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Pennisetum alopecuroides is an important forage grass resource, which plays a vital role in ecological environment improvement. Therefore, the acquisition of P. alopecuroides genome resources is conducive to the study of the adaptability of Pennisetum species in ecological remediation and forage breeding development. Here we assembled a P. alopecuroides cv. 'Liqiu' genome at the chromosome level with a size of approximately 845.71 Mb, contig N50 of 84.83Mb, and genome integrity of 99.13% as assessed by CEGMA. A total of 833.41-Mb sequences were mounted on nine chromosomes by Hi-C technology. In total, 60.66% of the repetitive sequences and 34,312 genes were predicted. The genomic evolution analysis showed that P. alopecuroides cv. 'Liqiu' was isolated from Setaria 7.53–13.80 million years ago and from Cenchrus 5.33–8.99 million years ago, respectively. The whole-genome event analysis showed that P. alopecuroides cv. 'Liqiu' underwent two whole-genome duplication (WGD) events in the evolution process, and the duplication events occurred at a similar time to that of Oryza sativa and Setaria viridis. The completion of the genome sequencing of P. alopecuroides cv. 'Liqiu' provides data support for mining high-quality genetic resources of P. alopecuroides and provides a theoretical basis for the origin and evolutionary characteristics of Pennisetum.
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1 Introduction

Pennisetum, as an excellent forage, has been widely used all over the world (Hou et al., 2022). The main cultivated species in China are perennial elephant grass (P. purpureum), pearl millet [Pennisetum glaucum (L.) R. Br.], and hybrid Pennisetum (P. glaucum × P. purpureum). Pennisetum plants have strong stress resistance, moderate salt and alkaline resistance, low water resource consumption, and landscape value (Yue et al., 2020). It could also be used in soil and water conservation, sand fixation, and landscape construction, which means that it has a good ecological restoration and application prospect.

With the rapid improvement of sequencing technology, whole-genome sequencing information have been obtained from more and more species (Marks et al., 2021). At present, whole-genome sequencing has been completed in lots of plants (Zheng et al., 2021). Traditional horticultural plant genomes, such as Helianthus annuus (Badouin et al., 2017), Magnolia biondii (Dong et al., 2021), Prunus yedoensis (Baek et al., 2018), Phalaenopsis (Cai et al., 2015), Dendrobium offificinale (Liang et al., 2015), and Chrysanthemum nankingense (Song et al., 2018), have been obtained with high quality. The completion of horticultural plant genome sequencing lays a foundation for the analysis of plant type, flowering, growth and development, and other regulatory mechanisms so as to achieve accurate breeding. In recent years, genome assembly and annotation in Gramineae have been enriched (International Brachypodium, I, 2010; Byrne et al., 2015; Lovell et al., 2018; Huang et al., 2019; Mitros et al., 2020; Wang et al., 2021). The quality of chromosome assembly has also been improved in species closely related to Pennisetum. Setaria italica has completed chromosome assembly, which contig N50 increased to 11.2 Mb compared with the prior 1.6 Mb (Bennetzen et al., 2012; Mamidi et al., 2020). The elephant grass (Cenchrus purpureus) (2n = 4x = 28, AABB) was sequenced with contig N50 of 2.65 Mb higher than the first published genome of C. purpureus cv. Purple (contig N50 of 1.83 Mb) (Yan et al., 2020; Zhang et al., 2022a). In addition, according to the whole-genome sequence of Pennisetum glaucum (L.) R. Br., syn. Cenchrus americanus (L.) Morrone (2n = 2x = 14, AA), NAC transcription factors were found to play an important role in drought tolerance (Dudhate et al., 2021; Yan et al., 2023). Recently, a predominantly Pennisetum multiple omics database platform (Milletdb, http://milletdb.novogene.com/) was established (Sun et al., 2023). However, the genome still needs to increase the number of grass plants to further understand the evolutionary history and find more resistance candidate genes to improve breeding.

Pennisetum is a kind of forage (Tenorio and Roque, 2015), food crop (Xu et al., 2021), energy grass (Hayat, 2020), and ecological grass (Gallego et al., 2015). Pennisetum is broadly used as an ecological grass around the world (Zhang et al., 2016), such as Pennisetum alopecuroides cv. Rubrum (Liu et al., 2022) and Pennisetum alopecuroides cv. 'Little Bunny' (Guo et al., 2022). In this study, P. alopecuroides cv. 'Liqiu' was selected for genome assembly, which has several advantages, including longer green periods, outstanding cold resistance, and better palatability. It could be used for ecological restoration or landscape construction of barren mountains and slopes, and it could also be used for landscaping.

Here we used PacBio, Illumina, and Hi-C auxiliary assembly strategies to assemble a high-quality genome. The reference genome could provide the basis for functional genomics and improve the molecular basis. In addition, candidate functional genes could be identified to reveal the adaptation mechanism of Pennisetum to different adversities.




2 Materials and methods



2.1 Sampling collection and sequencing

P. alopecuroides cv. 'Liqiu' (Figure 1A) was identified and cultivated at the Institute of Grassland, Flowers, and Ecology, Beijing Academy of Agriculture and Forestry Sciences (Beijing, China). Healthy leaves were collected from the plants of varieties growing in National Precision Agriculture Research Demonstration Base, Changping District, Beijing, China (116°28′ E, 39°94′ N). We collected and propagated plants, planted seedling in 20-cm-diameter, 20-cm-deep plastic pots filled with TS1 nutrient medium (Klasmann-Deilmann, Germany). Fresh tissues of P. alopecuroides cv. 'Liqiu' (roots, stems, leaves, and spike) were mixed and sampled for PacBio full-length cDNA sequencing. Total RNA was extracted using the Plant RNA Kit (OMEGA, GA, USA, no. R6827-01). The quantity and integrity of RNA samples were assessed in the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, DE, USA) and in the 2100 Bioanalyzer (Agilent Technologies, CA, USA), respectively. Qualified RNA samples were then used for constructing PacBio full-length cDNA libraries.




Figure 1 | Genome assembly and situation of chromosomal collinearity. (A) Photograph of P. alopecuroides morphology. (B) A heat map of chromosome interactions in the P. alopecuroides genome shows the interactions between nine chromosomes (Chr1–9). Both horizontal and vertical coordinates represent the order of each bin on the corresponding chromosome group. (C) P. alopecuroides genome circle map. The outermost layer shows the number of chromosomes, from outside to inside, gene density, repeat sequence density, GC content, and collinearity.






2.2 Library construction and genome sequencing

Genomic DNA was extracted by using DNAsecure Plant Kit (Tiangen, Beijing, China) from fresh young leaves of P. alopecuroides cv. 'Liqiu' which were harvested and frozen immediately in liquid nitrogen. For Illumina sequencing, a library with an insert size of 350 bp was constructed and sequenced using an Illumina Novaseq 6000 platform (Illumina, San Diego, CA, United States) to produce a short-read sequencing library (Hu et al., 2022). Short reads generated from the Illumina platform were used for the estimation of the genome size, the level of heterozygosity, and the repeat content of the genome, and long reads from the PacBio platform were used for genome assembly. The short-reads from Illumina platform were quality-filtered by HTQC v1.92.310 (Yang et al., 2013) using the following method. First, the adaptors were removed from the sequencing reads. Second, read pairs were excluded if any one end has an average quality lower than 20. Third, the ends of reads were trimmed if the average quality is lower than 20 in the sliding window size of 5 bp. Finally, read pairs with any end that was shorter than 75 bp were removed. The quality-filtered reads were used for genome size estimation. For PacBio sequencing, 8–20-kb fragment library was used for multi-round sequencing of a single fragment to improve the accuracy. The constructed library was sequenced for third-generation sequencing by PacBio Sequencing II platform (Pacific Biosciences of California, Menlo Park, CA, USA). After reversing the crosslinks, we constructed Hi-C fragment libraries from 300- to 700-bp insert size and performed sequencing through the Illumina platform (Rao et al., 2014).




2.3 Hi-C technology helps anchor contigs

We constructed Hi-C fragment libraries ranging from 300- to 700-bp insert size as illustrated in Rao et al. (2014) and performed sequencing through the Illumina platform. For anchored contigs, clean read pairs were generated from HiC-Pro v2.10.0 (Servant et al., 2015) and were mapped to the polished genome using BWA v.0.7.10-r789 (Li and Durbin, 2009) with the default parameters. Only uniquely aligned pair reads whose mapping quality was more than 20 were retained for further analysis. Invalid read pairs, including dangling-end and self-cycle, re-ligation, and dumped products, were filtered by HiC-Prov2.10.0. Paired reads with mate mapped to a different contig were used to do the Hi-C-associated scaffolding. Self-ligation, non-ligation, and other invalid reads, such as Start NearRsite, PCR amplification, random break, large and small fragments, and extreme fragments, were filtered (Burton et al., 2013). Then, the contigs were clustered into groups with the agglomerative hierarchical clustering method in Lachesis. Lachesis software (Burton et al., 2013) was further applied to order and orient the clustered contigs. The parameters were CLUSTER_MIN_RE_SITES = 86, CLUSTER_MAX_LINK_DENSITY = 2, ORDER_MIN_N_RES_IN_TRUNK = 72, and ORDER_MIN_N_RES_IN_SHREDS = 69. After Hi-C error correction, redundancy removal, and clustering and ordering the contigs, we obtained the final version of the genome.




2.4 Annotation of repetitive sequences

Transposon element (TE) and tandem repeats were annotated by the following workflows. TEs were identified by a combination of homology-based and de novo approaches. We first customized a de novo repeat library of the genome using RepeatModeler (http://www.repeatmasker.org/RepeatModeler/), which can automatically execute two de novo repeat finding programs, including RECON and RepeatScout (Bao and Eddy, 2002; Price et al., 2005). Then, full-length long-terminal repeat retrotransposons (fl-LTR-RTs) were identified using both LTRharvest (v1.5.9) (Ellinghaus et al., 2008) and LTR_finder (v2.8) (Xu and Wang, 2007). The high-quality intact fl-LTR-RTs and non-redundant LTR library were then produced by LTR_retriever (Ou and Jiang, 2018). The non-redundant species-specific TE library was constructed by combining the de novo TE sequences library above with the known Dfam (v3.5) database. Final TE sequences in the P. alopecuroides genome were identified and classified by homology search against the library using RepeatMasker (v4.12) (Chen, 2004). Tandem repeats were found by Tandem Repeats Finder (TRF 409) (Benson, 1999) and MIcroSAtellite identification tool (MISA v2.1) (Beier et al., 2017).




2.5 Gene prediction

We integrated three approaches, namely, de novo prediction, homology search, and transcript-based assembly, to annotate protein-coding genes in the genome. The de novo gene models were predicted using two ab initio gene prediction software tools, Augustus (v3.1.0) (Stanke et al., 2008) and SNAP (2006-07-28) (Korf, 2004). For the homolog-based approach, GeMoMa (v1.7) (Keilwagen et al., 2016) software was employed by using reference gene models from the other six species, which included O. sativa, C. purpureus, S. italica, A. thaliana, C. americanus, and S. viridis. For the transcript-based prediction, RNA sequencing data were mapped to the reference genome using Hisat (v2.1.0) (Kim et al., 2015) and assembled by Stringtie (v 2.1.4) (Pertea et al., 2015). GeneMarkS-T (v5.1) (Tang et al., 2015) was used to predict genes based on the assembled transcripts. The PASA (v2.4.1) (Haas et al., 2003) software was used to predict genes based on the unigenes [and full-length transcripts from the PacBio (ONT) sequencing] assembled by Trinity (v2.11) (Grabherr et al., 2011). Gene models from these different approaches were combined using the EVM software (v1.1.1) (Haas et al., 2008) and updated by PASA.




2.6 Annotation of protein-coding genes

Gene functions were inferred according to the best match of the alignments to the National Center for Biotechnology Information (NCBI) Non-redundant (NR) (20200921, ftp://ftp.ncbi.nlm.nih.gov/blast/db), EggNOG (5.0, http://eggnog5.embl.de/download/eggnog_5.0/) (Huerta-Cepas et al., 2019), GO, (20200615, http://geneontology.org), Kyoto Encyclopedia of Genes and Genomes (KEGG) (20191220, http://www.genome.jp/kegg) (Kanehisa et al., 2016) with an E-value threshold of 1E-5, Pfam (v33.1, http://pfam.xfam.org) (Finn et al., 2006), and SwissProt (202005, http://ftp.ebi.ac.uk/pub/databases/swissprot) (Boeckmann et al., 2003).




2.7 Annotation of non-coding RNAs

Non-coding RNAs of tRNA were identified using scan-SE (version 1.3.1) (Lowe and Eddy, 1997). Identification of the rRNA genes was conducted by barrnap (v0.9) (Benson, 1999) based on Rfam (v14.5) (Griffiths-Jones et al., 2005). miRNA and snRNA genes were predicted using infernal (v1.1) (Nawrocki and Eddy, 2013) against the Rfam (v14.5) database with default parameters.




2.8 Pseudogene prediction

Pseudogenes usually have similar sequences to functional genes but may have lost their biological function because of some genetic mutations, such as insertion and deletion. The GenBlastA (v1.0.4) (She et al., 2009) program was used to scan the whole genomes after masking predicted functional genes. Putative candidates were then analyzed by searching for premature stop mutations and frame-shift mutations using GeneWise (v2.4.1) (Birney et al., 2004).




2.9 Detection of methylation sites

P. alopecuroides cv. 'Liqiu' was sequenced by PacBio HiFi (CCS), with a total data volume of 41.92 Gb. Based on the quality control of CCS methylation site test data, using SMRTLINK (V11.0) (https://www.pacb.com/support/software-downloads), high-quality CCS reads were obtained. At the same time, kinetic signals were obtained by combining the parameters—all kinetics and kinetic signals in CCS reads were converted into methylation states by the primrose (https://github.com/mattoslmp/primrose) (called 5mC in CpG motifs) program. The 5mC methylation information was stored in the tag tags (MM and ML) of bam files. The CpG/5mC information was analyzed from the above-mentioned data using pb-CpG-tools (v1.0.0) (Ni et al., 2021) software. Each chromosome was divided into multiple Windows with a size of 100 kb, and the average methylation level of each window was calculated.




2.10 Phylogenetic tree reconstruction

Using the obtained single-copy gene family sequences, IQ-TREE (v1.6.11) (Nguyen et al., 2015) software was used to construct the evolutionary tree. Specifically, MAFFT (v7.205) (Katoh et al., 2009) was used to align each single-copy gene family sequence, and then PAL2NAL (v14) (Suyama et al., 2006) was used to convert the aligned protein sequence (protein alignment) into codon alignment (codon alignment). Then, Gblocks (v0.91b) (Talavera and Castresana, 2007) (parameter: -b5 = h) was used to remove regions with poor or large sequence alignment. All the well-ordered gene families of each species were connected end to end, and then each species ends up with a supergene end to end. The optimal model is JTT+F+I+G4 based on the model checking tool ModelFinder (Kalyaanamoorthy et al., 2017). Then, the optimal model was used to construct the evolutionary tree through the maximum likelihood (ML) method, where the bootstrap times were set to 1,000. For the above-mentioned evolutionary tree, we set the outgroup as A. trichopoda to obtain a rooted tree and then used the software package MCMCTREE that comes with PAML v4.9i (Yang, 1997) software to calculate the divergence time. The sequences of the single-copy gene families of 16 species were aligned, and a rooted tree was obtained. A. trichopoda vs. S. italica fossils were obtained at 179–199.1 mya, S. italica vs. S. viridis fossils at 0.68 to 2.11, and C. americanus vs. C. purpureus at 3.35–5.01 mya, S. bicolor vs. M. lutarioriparius at 2.88–8.02 mya, and O. sativa vs. S. italica at 40.3 to 51.9 mya. The divergence times were calculated using the package MCMCTREE in PAML v4.9i software.




2.11 Genome-wide replication event analysis

Using diamond v0.9.29.130 (Buchfink et al., 2015), we compared the collinear regions in the genomes of P. alopecuroides and O. sativa and in S. viridis to determine similar gene pairs. MCScanX (Wang et al., 2012) software was used to determine whether similar genes were adjacent on chromosomes based on gene location information files. The proportion of base conversion mutations at the fourfold synonymous (degenerative) third-codon transversion (4DTv) locus in each homologous gene was calculated through https://github.com/JinfengChen/Scripts and then corrected 4DTv using the HKY substitution model to obtain the distribution map. The peak was identified as the whole-genome duplication event in this species.





3 Results



3.1 Genome assembly, quality validation, and annotation

A 350-bp library was constructed using the genomic DNA of the sample, and 106.72 Gb of high-quality data was obtained by Illumina sequencing platform. The total sequencing depth was approximately ×106.55, and the proportion of Q20 was more than 98.82%. The proportion of Q30 reached 93.49%, and the GC content was approximately 44.78%. After the quality assessment of P. alopecuroides genome, the average depth of k-mer constructed was 77 (Supplementary Figure S1A). The calculated estimated genome length was approximately 1.00 Gb. According to the distribution of k-mer, the content of repeat sequence was estimated to be approximately 74.46%, and the heterozygosity was estimated to be approximately 0.43%. The data volume of ccs sequencing was 41.92 Gb, and the depth was approximately ×41. The average length of ccs produced by statistics was more than 17,995 bp, and the longest ccs length is 50,190 bp (Supplementary Table S1). The maximum number of ccs is around 18,000 bp in length (Supplementary Table S2). Using Hifiasm (Cheng et al., 2021) splice, the total length of the contig sequence was 845.71 Mb, the contig N50 was 84.83 Mb, and the scaffold N50 was 91.33 Mb (Supplementary Table S4). The CEGMA evaluation completeness was 99.13% (Supplementary Table S3). OrthoDB 10 embryophyta database was selected, and the completeness of BUSCO evaluation was 98.45% (Supplementary Table S3). The short sequence obtained from the second-generation sequencing data was matched with the assembled genome, and 99.22% of the sequences were matched correctly. The response ratio of the third generation of reads was 98.46%, the coverage was 99.99, and the average sequencing depth was 49 (Supplementary Figure S1B).

The Hi-C library was sequenced by the Illumina high-throughput sequencing platform. A total of 125.30 Gb of clean data was generated. A total of 342,693,530 uniquely aligned genomic reads were obtained, of which 142,777,564 were valid Hi-C data, accounting for 41.66% of uniquely aligned genomic data. After Hi-C assembly and manual adjustment of heat map, 833.41 Mb of genome sequence was located on nine chromosomes, accounting for 98.55% (Figure 1B). The longest (115.63 Mb) and shortest (74.04 Mb) chromosomes were chr2 and chr6, respectively (Supplementary Table S5). The TE density, gene density, and GC content of every chromosome are shown together on a circos plot (Figure 1C). The 830.09-Mb sequence that could determine direction and sequence information accounts for 99.6% of the total length of sequences located on chromosomes.




3.2 Repeat annotation

We identified a total of 512,992,680 bp TE sequence, which accounted for 60.66% of the genome. The specific non-LTR-RTs mainly consisted of long interspersed nuclear elements (LINEs) and short interspersed nuclear elements (SINE). Based on the analysis of transposon elements in the repetitive sequence in the P. alopecuroides cv. 'Liqiu' genome, we found that LINE, SINE, and DNA transposons accounted for 0.92%, 0.13%, and 8.87%, respectively (Supplementary Table S6). The LTR-RTs accounted for 50.73%, while the most abundant LTRs were Copia elements, making up 30.47% of the genome, followed by Gypsy elements (8.47%). About 45,931,763 bp of tandem repeats sequence were obtained, accounting for 5.43% of the genome (Supplementary Table S7).




3.3 Gene prediction and functional validation

A total of 34,312 genes were obtained by homology, de novo, and transcriptome prediction (Supplementary Figure S2, Supplementary Table S8). The average lengths of the genes and CDS are 1,266.31 and 1,286.37 bp, respectively, and there are 4.95 exons in each gene with a length of 1,400.87 bp per exon (Figure 2A, Supplementary Table S9). Among them, 19,951 gene models were supported by all three lines of evidence. The genetic characteristics were more closely related to the genetic relations of the species. Therefore, compared with the genetic characteristics of the closely related species, we observed the quality of our prediction. The length of most genes is distributed around 1,600 bp, and that of the coding genes is around 1,000 bp (Figures 2B, C; Supplementary Table S12). The distribution of intron length and mRNA length is similar to those of other reference grasses (Figure 2D). The BUSCO database of embryophyta contains 1,614 conserved core genes. We used BUSCO (v5.2.2) software to evaluate the integrity of gene prediction, of which 98.51% of BUSCO genes existed in the genes, indicating the high integrity of gene prediction. We predicted 824 tRNAs, 7,114 rRNAs, and 233 miRNAs, which were non-coding RNAs. In addition, we predicted 276 pseudogenes. A total of 97.5% of genes were annotated based on the prediction of NR, eggNOG, GO, KEGG, KOG, and Pfam databases (Supplementary Figure S5, Supplementary Table S10). The highly abundant tandem repeats dispersed on chromosomes with high TE density like chr1, chr2, chr5 and chr7. The distribution of TE density across chromosomes for chr1–6, chr8, and chr9 shows a tendency for higher density in centromeric and less on pericentromeric. However, chr7 density is high at the beginning of the chromosome and then gradually decreases.




Figure 2 | Genetic structural characteristics of genomic prediction. (A) Extron length of five species, the trend of distribution of which was similar. (B) Gene length of five species, and P. alopecuroides had the highest density at around 1,750 bp compared with other plants. (C) Coding length of five species. (D) Intron length of five species, the trend of distribution of which was similar, and P. alopecuroides density was relatively small.






3.4 Detection of methylation sites

A total of 37,729,477 5mC sites were obtained, among which the number of haplotype 1 and 2 methylation sites was 18,363,029 and 14,959,046, respectively (Figure 3A). The distribution of methylation sites across the nine chromosomes was obtained from the average level calculated from the partitioned 100-kb window. The gene density in the window showed high telomere density and low centromere density. The methylation levels and distribution of haplotypes 1 and 2 were similar. The overall methylation level is high. According to the detected methylation sites, chr2, chr6, chr7, and chr8 were found to have concentrated methylation regions in the centromere (Figure 3B).




Figure 3 | Genome-wide methylation levels and distribution of methylation on chromosomes. (A) Genome-wide methylation levels. From outside to inside, respectively, of a chromosome: gene density window (the higher level represented a greater number of genes), level 1 of methylation haplotype, level 2 of methylation, haplotype whole-genome methylation level differentially methylated regions, single size or samples. (B) Density distribution of methylation sites on each chromosome according to the 1-Mb window. The horizontal coordinate is chromosome length, and each band represents a chromosome. The genome is divided according to the size of 1 Mb. The more methylation sites in each window, the darker the color, and the fewer methylation sites, the lighter the color. The darker the area in the diagram is the one where the methylation sites are concentrated. (C) Nine-base-pair sequence distribution around site 5mC. The horizontal coordinate is the relative position of the methylation site, the total height of each position is the sequence conservation of the base at that position, and the height of the base signal represents the relative frequency of the base at that position. (D) Functional annotation and enrichment of a differentially methylated region.



In the 1,000 5mC sites with the highest methylation level, CG was found to be highly conserved in the analysis of the sequence characteristics of the surrounding 9 bp (Figure 3C). The differentially methylated regions (DMRs) were annotated to different gene regions, and 58.09% were found in distal intergenic regions. It is followed by promoter (≤1 kb) and promoter (1 to 2 kb) (Figure 3D). The DMR annotated to the non-intergenic region of the gene was used for KEGG enrichment. Most of them were enriched to RNA polymerase, followed by tryptophan metabolism (Supplementary Figure S4).




3.5 Gene family analysis and genome evolution

An analysis of gene families in 16 species was performed and annotated, and finally GO and KEGG enrichment analyses were performed for the gene families unique to this species. We obtained 50,510 gene families, and 2,627 gene families were common families (Supplementary Figure S5A). In addition, the gene family information of P. alopecuroides cv. 'Liqiu' and S. viridi, S. italica, C. purpureus, and C. americanus were analyzed (Figure 4A; Supplementary Figure S5B). P. alopecuroides contains a total of 22,007 gene families and 34,312 genes, among which 615 are unique gene families. The unique gene family was obviously enriched in RNA polymerase (Supplementary Figure S6). As for the copy types of genes, the single copy genes accounted for the largest proportion in P. alopecuroides (Supplementary Figure S7). From these 16 species, we identified 774 one-to-one single-copy genes that were used to construct a maximum likelihood (ML) tree to show the evolutionary relationships (Figure 4B; Supplementary Table S11). We set the outgroup to A. trichopoda and get a rooted tree. According to the phylogenetic tree, P. alopecuroides cv. 'Liqiu' separated from Poaceae approximately 7.53–13.8 million years ago, separating from C. americanus and C. purpureus approximately 5.33–8.99 million years ago. C. americanus and C. purpureu separated around 3.35–4.98 million years ago.




Figure 4 | Comparative and evolutionary genomic analysis of P. alopecuroides. (A) Gene family clustering petal map. The number below the species name is the total number of gene families, the corresponding number of genes is in parentheses, and the number of gene families is in the Venn diagram. (B) Evolutionary tree with time for differentiation. (C) Distribution of average synonymous substitution levels (Ks) between syntenic blocks. Peaks in maps made by interspecies combinations represent species divergence, and peaks produced by assembly-made maps within species represent genome-wide replication events within the species. (D) Linear collinear graph between P. alopecuroides vs. C. purpureu and P. alopecuroides vs. O. sativa..



Through the analysis of expansion and contraction of gene families, it was found that 637 gene families contracted and 223 gene families expanded during the evolution of P. alopecuroides (Supplementary Figure S8). The expansion and contraction gene families of this species were analyzed by clusterProfile for GO and KEGG enrichment. The GO enrichment analysis revealed that the contracted gene family was significantly enriched in biological processes related to defense response (Supplementary Figure S9A), ADP binding (Supplementary Figure S9B), and extracellular region (Supplementary Figure S9C). The expanded gene family is highly enriched in pathways associated with DNA repair (Supplementary Figure S9D), ribosome (Supplementary Figure S9E), and DNA helicase activity (Supplementary Figure S9F). The KEGG enrichment analysis showed that the contracted gene family was significantly enriched in the biological processes related to flavonoid biosynthesis (Supplementary Figure S10A). The expanded gene family was obviously enriched in “tryptophan metabolism” and “ribosome” (Supplementary Figure S10B).




3.6 Positive selection and collinearity analysis of P. alopecuroides

Single-copy gene families in gene family expansion and contraction analysis were extracted, and the CodeML module in PAML was used for positive selection analysis, resulting in 80 positive selection genes in P. alopecuroides. The KEGG enrichment analysis of the 80 positively selected genes and the positively selected genes were enriched in “ABC transporters” (Supplementary Figure S11).

The GO enrichment analysis mainly divided 264 positive selections into three categories: biological processes, cell components, and molecular functions (Supplementary Figure S12A). Among them, some genes in the biological process mainly play a role in “DNA repair” (Supplementary Figure S12B). The number of genes in the “ribosome” is the highest in the cellular component (Supplementary Figure S12C). The molecular functions mainly focus on enzyme activity, including “DNA helicase activity” and “nucleotide binding” (Supplementary Figure S12D).




3.7 Whole-genome duplication and collinearity analysis in P. alopecuroides

Genome-wide replication events are the major driving force in species divergence. To estimate the timing of WGD events in the P. alopecuroides genome, we described synonymous substitution rates at synonymous nucleotide sites (Ks) between P. alopecuroides and three other species, including O. sativa, S. viridis, and C. purpureus (Figure 4C). The peaks generated by combinatorial mapping within species represent genome-wide duplication events in this species, which occurred twice during the evolution of P. alopecuroides. They occurred when Ks was 0.85 and 0.10, respectively. According to the differentiation time calculation formula: time = Ks/2μ, μ = 6.1 × 10–9. P. alopecuroides was separated from O. sativa after the first WGD event and before the most recent. Similarly, O. sativa, S. viridis, and P. alopecuroides have similar peaks, indicating that they both experienced two WGD events and that they occurred at similar times. C. purpureus had only one WGD event. The evolutionary process of S. viridis was closer to P. alopecuroides. These two genome-wide duplication events occurred approximately 69.67 and 8.20 mya. We confirmed that two WGD events had occurred during the evolution of P. alopecuroides based on 4DTv method (Supplementary Figure S13A).

The collinearity of chromosomes was obtained by mapping the sequences of C. americanus, C. purpureus, O. sativa, and S. viridis to P. alopecuroides chromosomes (Figure 4D, Supplementary Figure S13B). C. purpureus had the highest collinearity ratio with P. alopecuroides (63.12%) and the highest number of collinearity genes (62,987). The number of collinear genes of S. viridis was 40,048 (55.42%). After screening, the number of collinearity blocks in non-major corresponding chromosomes was less than 100, and the linear collinearity between P. alopecuroides and the four species was obtained. The corresponding collinear gene numbers were as follows: C. americanus—170, C. purpureus—250, O. sativa—925, and S. viridis—242. Based on JCVI-filtered information (Tang et al., 2008), the distribution of collinear genes on the chromosomes was provided. Among the collinearity of S. viridis and P. alopecuroides, chr2, chr5, chr6, chr7, chr8, and chr9 were observed to have a large collinear block, and the chromosomes were highly conserved. chr1, chr3, and chr4 undergo chromosomal rearrangement events. In comparison with rice, all the genetic information of chr7 chromosome comes from chr4 of rice. chr2 is mainly the fusion of chr7 and chr9 of rice, chr3 is mainly the fusion of chr5 and chr12, and chr5 is mainly the fusion of chr1 and chr5.




3.8 Analysis of the LTR insertion time

The analysis of LTR insertion time of five species showed that the insertion time of LTR-RTs in P. alopecuroides was different from that in the other four species, but three of them were relatively late. The analysis of insertion time suggested that LTR insertion was a continuous process and that continuous insertion of LTR may be a general phenomenon in angiosperms (Figure 5). The proliferation of LTR-RTs in P. alopecuroides (~4.54 mya) and O. sativa (~4.08 mya) was earlier than in S. viridis (~7.16 mya) but later than in C. purpureus (~54.23 mya) and C. americanus (~34.79 mya). We observed that LTR insertion was a continuous process that surges at some time, which may have negatively affected the growth of grasslands and other types of vegetation during the Pleistocene when cold weather and limited global atmospheric CO2 (180 ppm) were present. To adapt to the stressed abiotic environment, most plants activate TEs to cope with environmental stress. These conditions may have led to plant genome recombination during this period. The insertion time of LTR also spikes after the recombination event in plants (Huang et al., 2019). These results suggest that most of the LTR-RTs in these four genomes were recently inserted, and these insertions occurred well after the divergence of these species.




Figure 5 | Long terminal repeat insertion time analysis.







4 Discussion

Pennisetum ecological grasses are increasingly popular because of their elegant ecology form, strong stress resistance, and low maintenance. However, due to the complex genomes of these grasses with high heterozygosity and high amounts of repetitive sequences, there is currently a lack of reference genomes, which hinders the genetic studies of these grasses. Here we assembled the P. alopecuroides cv. 'Liqiu' genome at the chromosomal level with a size of approximately 845.71 Mb, contig N50 of 84.83 Mb, and genome integrity of 99.13% as assessed by CEGMA. The N50 of this reference genome (contig N50 84.83 Mb) was much higher than that of forage perennial ryegrass genome (contig N50 1,637 kb). Meanwhile, it is better than other sequenced genomes of grasses such as P. purpureus (Zhang et al., 2022a), C. purpureus (contig N50 of 1.83 Mb) (Yan et al., 2020), C. americanus (contig N50 of 1.82 kb) (Varshney et al., 2017), Dactylis glomerata L. (contig N50 of 0.93 Mb) (Huang et al., 2019), and other grasses such as Achnatherum splendens (contig N50 of 40.30 Mb) (Ren et al., 2022) and Eremochloa ophiuroides (contig N50 of 40.30 Mb) (Wang et al., 2021). A total of 833.41 Mb sequences were located on nine chromosomes by Hi-C technology.

Polyploidy or whole-genome duplication events provided the original genetic material for biological evolution, and duplication of plant genomes would be extremely important for plant evolution with rapid recombination, loss of a large number of genes, and increase of structural variation (D'Hont et al., 2012; Shi et al., 2022). The early WGD events that the Gramineae collectively experienced, approximately 60 mya, marked the end of the Cretaceous period (Jiao et al., 2014). The replication genes retained after this stage are associated with heat and cold stress, osmotic pressure maintenance, salt stress, water acquisition, and wound repair (Jiao et al., 2014; Gao et al., 2018). The genome analysis showed that the last WGD event occurred in P. alopecuroides after differentiation from other monocotyledonous plants, and the corresponding family and genus had already differentiated, which was estimated to have occurred at around 8.2 mya. Ancient chromosome reconstruction of grasses revealed 12 chromosomes after two WGD events and rearrangement. We also found that P. alopecuroides and Setaria have similar evolutionary characteristics, providing important sources of genetic, evolutionary, and breeding information.

In addition to polyploidization, TE/LTR activity is an important mechanism for karyotype and genome size evolution in angiosperms (Bennetzen et al., 2005), and it is involved in stress responses and probably important for adaptive evolution in dynamically changing environments (VanBuren et al., 2015). The insertion of LTR-RTs is a common phenomenon in angiosperms, and its number reaches a peak between 0 and 1 mya in the Pleistocene (or ice) age (Huang et al., 2019). In this study, LTR insertion was observed to be a continuous process. Previous studies have shown that TE activity in rice increases the total number of stress-induced genes to help rice adapt to stress (Lisch, 2013). Most terrestrial plants and green algae based on the gypsy type of LTR (Jiao et al., 2020), such as Ty1/Copia and Ty3/Gypsy, occupied 8.43% and 30.47%, respectively, in the E. ophiuroides genome which has 867.43 Mb (Wang et al., 2021) and 7.61% and 22.66% in the hawthorn genome with 823.41 Mb (Zhang et al., 2022b). In P. alopecuroides, the proportion of Ty1/Copia family was 8.43%, indicating that the Ty1/Copia family contributes more to the genomic expansion of P. alopecuroides than the Ty3/Gypsy family. In addition, we consider that LTR was a major cause of genomic expansion, and differences in LTR activity types and timing of divergence may have led to new functions for P. alopecuroides (Jiao et al., 2020). The peak of LTR insertion occurred after the recent WGD event, indicating that the LTR insertion could cooperate with WGD events for chromosome deletion, ectopia, and other rearrangements, thus affecting the P. alopecuroides genome size and promoting the adaptation of species to the environment.




5 Conclusion

We constructed a comprehensive and complete high-quality P. alopecuroides genome for the first time, which sheds new light on genetic evolution and polyploid breeding of P. alopecuroides. We assembled an 833.41-Mb genome located on nine chromosomes, with 84.83-Mb contig N50, higher than the assembly data for other grasses, to provide a reference for the assembly and annotation of grass plants. The phylogenetic analysis revealed that P. alopecuroides was a sister group of Cenchrus L., and the proliferation of LTR‐RTs and WGD event analysis verified that two WGD events occurred in P. alopecuroides, which provided a reference genome for Pennisetum and laid the foundation for analyzing the molecular mechanism of high yield and stress resistance and mining the functional genes related to the target traits.
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