	BraLAC3.2
	1713
	64.1
	9.48
	−0.265
	40.58



	BraLAC4.1
	1686
	61.8
	9.37
	−0.081
	33.10



	BraLAC4.2
	1680
	61.8
	9.41
	−0.061
	31.49



	BraLAC5.1
	1710
	63.1
	8.69
	−0.143
	36.85



	BraLAC5.2
	1725
	63.8
	8.99
	−0.158
	35.27



	BraLAC6
	1710
	63.7
	7.96
	−0.178
	34.69



	BraLAC7
	1707
	62.7
	8.94
	0.015
	37.38



	BraLAC8.1
	1761
	65.2
	7.30
	−0.042
	36.55



	BraLAC8.2
	1776
	66.0
	7.30
	−0.049
	35.31



	BraLAC9
	1623
	60.1
	5.96
	−0.114
	43.10



	BraLAC10
	1680
	61.2
	9.49
	−0.034
	33.40



	BraLAC11.1
	1683
	62.0
	8.63
	−0.069
	33.92



	BraLAC11.2
	1686
	62.6
	8.91
	−0.114
	35.96



	BraLAC12.1
	1698
	62.7
	9.52
	−0.165
	28.94



	BraLAC12.2
	1698
	62.5
	9.10
	−0.134
	30.60



	BraLAC13
	1701
	62.9
	6.52
	−0.149
	42.97



	BraLAC14
	1743
	65.8
	9.73
	−0.301
	27.60



	BraLAC15.1
	1680
	63.5
	9.15
	−0.208
	35.94



	BraLAC15.2
	1683
	63.2
	9.03
	−0.159
	34.55



	BraLAC16
	1698
	62.5
	9.15
	−0.052
	35.39



	BraLAC17.1
	1722
	63.7
	9.18
	−0.150
	34.17



	BraLAC17.2
	1719
	63.4
	9.28
	−0.119
	35.45



	BraLAC17.3
	1722
	63.6
	9.33
	−0.119
	34.14



	BraLAC22
	1683
	61.8
	8.47
	−0.079
	26.04
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