

  horticulturae-10-01191




horticulturae-10-01191







Horticulturae 2024, 10(11), 1191; doi:10.3390/horticulturae10111191




Article



Chromosome-Scale Genome of the Fern Cibotium barometz Unveils a Genetic Resource of Medicinal Value



Guole Qin 1,2,†, Denglang Pan 1,3,†, Ying Long 1,2, Huiying Lan 1,2, Delong Guan 1,2 and Jing Song 1,2,*





1



Guangxi Key Laboratory of Sericulture Ecology and Applied Intelligent Technology, Hechi University, Hechi 546300, China






2



Guangxi Collaborative Innovation Center of Modern Sericulture and Silk, Hechi University, Hechi 546300, China






3



Hainan Key Laboratory for Cultivation & Physiology of Tropical Crops/State Key Laboratory Incubation Base for Cultivation and Physiology of Tropical Crops, Rubber Research Institute, Chinese Academy of Tropical Acricultural Sciences, Haikou 571101, China









*



Correspondence: 2023660007@hcnu.edu.cn






†



These authors contributed equally to this work.









Citation: Qin, G.; Pan, D.; Long, Y.; Lan, H.; Guan, D.; Song, J. Chromosome-Scale Genome of the Fern Cibotium barometz Unveils a Genetic Resource of Medicinal Value. Horticulturae 2024, 10, 1191. https://doi.org/10.3390/horticulturae10111191



Academic Editors: Jong-Wook Chung and Sebastin Raveendar



Received: 6 October 2024 / Revised: 9 November 2024 / Accepted: 11 November 2024 / Published: 12 November 2024



Abstract


Ferns represent the second-largest group of vascular plants, yet their genomic resources lag far behind. Here, we present a chromosome-scale genome assembly of Cibotium barometz (L.) J. Sm., a medicinally important fern species. The 3.49 Gb genome, assembled into 66 chromosomes with 99.41% sequence anchorage, revealed an exceptionally high proportion (83.93%) of repetitive elements, dominated by recently expanded LTR retrotransposons. We identified 30,616 protein-coding genes, providing insights into fern-specific gene families. Genomic analyses uncover the evolutionary dynamics of 513 key biosynthetic genes, particularly those involved in terpenoid and flavonoid production. Expression profiling across tissues revealed tissue-specific regulation of these pathways, with notable upregulation of chalcone synthase genes in roots. Our structural analysis of 1-deoxy-d-xylulose-5-phosphate synthase, a key enzyme in terpenoid biosynthesis, demonstrated high conservation across land plants while highlighting fern-specific adaptations. The identification of multiple isoforms for key enzymes points to potential gene-duplication events or the evolution of fern-specific variants. This genome provides a foundation for understanding fern biology, evolution, and the molecular basis of their medicinal properties. It also offers valuable resources for conservation efforts and pharmacological research, paving the way for sustainable utilization of this valuable medicinal plant and advancing our understanding of plant diversity and natural product biosynthesis.
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1. Introduction


Cibotium barometz (L.) J. Sm., a member of the family Cyatheaceae Kaulf. within the order Cyatheales, is a distinctive fern species characterized by its large, bipinnate fronds that can reach lengths of up to 3 m [1,2,3]. These fronds emerge from a thick, prostrate, or ascending rhizome covered in golden-brown hairs, which give the species its common name and have contributed to its folkloric associations [4,5]. Primarily distributed across Southeast Asia, including southern China, Vietnam, Malaysia, and parts of Oceania, C. barometz thrives in the understory of tropical and subtropical montane forests [1,6,7]. It shows a preference for partially shaded environments with high humidity and well-drained, acidic soils, playing crucial roles in forest ecosystems through soil stabilization, nutrient cycling, and the provision of microhabitats for various organisms [7,8].



The significance of C. barometz extends far beyond its ecological roles, encompassing substantial medicinal value and conservation concerns. In China, it is classified as a Grade II protected plant species, reflecting growing alarm over population declines due to overexploitation and habitat loss [2,3]. This protected status underscores the urgency of comprehensive genomic studies to inform conservation strategies and sustainable management practices. Simultaneously, the species holds a revered place in traditional Chinese medicine (TCM), where its rhizome, known as “Gouji”, is highly prized for its purported therapeutic properties [8,9]. Traditional applications include the treatment of liver and kidney ailments, alleviation of rheumatic conditions, and general tonic effects. Modern pharmacological studies have begun to elucidate the scientific basis for these traditional uses, identifying various bioactive compounds, including flavonoids, triterpenes, and polysaccharides with potential anti-inflammatory, antioxidant, and hepatoprotective properties [4,10,11,12].



The intersection of C. barometz’s ecological importance, conservation status, and medicinal potential highlights the critical need for a comprehensive genomic resource for this species. Such a resource would not only advance our understanding of fern biology and evolution but also provide invaluable insights for conservation genomics and the exploration of novel bioactive compounds. This need is particularly acute given the paucity of genomic data for ferns, especially at the chromosome level [13,14]. Our latest survey revealed only six accessible fern (Filicopsida) genomes available in the National Center for Biotechnology Information (NCBI) database, with a mere two assembled at the chromosome level with confident gene annotations [13,14]. This scarcity is striking considering that ferns constitute the second-largest group of vascular plants, comprising over 10,000 species.



To address this critical gap, we employed a sequencing strategy that combined PacBio HiFi (High-Fidelity) sequencing with Hi-C (High-throughput Chromosome Conformation Capture) technology. Here, we present a high-quality chromosome-level genome assembly of C. barometz that was achieved through the integration of PacBio HiFi sequencing and Hi-C techniques. Our study not only advances our understanding of fern biology but also opens new avenues for the exploration and utilization of C. barometz in medicine and biotechnology. The genome assembly and associated analyses presented here represent a significant step forward in bridging the gap between traditional herbal knowledge and modern genomic science, potentially paving the way for novel discoveries in plant-based therapeutics.




2. Results


2.1. Genome Assembly and Completeness Assessment


The initial assembly of the C. barometz genome resulted in a total size of 3.49 Gb and comprised 900 contigs (Table 1). Remarkably, we successfully anchored 3.47 Gb of the assembled contigs onto 66 pseudochromosomes, which achieved an exceptionally high anchor rate of 99.41% (Figure 1A and Figure S1, Table 1). This near-complete chromosomal representation closely aligned with the cytogenetically determined chromosome number, which underscored the accuracy of our assembly approach. The final assembly demonstrated impressive contiguity metrics, with a contig N50 of 10.01 Mb and a scaffold N50 of 55.75 Mb. The largest scaffold, which represented a pseudochromosome, spanned 84.14 Mb, while the smallest was 17.09 Mb.



To assess the quality and completeness of the C. barometz genome assembly, raw PacBio HiFi sequencing reads were aligned with the assembled genome using Minimap2 v2.17-r941 [15], which achieved a mapping rate of 99.87%. RNA-seq reads were mapped using HISAT2 v2.2.1 [16], with an alignment rate of 86.26%. These high mapping rates indicate excellent concordance between the raw sequencing data and the final assembly. Collectively, these metrics demonstrate the high quality and completeness of the C. barometz genome assembly, providing a robust foundation for subsequent genomic analyses.




2.2. Genomic Contents


The identification of repetitive elements in the C. barometz genome revealed that 83.93% (2.91 Gb) of the genome consisted of repetitive sequences (Figure 1C, Table 2). This high proportion of repetitive content is consistent with observations in other fern genomes and highlights the complexity of the C. barometz genome structure. Long Terminal Repeat (LTR) retrotransposons emerged as the dominant class of repetitive elements, which occupied 1.66 Gb of the genome. Within this class, LTR-RE/DIRS1 elements were the most prevalent, spanning 1.12 Gb, followed by LTR-RE/Copia elements that covered 494.69 Mb (Figure 1D–F, Table 2). Our analysis also identified 777.38 Mb of unclassified repetitive sequences, indicating the presence of potentially novel or highly diverged repetitive elements unique to C. barometz or closely related fern species. DNA transposons accounted for 191.13 Mb of the genome, while simple repeats, Long Interspersed Nuclear Elements (LINEs), and Short Interspersed Nuclear Elements (SINEs) comprised 29.25 Mb, 186.34 Mb, and 302.95 kb, respectively (Figure 1G–I, Table 2). Gene annotation resulted in the prediction of 30,616 protein-coding genes (Figure 1B, Table 1). Statistics of the annotation revealed an average gene length of 16,869.05 bp, with a mean coding sequence (CDS) length of 2260.69 bp. The genes contained an average of 5.16 exons, with a mean exon length of 437.34 bp (Table S1). Notably, 97.98% of these predicted genes could be functionally annotated (Table S2). Among the available fern genomes, A. capillus-veneris and C. richardii stood out as the most significant contributors to our gene annotation efforts, with 24,912 and 24,593 annotations, respectively, from the NR database (Table S3).



The recent expansion of repetitive elements may have contributed significantly to the genome size and structure of C. barometz. To further investigate the evolutionary history of repetitive elements in the C. barometz genome, we calculated the Kimura 2-Parameter (K2P) distance for each repeat family. The K2P distance provides an estimate of the relative age of transposable element insertions, with smaller distances indicating more recent insertions. Analysis of the K2P distance distributions revealed distinct patterns for different repeat families (Figure 2). DNA transposons showed a clear peak at very low K2P values (close to 0), suggesting a recent and significant burst of amplification. This finding indicates that DNA transposons have been particularly active in the recent evolutionary history of C. barometz. LINE elements displayed a bimodal distribution, with a major peak at low K2P distances (around 0–0.05) and a smaller, broader peak at medium distances (around 0.2–0.3). This pattern suggests two distinct periods of LINE proliferation: a recent, intense period of activity and an older expansion event. LTR retrotransposons exhibited a unique distribution with a gradual increase in frequency as the K2P distance decreased, reaching a maximum at very low distances. This pattern indicates a continuous and increasing rate of LTR retrotransposon insertion over time, with the highest activity in the recent past. Interestingly, the Penelope elements showed a distinct peak at low K2P distances (around 0.05–0.1), suggesting a specific period of expansion for this class of retrotransposons. Rolling circle (RC) elements displayed a similar pattern to Penelope elements but with a slightly broader distribution. The unclassified repeat elements showed a broad distribution across K2P distances, with a slight increase in frequency at lower distances. This pattern may reflect a diverse set of repeat elements with varying insertion histories.




2.3. Identification and Characterization of Synthase-Related Domains


Comprehensive functional annotation of the C. barometz genome provided insights into the biosynthetic capabilities of this medicinal fern. Based on InterProScan and Pfam annotations, a total of 513 genes were identified as harboring synthase-associated domains (Table S4). The most abundant synthase-related domain was the Isopenicillin N synthase-like Fe(2+) 2-OG dioxygenase domain, present in 135 genes. The second most prevalent domain was the Isoprenoid synthase domain superfamily, found in 74 genes, indicating a robust potential for terpenoid biosynthesis. Meanwhile, we also identified 27 genes that contained the Chalcone/stilbene synthase N-terminal domain and 17 genes with the corresponding C-terminal domain, implying a substantial investment in flavonoid and stilbenoid biosynthetic pathways. The presence of 21 genes that encoded Cellulose synthase domains suggests an important role in cell wall biosynthesis and modification, which may contribute to the structural integrity of this large fern species. Other significant findings include 14 genes with FAE1/Type III polyketide synthase-like protein domains and 12 genes each for Strictosidine synthase and Tryptophan synthase beta chain-like domains, indicating diverse secondary metabolite production capabilities.



Notably, we focused on the 44 genes with a Chalcone/stilbene synthase domain, as these are intricately involved in the biosynthesis of flavonoids and stilbenoids, compounds renowned for their potent antioxidant and anti-inflammatory properties. Elucidating the genetic architecture underlying these pathways could potentially unveil the molecular mechanisms responsible for the well-documented anti-inflammatory and antioxidative effects of C. barometz. To this end, we mapped the genomic distribution of these genes, which revealed a striking pattern of clustering across the chromosomes (Figure 3). Our analysis uncovered a non-random distribution of Chalcone/stilbene-synthase-domain-containing genes, with notable clusters observed on chromosomes 3, 44, and 46 (Figure 3). Particularly intriguing is the tight cluster of eight genes on chromosome 46 that spanned a relatively short genomic region. This arrangement suggests the possibility of recent tandem duplication events that are potentially driving the functional diversification of these enzymes. Such gene clusters often indicate coordinated regulation and may represent evolutionary hotspots for the emergence of novel biosynthetic capabilities. Furthermore, the presence of isolated genes on several other chromosomes hints at a complex evolutionary history, possibly involving chromosomal rearrangements or more ancient duplication events.



Furthermore, we examined the expression profiles of these 44 genes that harbored the Chalcone/stilbene synthase domain across four distinct tissues in C. barometz: rhizome, petiole, fronds, and roots (Figure 4). RNA-seq analysis revealed a pattern of tissue-specific expression, where six genes pronounced bias toward root-specific transcription. A subset of genes exhibited remarkably high expression levels in root tissue, which often surpassed those observed in other tissues by several orders of magnitude. For instance, gene CBGene005393.t1 demonstrated an exceptionally high root-specific expression, with transcript levels in roots that exceeded those in other tissues by more than 100-fold (Table S5). This dramatic upregulation suggests a specialized role for this gene in root metabolism or development.



While root-specific expression was the most prominent trend, we observed a spectrum of expression patterns across the gene set. Some genes, such as CBGene018780.t1, displayed more uniform expression across all four tissues, albeit at lower levels than the root-specific transcripts. This suggests a potential housekeeping role for these ubiquitously expressed genes in C. barometz. Intriguingly, a considerable number of genes (approximately 25%) showed negligible expression across all examined tissues. This could indicate that these genes were expressed under specific environmental conditions not captured in our study, or that they have become functionally redundant or silenced over evolutionary time. The predominance of root-specific expression among Chalcone/stilbene-synthase-domain-containing genes is particularly noteworthy. This pattern may reflect the specialized metabolic functions of roots in C. barometz, which are potentially related to the synthesis of bioactive compounds or in response to soil-borne environmental cues. The stark contrast in expression levels between root and non-root tissues for many of these genes underscores the likely functional importance of this gene family in root biology.




2.4. Terpenoid Biosynthesis Pathway Analysis


Terpenoids represent a core class of bioactive compounds in C. barometz, contributing significantly to its medicinal properties. To this end, we mapped the identified genes to the plant KEGG pathway database, where we focused on the terpenoid backbone biosynthesis pathway (ko00900) (Figure 5). Our analysis revealed a remarkably complete terpenoid backbone biosynthesis pathway, as evidenced by the abundance of green boxes in the KEGG pathway map. The presence of these organism-specific genes indicates that C. barometz possesses the fern-specific genetic machinery necessary for the synthesis of various terpenoid precursors. Meanwhile, both the mevalonate (MVA) and the methylerythritol phosphate (MEP) pathways were well-represented, suggesting that C. barometz can synthesize terpenoid precursors through multiple routes. Key enzymes, such as 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR, EC:1.1.1.34) in the MVA pathway and 1-deoxy-d-xylulose-5-phosphate synthase (DXS, EC:2.2.1.7) in the MEP pathway, were present, indicating the potential for robust terpenoid production. Intriguingly, our analysis uncovered several unique features that may be specific to fern terpenoid biosynthesis. For instance, we identified multiple isoforms of key enzymes, such as isopentenyl diphosphate isomerase (IDI, EC:5.3.3.2), which are represented by both blue and green boxes in the pathway map. This could indicate gene-duplication events or the evolution of fern-specific enzyme variants. Additionally, the presence of enzymes involved in the biosynthesis of diterpenes and carotenoids (EC:2.5.1.29, EC:2.5.1.32) suggests that C. barometz may produce a diverse array of terpenoid compounds, potentially contributing to its broad medicinal applications.



Following our analysis, we also examined the expression profiles of these genes across four distinct tissues in the roots, fronds, rhizome, and petiole of C. barometz. We revealed that 51 out of the identified terpenoid-biosynthesis-related genes showed detectable expression in at least one tissue. Intriguingly, the expression patterns of these genes exhibited a complex and diverse expression pattern across the four tissues (Figure 6). Contrary to the Chalcone/stilbene synthase genes, which showed preferential expression in the roots, the terpenoid-biosynthesis-related genes generally displayed lower expression levels in the root tissue compared with the other organs. This pattern suggests a tissue-specific regulation of terpenoid biosynthesis in C. barometz, with potentially higher activity in the aerial parts of the plant. A large cluster of genes in the middle of the heatmap showed a relatively low expression across all tissues, with slightly elevated levels in fronds and petioles for some genes. This pattern might indicate genes involved in the biosynthesis of specialized terpenoids that are produced in lower quantities or under specific conditions not captured in our sampling.



Among the terpenoid-biosynthesis-related genes, three key enzymes exhibited exceptionally high expression levels across all tissues, with particularly elevated levels in petioles and rhizomes (Figure 6). These enzymes, encoded by CBGene008782.t01, CBGene008419.t01, and CBGene009673.t01, were geranylgeranyl diphosphate reductase (GGPPS), 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (HDS), and 1-deoxy-d-xylulose-5-phosphate synthase (DXS), respectively. Of particular note was the expression profile of CBGene009673.t01, encoding DXS, which catalyzes the first committed step of the methylerythritol 4-phosphate (MEP) pathway. This pathway is crucial for the biosynthesis of isoprenoid precursors in plastids, with DXS widely recognized as a major rate-limiting factor in terpenoid production. The consistently high expression of CBGene009673.t01 across all examined tissues, especially in petioles and rhizomes, underscores the critical role of DXS in maintaining the metabolic flux through the MEP pathway. This ubiquitous and robust expression pattern supports the continuous production of diverse terpenoids in C. barometz.



Building upon our initial findings, we further investigated the protein-coding sequence of CBGene009673.t01 through comparative sequence and structural analyses to elucidate its potential function and evolutionary relationships. A comprehensive search of the SWISS-MODEL database revealed a striking similarity between our gene of interest and A0A2R6XH29.1.A (gene: A0A2R6XH29_MARPO) from Marchantia polymorpha (Common liverwort), with a sequence identity of 73.34% (Figure 7A). This high degree of conservation between a fern and a liverwort, two distantly related but ancient plant lineages, suggests that these two proteins likely perform a fundamental and evolutionarily conserved function in land plants.



To gain deeper insights into the structural implications of this sequence similarity, we performed protein 3D structure prediction and comparison. The structural model based on A0A2R6XH29.1.A yielded the highest prediction confidence, with a Global Model Quality Estimation (GMQE) score of 0.82, indicating a high reliability of the predicted structure. Superimposition of the predicted protein 3D structures for CBGene009673.t01 and A0A2R6XH29.1.A revealed an almost perfect overlap across the majority of the protein (Figure 7B). This remarkable structural conservation further corroborates the functional importance of this gene and suggests a high degree of selective pressure maintaining its structure throughout plant evolution. However, it is worth mentioning that while the core structure shows near-perfect alignment, we still observed subtle differences in the peripheral regions of the protein, particularly in the loop structures connecting the main secondary structural elements. These variations, visible as slight misalignments in Figure 7B, likely reflect lineage-specific adaptations that have occurred since the divergence of ferns and liverworts.





3. Discussion


Ferns, despite constituting the second-largest group of vascular plants, with over 10,000 species, have been significantly underrepresented in genomic studies [13,17]. The chromosome-level genome assembly of C. barometz presented in this study marks a watershed moment in fern genomics, which is the first record of its belonging family. Our high-quality assembly, with a contig N50 of 10.01 Mb and 99.41% of sequences anchored to 66 chromosomes, approached the quality standards set by other characterized ferns [13,18]. This assembly represents the first chromosome-level genome for the family Cyatheaceae Kaulf. and provides the first definitive chromosome count (n = 66) for C. barometz, filling a critical gap in our understanding of fern genome architecture dynamics [17,19]. This genome assembly offers unprecedented insights into the evolution and medicinal potential of this important lineage, and the data will serve as a valuable source for future comparative genomics between ferns.



The characterization of repetitive elements illuminated the genome dynamics of C. barometz, which provided valuable insights into the evolutionary forces shaping fern genomes more broadly. The C. barometz genome exhibited a remarkably high proportion of repetitive sequences (83.93%), predominantly composed of LTR retrotransposons. This extensive repetitive content aligns with observations in other fern genomes, reflecting the complex evolutionary trajectory of this ancient lineage [13,14,18]. The prevalence of LTR retrotransposons, particularly LTR-RE/DIRS1 and LTR-RE/Copia elements, suggests their pivotal role in shaping the genome architecture of C. barometz. Our Kimura 2-Parameter distance analysis revealed a fascinating pattern of transposable element (TE) activity. The recent expansion of DNA transposons, evidenced by a clear peak at very low K2P values, hints at ongoing genomic plasticity and potential for adaptive evolution in this species. The bimodal distribution observed for LINE elements, with peaks at both low and medium K2P distances, suggests two distinct periods of proliferation in the evolutionary history of C. barometz. This pattern may be indicative of historical genomic upheavals that are possibly linked to significant environmental changes or polyploidization events [18,20,21]. The continuous and increasing rate of LTR retrotransposon insertion over time, peaking in the recent past, mirrors observations in other plant genomes and may contribute to the species’ remarkable adaptability across diverse environments [22,23].



Our annotation efforts yielded 30,616 protein-coding genes in C. barometz, which provided a comprehensive resource for comparative genomics and functional studies in ferns. The high proportion of functionally annotated genes (97.98%) suggests a well-conserved core genome, despite the considerable evolutionary distance between ferns [13,14,18]. This annotation, coupled with our analysis of synthase-related domains and terpenoid biosynthesis pathways, offers crucial insights into the molecular underpinnings of C. barometz’s medicinal properties. The identification of 513 genes harboring synthase-associated domains, including a substantial number related to terpenoid and flavonoid biosynthesis, aligns well with the known pharmacological activities of this species [11,24,25]. Of particular interest was our analysis of the 44 genes encoding proteins with Chalcone/stilbene synthase domains, which have anti-inflammatory effects related to antibiotic production within cellular metabolism [26,27,28]. The clustering of these genes on specific chromosomes, notably on chromosomes 3, 44, and 46, suggests potential co-regulation and functional specialization. This genomic organization may have significant implications for the coordinated production of bioactive compounds. The tissue-specific expression patterns observed for six genes, with a pronounced bias toward root expression, are particularly fascinating. For instance, the dramatic upregulation of CBGene005393.t1 in roots, which exceeded the expression levels in other tissues by more than 100-fold, suggests a specialized role in root metabolism or in the synthesis of root-specific bioactive compounds. This localization of expression may reflect the specialized role of roots in synthesizing defensive or signaling compounds, potentially contributing to the renowned medicinal properties of C. barometz rhizomes [25,29].



Our comprehensive mapping of the terpenoid backbone biosynthesis pathway in C. barometz revealed a robust and potentially diverse terpenoid production capability. The presence of both the mevalonate (MVA) and methylerythritol phosphate (MEP) pathways suggests metabolic flexibility in isoprenoid precursor synthesis, which could contribute to the plant’s adaptability and medicinal efficacy. Notably, this was the first detailed characterization of the terpenoid biosynthesis pathway in a fern species, filling a significant gap in our understanding of fern terpenoid metabolism evolution [11,30]. Our findings demonstrate that ferns, despite their early divergence from seed plants, maintained a terpenoid biosynthesis mechanism highly consistent with that of the distantly related lineages. This conservation implies strong evolutionary pressure to maintain these pathways, underscoring their fundamental importance in plant metabolism. These metrics highlight the high quality and completeness of our assembly, particularly when compared with other available fern genomes. For instance, our assembly showed significantly higher contiguity than that of Ceratopteris richardii (contig N50 of 2.27 Mb) [13] and approached the contiguity of Adiantum capillus-veneris (contig N50 of 16.21 Mb) [14], despite the latter having a lower chromosome number of 30. This high-quality, chromosome-level assembly of C. barometz represents a significant advancement in fern genomics.



The identification of multiple isoforms for key enzymes, like isopentenyl diphosphate isomerase (IDI), points to potential gene-duplication events or the evolution of fern-specific enzyme variants. This finding warrants further investigation into their functional divergence and regulatory mechanisms, potentially revealing novel medical genes in this fern [11]. The exceptionally high expression of genes encoding geranylgeranyl diphosphate reductase (GGPPS) [31,32], 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase (HDS) [33,34], and 1-deoxy-d-xylulose-5-phosphate synthase (DXS) [35,36] across all examined tissues, particularly in petioles and rhizomes, underscores their critical role in maintaining metabolic flux through the terpenoid biosynthesis pathways. The ubiquitous expression of DXS, a rate-limiting enzyme in the MEP pathway, suggests a constant demand for isoprenoid precursors throughout the plant, potentially supporting the continuous production of diverse bioactive terpenoids [36,37,38]. This pattern of expression may explain the broad spectrum of medicinal properties attributed to various parts of C. barometz.



The high degree of sequence and structural conservation observed between the C. barometz DXS gene (CBGene009673.t01) and its homolog in Marchantia polymorpha provides fascinating insights into the evolutionary history of this crucial enzyme [39]. The remarkable similarity between these distantly related plant lineages corroborates our earlier assertion regarding the highly conserved nature of terpenoid biosynthesis mechanisms in plants. Intriguingly, despite their distant phylogenetic relationship, the degree of similarity between C. barometz and M. polymorpha underscores not only the fundamental importance of the MEP pathway in plant metabolism and adaptation but also highlights the shared ancestral features retained by these two representatives of early-diverging plant lineages [39]. The conservation observed suggests strong purifying selection and functional constraints on DXS throughout land plant evolution, spanning over 400 million years [11,13,14,39]. Nevertheless, subtle structural differences observed in the peripheral regions of the DXS protein between C. barometz and M. polymorpha likely reflect lineage-specific adaptations that occurred and led to species-specific gene sequences.



In conclusion, this chromosome-level genome assembly of C. barometz represents a significant milestone in fern genomics and medicinal plant research. It provides a robust foundation for exploring the genetic underpinnings of this species’ unique biology and therapeutic potential. The insights gained from this study not only advance our understanding of fern evolution and adaptation but also open new avenues for the conservation and sustainable utilization of this valuable medicinal plant. As we continue to unravel the genomic secrets of non-model organisms, studies like this pave the way for a more comprehensive understanding of plant diversity and the molecular basis of natural product biosynthesis.



Looking ahead, this work sets the stage for a wide range of future investigations. Comparative genomic analyses with other fern species, as they become available, will undoubtedly reveal further insights into fern-specific genomic features and evolutionary patterns. The integration of genomic data with metabolomic profiling could establish direct links between genetic variations and the production of specific bioactive molecules, potentially leading to the discovery of novel compounds or improved chemotypes for pharmaceutical applications. Moreover, this genomic resource will be invaluable for conservation efforts, enabling the development of molecular markers for population genetics studies and informing strategies to preserve the genetic diversity of this important medicinal fern.




4. Materials and Methods


4.1. Sample Collection and Sequencing


C. barometz material was sourced from an artificially cultivated population maintained at Hechi University, Hechi, Guangxi Province, China (24°41′24″ N, 108°03′36″ E). Fresh young leaves were harvested for genome sequencing, while additional organ samples (fronds, petiole, rhizome, and roots) were collected from a separate individual to serve as biological replicates for the transcriptome analysis. All samples were immediately flash-frozen in liquid nitrogen upon collection and stored at −80 °C to preserve the nucleic acid integrity for subsequent extraction.



High-molecular-weight genomic DNA was isolated from young leaves of C. barometz using a modified cetyltrimethylammonium bromide (CTAB) method optimized for fern tissue. The quality and quantity of the extracted DNA were assessed using Qubit fluorometry (Thermo Fisher Scientific, Waltham, MA, USA) and pulsed-field gel electrophoresis (Bio-Rad Laboratories, Hercules, CA, USA) to ensure suitability for long-read sequencing. For PacBio sequencing, a 15 kb HiFi library was constructed following the manufacturer’s protocol for the PacBio Sequel II platform (Pacific Biosciences, Menlo Park, CA, USA). Circular consensus sequencing (CCS) was performed to generate highly accurate long reads, with a target of 35× genome coverage. For chromosome-scale scaffolding, a Hi-C library was prepared using the Arima-HiC kit (Arima Genomics, San Diego, CA, USA) following the manufacturer’s instructions. The resulting library was sequenced on an Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) with paired-end reads of 150 bp, where we aimed for approximately 100× genome coverage of valid Hi-C interactions. For the transcriptome analysis, total RNA was extracted from each organ type (fronds, petiole, rhizome, and roots) using a CTAB-based method optimized for plants rich in secondary metabolites [40]. The RNA integrity was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA-seq libraries were constructed using the NEBNext Ultra II RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) and sequenced on an Illumina NovaSeq 6000 platform with a read length of 150 bp on both ends, which targeted 6 Gb of data per sample. All Illumina sequencing data were subjected to quality control and filtering using fastp v0.23.1 [41] with default parameters to remove adapter sequences, low-quality reads (Q < 20), and reads that contained more than 5% unknown bases. This preprocessing step ensured high-quality input for subsequent analyses. Computational analyses were performed on a high-performance computing cluster that was equipped with 2 TB of RAM and 120 CPU threads and ran CentOS Linux 9.




4.2. Genome Assembly and Chromosome-Scale Scaffolding


Our sequencing effort yielded 119.09 Gb of PacBio HiFi reads (approximately 34-fold coverage of the genome), 173.06 Gb of Hi-C data (50-fold coverage), and 9.93 Gb of clean RNA-seq Illumina short reads (Table S6). Prior to the genome assembly, we determined the chromosome karyotype of C. barometz through cytogenetic analysis, which revealed a diploid chromosome number of 2n = 132 (n = 66), with no discernible sex chromosomes (Figure S1). This karyotypic information provided crucial guidance for our subsequent assembly and scaffolding efforts. Initially, PacBio HiFi (High-Fidelity) reads were assembled into merged haplotype contigs using hifiasm v0.19.8 [42] with default parameters. Subsequently, we integrated Hi-C data to achieve chromosome-scale scaffolding. Clean Hi-C reads were aligned to the assembled contigs using the Juicer pipeline v1.6 to generate interaction matrices [43]. The resulting contigs were then ordered and anchored using Yahs v1.2a [44] for de novo assembly. To ensure accuracy, we manually reviewed the Hi-C contact maps of the final assembly using Juicebox v1.11.08 [45], which allowed for the fine-tuning of the chromosomal arrangements. The assembly quality was further evaluated using the Assembly Quality Indicator (AQI) metrics, specifically the Clip-based Regional Errors (CREs) and large-scale Clip-based Structural Errors (CSEs), calculated using CRAQ v1.2.2 [46]. The average CRE and CSE scores were 95.35 and 89.64, respectively (Table S7, which approached or exceeding the software-defined threshold for the best reference quality (AQI > 90). The completeness of the genome was assessed using BUSCO v5.2.2 [47] with the Eukaryota_odb10 database, which revealed that 96.90% of the 255 core orthologous genes were complete. This completeness score was comparable to or surpassed those of seven previously reported fern genomes (95.3–99.6%) (Table S8).




4.3. Gene Prediction and Functional Annotations


To comprehensively annotate the C. barometz genome, we employed a multi-faceted approach that combined repeat element identification, protein-coding gene prediction, and functional annotation. For the identification and masking of repetitive elements, we utilized the earlGrey v1.2 fully automated transposable element (TE) annotation pipeline [48]. For the protein-coding gene annotation, we employed the GETA pipeline v2.7.1 (https://github.com/chenlianfu/geta, accessed on 11 July 2024), which integrates evidence from homology-based, transcriptome-based, and ab initio prediction methods. Homology-based predictions utilized protein sequences from two previously sequenced ferns, Ceratopteris richardii [13] and Adiantum capillus-veneris [14] by employing Exonerate v2.4.0 [49], GeneWise v2.4.1 [50], and GenomeThreader v1.7.1 [51]. Transcriptome-based predictions were performed using HISAT2 v2.2.1 [16] for RNA-seq alignment and assembled using the integrated perl script within GETA. Ab initio gene predictions were carried out using AUGUSTUS v3.4.0 [52], trained on the C. barometz transcriptome data. These diverse prediction methods were applied to the repeat-masked genome produced by earlGrey, where GETA integrated the results to generate a comprehensive and non-redundant set of gene models. To functionally characterize the predicted gene models, we conducted searches against several curated databases. Protein sequences were aligned to the NCBI NR database using Diamond v2.0.13 [53], with an E-value cutoff of 1e-5. InterProScan v5.52-86.0 [54] was used to identify the protein domains and assign InterPro terms and Gene Ontology (GO) annotations, and also focus on the CDD, SUPERFAMILY, and Pfam databases. Additionally, we employed eggNOG-mapper v2.1.6 [55] to assign COGs (Clusters of Orthologous Groups) descriptions, preferred gene names, and KEGG (Kyoto Encyclopedia of Genes and Genomes) KO terms and pathway annotations.




4.4. Bioinformatics Analysis


To elucidate the transcriptional landscape of C. barometz, we performed reference-guided transcriptome analysis using HISAT2 v2.2.1 [16] and StringTie v2.1.4 [56]. A circos plot of genomic features and gene distributions were visualized using TBtools v2.119 [57]. To gain insights into the metabolic capabilities of C. barometz, we utilized the KEGG Automatic Annotation Server (KAAS) [30] for pathway mapping. For the structural analysis of key proteins, we employed SWISS-MODEL [58] to predict three-dimensional structures based on homology modeling. Structural alignments and visualizations were performed using PyMOL v2.5 [59]. Additional analyses and visualizations, including heatmaps of gene expression profiles and Kimura 2-Parameter distance plots, were generated using the online omicstudio platform (https://www.omicstudio.cn/, accessed on 17 August 2024), a comprehensive online tool for multi-omics data analysis and visualization.
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Figure 1. The genomic features of C. barometz: (A) the 66 pseudochromosomes; (B) gene density; (C–I) the densities of total repeat sequences, LTR retrotransposons, unclassified repetitive sequences, DNA transponsons, simple repeats, LINEs, and SINEs; (J) histogram of GC content. (B–J) were drawn in 1 Mb overlapping sliding windows. The inner image depicts the natural view of an adult C. barometz. 
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Figure 2. Kimura 2-Parameter distance distribution for major repeat families in the C. barometz genome. The x-axis represents the K2P distance, and the y-axis shows the number of base pairs occupied by each repeat type at that divergence level. 
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Figure 3. Chromosomal distribution of Chalcone/stilbene synthase genes in C. barometz. Blue bars represent chromosomes with gene density indicated by varying shades. Red text indicates CHS gene IDs and their positions on respective chromosomes. Scale bar shows physical distance in Mb. 
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Figure 4. Heatmap depicting the expression levels of 44 Chalcone/stilbene-synthase-domain-containing genes across four tissues in C. barometz. Rows represent the individual genes, columns represent the tissues, and color intensity indicates the expression values. Hierarchical clustering of genes and RNA-seq samples are shown on the left and top of the figure. 
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Figure 5. Terpenoid backbone biosynthesis pathway (ko00900) in C. barometz. Colored boxes represent enzymes involved in the pathway: white boxes—original KEGG pathway enzymes hyperlinked to KO, ENZYME, and REACTION entries; blue boxes—enzymes with corresponding KO, ENZYME, or REACTION entries; green boxes—organism-specific enzymes with homologs to known enzymes. 
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Figure 6. Heatmap of terpenoid-biosynthesis-related gene expression across different tissues in C. barometz. The color scale indicates the level of gene expression, with red representing high expression and blue representing low expression. Gene IDs are listed on the right side of the heatmap. The hierarchical clustering of both genes and tissues is shown by dendrograms on the left and top of the heatmap, respectively. 
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Figure 7. Sequence and structural comparison of CBGene009673.t01 with its homolog. (A) Sequence alignment between CBGene009673.t01 and A0A2R6XH29.1.A from Marchantia polymorpha. Identical residues are highlighted in dark blue, while similar residues are shown in light blue. Gaps in the alignment are represented by dashes. (B) Three-dimensional structural model of the DXS protein from C. barometz. The protein structure is shown as a space-filling representation, with conserved residues shown in green. Non-conserved residues are indicated in brown/red (negatively charged residues) and white (polar/neutral residues). The N-terminal start site is labeled. 
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Table 1. Statistics for the assembled C. barometz genome.
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	Genome Assembly
	



	The genome scaffolds number
	66



	The genome contigs number
	900



	The longest scaffold length (bp)
	84,145,741



	The shortest scaffold length (bp)
	17,098,380



	The longest contig length (bp)
	51,455,927



	The shortest contig length (bp)
	103,795



	Raw assembly size (bp)
	3,492,682,357



	The scaffold N50 (bp)
	55,751,708



	The scaffold L50
	28



	The contig N50 (bp)
	10,013,670



	The contig L50
	112



	Anchored genome size
	3,472,185,576



	The rate of GC (%)
	40.49



	Anchor rate (%)
	99.41



	BUSCOs (%)
	96.9



	TGS re-mapping rate
	99.87



	Genome Annotation
	



	No. of protein-coding genes
	30,616



	Average gene length (bp)
	16,869.05



	Average CDS length (bp)
	1422.23



	Percentage of repetitive sequences (%)
	83.93










 





Table 2. Repeat sequence composition in the C. barometz genome.
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	Element Type
	Number of Elements
	Length (bp)
	Percentage





	Retroelements
	1,884,204
	1,843,565,777
	53.10%



	SINEs
	714
	302,956
	0.01%



	Penelope
	18,331
	3,488,468
	0.10%



	LINEs
	256,170
	186,340,507
	5.37%



	CRE/SLACS
	0
	0
	0.00%



	L2/CR1/Rex
	8859
	2,527,077
	0.07%



	R1/LOA/Jockey
	0
	0
	0.00%



	R2/R4/NeSL
	0
	0
	0.00%



	RTE/Bov-B
	70,666
	46,996,970
	1.35%



	L1/CIN4
	58,755
	36,818,996
	1.06%



	LTR elements
	1,627,320
	1,656,922,314
	47.72%



	BEL/Pao
	889
	714,654
	0.02%



	Ty1/Copia
	526,906
	494,696,507
	14.25%



	Gypsy/DIRS1
	1,045,447
	1,118,453,566
	32.21%



	Retroviral
	43,665
	38,900,477
	1.12%



	DNA transposons
	260,668
	191,132,401
	5.50%



	hobo-Activator
	63,706
	41,383,359
	1.19%



	Tourist/Harbinger
	3794
	2,854,241
	0.08%



	Rolling circles
	45,371
	21,005,072
	0.60%



	Unclassified
	1,259,337
	777,385,584
	22.39%



	Satellites
	90,828
	46,648,356
	1.34%



	Simple repeats
	524,983
	29,252,074
	0.84%



	Low complexity
	27,117
	1,665,962
	0.05%



	Total
	
	2,914,143,694 bp
	83.93%
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