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Agropyron mongolicum is a xerophytic perennial grass with good palatability and nutritional value, predominantly distributed in sandy, arid regions and desert steppes of northwest China. However, its low biomass and limited seed yield pose significant challenges for large-scale cultivation and forage production. To date, there have been limited genomic or transcriptomic studies on A. mongolicum, particularly regarding the molecular genetic mechanisms underlying yield-related traits. In this study, we employed an integrated transcriptomic approach combining long-read sequencing (PacBio Iso-Seq) and short-read sequencing (Illumina RNA-seq) to generate a comprehensive full-length transcriptome from four tissues—leaves, stems, young spikes, and mature spikes. Transcriptomic comparisons between multi-spike and few-spike germplasms were performed to identify candidate genes involved in the regulation of spike number. A total of 762,116 full-length transcripts were generated, among which 214,500 were successfully annotated. We identified 185,424 unique genes, including 91,514 differentially expressed genes (DEGs). Functional enrichment analysis revealed 43 DEGs associated with the protein processing pathway in the endoplasmic reticulum. Notably, 8 DEGs were specifically expressed in young spikes and mature spikes of the contrasting spike-number germplasms, suggesting their potential role in spike number regulation. This study provides a high-quality transcriptomic resource and identifies candidate genes that may facilitate molecular breeding for enhanced seed yield in A. mongolicum.




Keywords: Agropyron mongolicum, full-length transcriptome, spikes, gene, quantitative realtime PCR




1 Introduction

Agropyron mongolicum is a perennial forage grass native to arid and semi-arid desert regions, valued for its ecological resilience, nutritional quality, and economic importance (Fan et al., 2022). Adapted to drought and cold climates, the species is characterized by its early spring growth, robust root system, and palatable soft stems and leaves (Zhao et al., 2010; Zhang et al., 2019). These traits make A. mongolicum a crucial resource for ecological restoration and sustainable pasture systems (Che and Li, 2007; Han et al., 2017). However, its practical use is hindered by inherently low biomass, due to narrow leaves and limited tillering, and particularly by poor seed production, which restricts commercial propagation and large-scale forage development. The absence of comprehensive genomic information has further impeded progress in breeding and trait improvement. Thus, there is an urgent need to generate a valuable genetic resource and elucidate the molecular regulatory mechanisms associated with seed yield in A. mongolicum.

Recent advances in molecular biology have facilitated the exploration of protein processing mechanisms in the endoplasmic reticulum (ER), revealing their pivotal roles in plant growth and development. The ER protein processing pathway is known to mediate post-translational modifications such as glycosylation, hydroxylation, acylation, and disulfide bond formation. Among these, glycosylation is essential for protein stability and proper folding, which in turn supports cellular function and developmental processes. For instance, in rice (Oryza sativa), the gene OsDNAJ15 encodes a heat shock protein 40 (HSP40) involved in ER-associated protein processing. Knockout of OsDNAJ15 results in reduced plant height and increased leaf angle (Liu Y. et al., 2023). HSP40 family proteins are integral to protein folding, assembly/disassembly, and degradation. Additionally, OsHSP40 mutants display significant changes in plant height and panicle length, leading to altered leaf morphology compared to the wild-type (Sun et al., 2016). These findings underscore the importance of ER-mediated protein processing in plant development, suggesting that similar mechanisms may be involved in regulating spike formation and yield traits in A. mongolicum.

Full-length transcriptome sequencing technologies have significantly advanced plant research due to their capacity for generating long reads that preserve full-length transcript structures. For instance, in Zea mays, Iso-Seq technology was employed to analyze the transcriptome architecture across six tissues (root, pollen, embryo, endosperm, young spikes, and young tassels) from the inbred line B73. This approach yielded 111,151 high-quality transcripts, representing approximately 70% of the annotated genes in the Z. mays RefGen_v3 genome. Notably, 57% of these transcripts were previously uncharacterized, including tissue-specific isoforms of known genes, while an additional 3% originated from entirely novel, unannotated gene loci. These findings underscored the complexity and dynamic nature of gene expression regulation in Z. mays (Wang et al., 2016). Similarly, Iso-Seq technology significantly improved gene annotation in wheat (Triticum aestivum), leading to the discovery of 3,026 novel genes and 9,591 new homologous isoforms. Furthermore, full-length transcripts were identified for 72 distinct wheat gluten protein genes. When integrated with second-generation RNA-seq data spanning four stages of grain development, transcriptomic analysis revealed 6,030 genes exhibiting isoform-specific expression patterns across developmental stages (Dong et al., 2015). In Trifolium pratense L. (red clover), researchers applied a hybrid approach combining PacBio Iso-Seq and Illumina RNA-seq to generate a comprehensive full-length transcriptome from roots, stems, leaves, and flowers. This strategy enabled the accurate annotation of key genes within the flavonoid biosynthesis pathway, yielding high-confidence gene models and identifying candidate genes relevant to biosynthesis and metabolic regulation. As a result, this work substantially advanced red clover transcriptome resources and facilitated the acceleration of molecular breeding efforts (Shi et al., 2021). Moreover, the use of single-cell full-length transcriptome technology—such as Smart-seq3—in Arabidopsis thaliana root tip cells has enabled the construction of the first cell type-specific alternative splicing atlas. This breakthrough revealed the spatiotemporal specificity of alternative splicing events during tissue differentiation and developmental progression (Shulse et al., 2019). Full-length transcriptome sequencing has also been successfully applied to various economically important crops, including cotton (Gossypium spp.) (Wang et al., 2018), sugar beet (Beta vulgaris) (Minoche et al., 2015), and alfalfa (Medicago sativa L.) (Zhang, 2018), where it has provided critical insights into gene structure and functional genomics. Collectively, these studies demonstrate the unique utility of full-length transcriptome technology for accurate gene annotation, alternative splicing analysis, and functional gene discovery, offering precise molecular targets for trait improvement in crops.

Building upon these technological advancements, the present study addresses the lack of genomic resources in A. mongolicum by integrating third-generation sequencing (Iso-Seq) with second-generation sequencing (RNA-seq) to characterize the transcriptomes of multi-spike and few-spike germplasms. Through the construction of a high-quality full-length transcript dataset, this work offers the first systematic annotation of genes potentially involved in tillering regulation and seed development in A. mongolicum. Notable candidates include heat shock proteins (HSPs), transcription factors (TFs), and components of key hormone signaling pathways. The resulting dataset provides a valuable transcriptomic resource and candidate genetic targets for the molecular enhancement of A. mongolicum, thereby laying the foundation for elucidating the genetic regulatory mechanisms underlying high seed yield.




2 Results



2.1 PacBio SMRT sequencing data

A total of 0.2 million polymerase reads were generated, yielding 24.22 Gb of raw data. The reads exhibited exceptional continuity, with an average read length of 118.9 kb and an N50 value of 202.5 kb (Figure 1a). After stringent quality filtering, 5.02 million high-quality subreads were retained, totaling 23.86 Gb of data. Despite some shortening inherent to the error-correction process, these subreads maintained a high continuity (N50 = 4,985 bp) (Figure 1b).




Figure 1 | Length distribution of full-length transcriptome SMRT sequencing of Agropyron mongolicum. (a) Polymerase Reads Length. (b) SubReads Length. (c) Length distribution of merge all sample.fasta. (d) Number of CDSs in different length distributions.



Subsequently, subreads originating from the same circular molecule were integrated to produce circular consensus sequences (CCSs), resulting in 172,612 CCSs with an average length of 5,063 bp and a mean quality score of 0.99. Based on the presence of 5’-UTR, 3’-UTR, and poly(A) tail features, CCSs were classified into chimeric, non-chimeric, full-length, and non-full-length categories. A total of 762,116 full-length non-chimeric (FLNC) sequences were identified, each exhibiting an average quality score of 0.99 and an average length of 837.2 bp (Supplementary Table S1). After removing low-quality and redundant sequences, 214,500 high-confidence consensus reads were obtained, achieving an average quality score of 0.99 and demonstrating ultra-high accuracy (Supplementary Tables S2, S3; Figure 1c).




2.2 Coding sequence prediction

Coding sequence (CDS) prediction was performed on the full-length transcripts, resulting in the identification of 126,926 CDSs. The total CDS length reached 97,565,778 bp, with an N50 value of 924 bp (Supplementary Table S4). Among these, 97,217 CDSs ranged from 100 to 1,000 bp, 26,100 CDSs ranged from 1,000 to 2,000 bp, 3,128 CDSs ranged from 2,000 to 3,000 bp, and 481 CDSs were longer than 3,000 bp, accounting for 76.6%, 20.6%, 2.5%, and 0.4% of the total, respectively (Figure 1d).




2.3 Functional annotation

A total of 214,500 transcripts were subjected to functional annotation across seven databases: NR, SwissProt, KEGG, KOG, Pfam, NT, and GO. Annotation results revealed 167,465 transcripts annotated in NR, 117,193 in SwissProt, 116,256 in KEGG, 91,589 in KOG, 108,431 in Pfam, 197,159 in NT, and 132,229 in GO databases. Notably, 99% of transcripts were successfully annotated in the NT database, reflecting the high conservation of nucleotide sequences, whereas KOG showed the lowest annotation rate (42.7%), indicating a relatively lower representation of conserved eukaryotic orthologs (Supplementary Table S5). NR-based homology analysis revealed that Triticum turgidum subsp. durum was the most predominant species, accounting for 47.20% of homologous annotations, followed by Aegilops tauschii (17.96%) and barley (Hordeum vulgare subspecies combined) at 16.55%. Remarkably, 18.29% of transcripts lacked species-specific homology, suggesting the presence of novel or highly divergent sequences (Figure 2b). KEGG pathway analysis categorized the annotated transcripts into five major functional groups: “cellular processes”, “environmental information processing” “metabolism”, “genetic information processing”, and “organismal systems”. Within these, “global and overview maps” under the “metabolism” category contained the highest number of transcripts (Figure 2c). The GO classification organized the transcripts into three domains: “biological processes”, “cellular components”, and “molecular functions” In the “biological processes” domain, the “cellular process” (57,340 transcripts) and “metabolic process” (50,804 transcripts) were the most prominent. In the “cellular components” domain, the majority of transcripts (81,306) were associated with “cellular anatomical entities” For “molecular functions” the dominant categories were “binding” (64,835 transcripts) and “catalytic activity” (63,406 transcripts) (Figure 2a).




Figure 2 | Functional annotation. (a) GO functional classification of transcripts. (b) The proportion of transcripts derived from homologous species and annotated by the NR database. (c) KEGG pathway classification.






2.4 Prediction of transcription factors

This study systematically characterized TFs in A. mongolicum, revealing a complex regulatory framework potentially influencing yield-related traits and metabolic coordination. A total of 2,611 TFs were detected and classified into 56 families. Among them, the bHLH, MYB, and MYB-related families contained the highest numbers of predicted sequences (Figure 3a), highlighting their central roles in orchestrating spatiotemporal metabolic networks (Patra et al., 2013). This distribution mirrors conserved regulatory architectures observed in other high-yield crops, suggesting that these TF families have been evolutionarily optimized for resource allocation and developmental control.




Figure 3 | Prediction of TFs and lncRNAs prediction. (a) Transcription factor family classification. (b) Venn diagram of the lncRNAs numbers predicted by CPC, txCdsPredict, and CNCI software and the Pfam database. Numbers in the overlapping areas represent the number of shared lncRNAs.






2.5 Prediction of lncRNAs

To predict long non-coding RNAs (lncRNAs) in A. mongolicum, four computational approaches were utilized: CPC, txCdsPredict, CNCI, and Pfam database searches. These methods predicted 154,950, 121,704, 79,312, and 136,356 lncRNAs, respectively. Among these, 3,013, 145, 2,158, and 33,665 lncRNAs were exclusively predicted by three of the four methods, whereas 72,034 lncRNAs were consistently predicted by all four approaches (Figure 3b). Strikingly, the number of lncRNAs identified in A. mongolicum (~72,000) far exceeds that reported in the model plant A. thaliana (6,510) (Zhao et al., 2018). This substantial expansion suggests that A. mongolicum has evolved an extensive repertoire of non-coding regulatory elements, likely contributing to its complex mechanisms for stress adaptation and reproductive development.




2.6 Gene expression level analysis

Using an expression threshold of fragments per kilobase of transcript per million mapped reads (FPKM) >10, Venn diagrams were constructed to illustrate the distribution of unigenes across the four sample groups. A total of 14,017 unigenes were commonly expressed among all four groups (Figure 4a). The number of unique genes expressed in each group was 6,298 in AH, 1,866 in AL, 2,375 in BH, and 2,227 in BL, respectively.




Figure 4 | Gene Expression Level. (a) Statistics on the number of differentially expressed genes. The X-axis represents the difference comparison scheme for each group, and the Y-axis represents the corresponding number of DEGs. Red represents the number of upregulated DEGs, while blue represents the number of downregulated DEGs. (b) Expression level of unigenes in Agropyron mongolicum. (c) Phenotypic comparison of plants from different treatment groups (L: few-spike plants; H: multi-spike plants), scale bar = 10 cm.



Comparative transcriptomic analysis across different tissues of A. mongolicum collected at two distinct growth stages revealed significant transcriptional differences (Figure 4c). A total of 91,514 differentially expressed genes (DEGs) were identified across six pairwise comparisons. Among these, the comparisons of AH vs BL, AL vs AH, AL vs BH, and BL vs BH exhibited the highest numbers of DEGs, with 11,784, 12,010, 9,395, and 8,410 upregulated genes, and 15,029, 10,389, 12,338, and 10,495 downregulated genes, respectively (Supplementary Table S6). In contrast, the comparisons between AH vs BH and AL vs BL identified markedly fewer DEGs. These results indicate that transcriptomic differences are more pronounced between germplasms with contrasting spike numbers, whereas fewer changes occur between germplasms with similar spike numbers (Figure 4b).




2.7 Enrichment analysis of differentially expressed genes in KEGG pathways

To gain insights into the biological functions of DEGs, KEGG pathway enrichment analysis was conducted. The ten pathways with the lowest Q-values were selected for detailed examination (Figure 5b). DEGs were significantly enriched in several pathways, most notably “protein processing in the endoplasmic reticulum” (ko04141), “porphyrin metabolism” (ko00860), and “phagosome” (ko04145) pathways. A smaller subset of DEGs was associated with the “aflatoxin biosynthesis” (ko00254) pathway, suggesting a potential but minor involvement.




Figure 5 | DEGs enrichment analysis. (a) DEGs GO enrichment bubble plot. (b) DEGs KEGG pathway enrichment bubble plot.






2.8 GO enrichment analysis of differentially expressed genes

The GO enrichment analysis was performed on the set of 91,514 DEGs. Significant enrichment (Q-value < 0.001) was observed in various functional categories, particularly in “small molecule binding” (GO:0036094), “nucleotide binding” (GO:0000166), “nucleoside phosphate binding” (GO:1901265), “purine nucleotide binding” (GO:0017076), “purine ribonucleotide binding” (GO:0032555), and “nucleus” (GO:0005634) (Figure 5a). These enriched categories reflect the diverse functional roles of DEGs in cellular and molecular processes critical for growth and development.




2.9 Pathways related to protein processing in endothelial reticulum

KEGG annotation revealed that DEGs related to the “protein processing in the endoplasmic reticulum” (ko04141) pathway were significantly enriched in both the AL vs AH and BL vs BH comparison groups. Focusing on this pathway, the expression profiles of key genes were analyzed based on FPKM values, and heatmaps were generated to illustrate their dynamic expression patterns during spike development.

A total of 43 unigenes were mapped to the protein processing pathway. Expression analysis demonstrated distinct molecular regulatory patterns between multi-spike and few-spike plants at critical stages of spike development. During the booting stage (AL vs AH), genes encoding Hsp40 (Heat Shock Protein), Bap31 (B cell receptor-associated protein 31), TRAP (tagged RNA affinity purification complex), and Png1 (peptide:N-glycanase 1)exhibited significantly higher expression levels in multi-spike plants compared to few-spike plants. Conversely, eIF2α (eukaryotic translation initiation factor 2α) was more highly expressed in few-spike plants, likely reflecting endoplasmic reticulum stress-mediated inhibition of protein synthesis. At the heading stage (BL vs BH), multi-spike plants sustained high expression of Hsp40 and Bap31, while significantly downregulating critical components of the unfolded protein response (UPR), including PERK (protein kinase R-like endoplasmic reticulum kinase) and ATF4 (activating transcription factor 4), as well as COPII vesicle transport-related genes such as Sec12 and Sec31 (Sec family proteins) (Figure 6). This regulatory balance suggests that multi-spike plants mitigate ER stress while promoting spike development, providing promising molecular targets for future genetic improvement of seed yield.




Figure 6 | Heatmap of DEGs related to protein processing in the endoplasmic reticulum pathway in Agropyron mongolicum. (a) Heat map of differentially expressed genes related to protein processing in the endoplasmic reticulum pathway of Mongolian ice grass in AL vs AH group. (b) a) Heat map of differentially expressed genes related to protein processing in the endoplasmic reticulum pathway of Mongolian ice grass in BL vs BH group.






2.10 Verification by quantitative real-time polymerase chain reaction

To validate the reliability of the RNA-seq data, eight genes—isoform12533, isoform103050, isoform11885, isoform14616, isoform18777, isoform38653, isoform138785, and isoform167745—were randomly selected for quantitative real-time PCR (qRT-PCR) analysis. The qRT-PCR results were fully consistent with the RNA-seq data, confirming that these genes exhibited significantly higher expression levels in multi-spike plants compared to few-spike plants. These findings reinforce the accuracy and robustness of the transcriptomic analysis (Figure 7; Supplementary Table S11).




Figure 7 | qRT-PCR validation of selected genes from RNA-seq.







3 Discussion



3.1 Transcriptome sequencing

Compared to previous transcriptomic studies on this species, our findings provide a broader and more comprehensive transcriptomic resource, offering significant advantages in both technical application and biological discovery (Pan et al., 2016; Cechin et al., 2020). First, the full-length transcriptome generated in this study serves as a valuable reference for future genome annotation and assembly efforts in A. mongolicum and related species. Our results demonstrate that PacBio SMRT sequencing is particularly effective in capturing long transcripts. Compared to the reference transcriptomes of model plants such as A. thaliana and O. sativa (Chow et al., 2024), a greater number of transcripts exceeding 4,000 bp in length were identified in A. mongolicum, reflecting the strength of PacBio SMRT technology in generating extended and intact sequences. This may be partly attributed to the high proportion of long transcripts present in both the subread and full-length non-chimeric (FLNC) datasets (Ruan et al., 2022). In this study, we successfully obtained 762,116 accurate and high-quality full-length sequences, among which 214,500 transcripts were functionally annotated, providing invaluable data for gene structure analysis and functional genomics. Similar advantages of PacBio SMRT sequencing have been demonstrated in studies of other species. For example, in Glycyrrhiza uralensis, high-quality full-length transcriptomes were generated, facilitating the successful annotation of a large number of functional genes (Yu M. et al., 2021). Likewise, in M. sativa, PacBio SMRT sequencing provided comprehensive full-length transcript data supporting gene functional studies (Shang et al., 2021).

At the gene expression level, we identified 91,514 DEGs, a number significantly higher than those reported for the halophyte Salicornia europaea (Lou et al., 2024). The DEGs were primarily concentrated in four comparison groups: AH vs BL, AL vs AH, AL vs BH, and BL vs BH, underscoring the complex regulatory networks associated with spike number differentiation in A. mongolicum. Collectively, these data establish a solid foundation for future investigations into gene function, regulatory networks, and yield trait improvement in A. mongolicum.




3.2 Potential roles of transcription factors and lncRNAs

The TFs are key regulators of gene expression, mediating diverse physiological processes and plant responses to environmental stimuli. In this study, analysis of 214,500 full-length transcript sequences led to the identification of 3,046 TFs belonging to 56 different families. Notably, the MYB and bHLH families were the most abundant. The MYB family, one of the largest TF families in plants, plays central roles in growth and development, metabolic regulation, and responses to both biotic and abiotic stresses (Mou et al., 2023). MYB TFs are widely implicated in adaptive responses to nutrient stress, particularly low phosphorus availability, which otherwise limits plant growth and crop yield. MYB TFs regulate phosphorus transporter gene expression, enhancing tolerance to phosphorus-deficient conditions (Hu et al., 2024). Beyond nutrient stress, MYB TFs are crucial in responses to drought, salt stress, cold, and pathogen attacks. The R2R3-MYB subfamily, in particular, plays pivotal roles in regulating disease resistance and abiotic stress adaptation (Guan et al., 2024).

Although the role of MYB TFs in stress responses has been extensively studied, their potential function in regulating spike number remains underexplored. Emerging evidence suggests that MYB TFs influence multiple growth traits, including plant architecture, leaf morphology, and seed size (Wu X. et al., 2024). For example, the copper-induced MYB transcription factor OsMYB67 regulates heading time and yield formation in rice. Knockout mutants of OsMYB67 display an early heading phenotype and increased effective spike and grain numbers compared to the wild type, while overexpression delays heading (Ding et al., 2025). Moreover, MFS2 (MULTI-FLORET SPIKELET2) in rice, an R2R3-MYB repressor-type transcription factor, forms a complex with TOPLESS/TOPLESS-associated proteins to inhibit floral organ identity gene expression, maintaining floret meristem determinacy. Loss of MFS2 function leads to increased floral organ number and double-floret spikelet formation, highlighting its role in regulating spikelet number through meristem activity suppression (Li et al., 2020). In wheat, TaMYB72 has been identified as a positive regulator of grain yield traits. Deletion mutants of TaMYB72 show increased spike length and grain number per spike, although accompanied by delayed heading (Wu LF. et al., 2024). Similarly, TabHLH27, a bHLH family TF, is highly expressed during key stages of spike development in wheat, including the double-ridge stage, and likely influences spikelet number by regulating genes involved in inflorescence development (Wang et al., 2024). These findings underscore the crucial involvement of MYB and bHLH transcription factors in regulating spike-related traits and offer new avenues for targeted crop improvement.

lncRNAs (long non-coding RNAs)also play essential roles in plant development and yield trait regulation. In rice, lncRNAs are involved in controlling spikelet type and grain size, suggesting that they may influence spike number as well (Zhang et al., 2020). Studies in maize have demonstrated that lncRNAs can regulate spike development by interacting with protein-coding genes or participating in chromatin remodeling (Sun et al., 2020). Additionally, lncRNAs may function as distal regulatory elements, modulating the expression of spike-related genes across genomic regions (Parvathaneni et al., 2020). Although several lncRNAs associated with spike number regulation have been identified, comprehensive understanding of their regulatory mechanisms remains limited. Future research should focus on elucidating the molecular pathways by which lncRNAs influence spikelet formation, meristem activity, and yield traits, thereby expanding the potential for harnessing lncRNAs in breeding programs targeting high-yield phenotypes.




3.3 Gene families

Heat shock proteins (HSPs) play critical roles in enabling plant cells to adapt to abiotic stress, preventing protein denaturation and maintaining normal physiological functions. The complex structure of the small heat shock protein Hsp21 and its natural substrate has opened new avenues for improving heat tolerance and potentially increasing spike number in crop species (Yu C. et al., 2021). Other major classes of HSPs—including HSP100 (Clp), HSP90, HSP70 (DnaK), HSP60, HSP40 (DnaJ), and small heat shock proteins (sHSPs)—also make substantial contributions to plant growth and stress tolerance (Sun et al., 2012). In this study, we found that Hsp40 was significantly more highly expressed in multi-spike plants compared to few-spike plants, emphasizing its potential importance in spike development and overall plant vigor. Functional characterization of OsDNAJ15, a Hsp40/DNAJ homolog in rice, revealed that this gene positively regulates the DNA-binding activity of the spike number-related gene OsMYB106 through interaction with OsBAG4, thereby influencing spike number formation (Liu Y. et al., 2023). The Hsp40 proteins may regulate downstream signaling pathways by cooperating with chaperone complexes. For instance, OsHSP40 mutants exhibit marked phenotypic differences compared to wild-type rice, including altered plant height and spike length, likely due to effects on leaf vein formation, cell size, and cell number (Sun et al., 2016). Beyond signaling and gene expression regulation, Hsp40 may also indirectly affect spike development by promoting the proper folding and assembly of proteins involved in cell division and differentiation. Studies in HeLa cells have shown that Hsp40 collaborates with Hsp70 to repair and refold nuclear proteins, demonstrating conserved functions in proteostasis (Hattori et al., 1993). Moreover, natural variation in Hsp40 could serve as a potential mechanism for spike number diversity. SNP analysis of LM7, encoding the rice heat shock protein OsHSP40, identified a functional C-to-T SNP located in the coding region. Rice lines harboring this SNP exhibited improved agronomic traits, including increased flag leaf width, plant height, spike length, grain length, and grain weight (Wang et al., 2022). Although accumulating evidence suggests multiple mechanisms by which Hsp40 may regulate spike number, further studies are necessary to fully elucidate its specific modes of action.

Protein kinase R-like endoplasmic reticulum kinase (PERK) represents another important stress response factor. While the PERK signaling pathway in plants remains incompletely characterized, studies suggest that PERK regulates plant growth and development by modulating the ER stress response and autophagy. Activation of PERK signaling triggers downstream effectors such as ATF4, regulating the expression of genes involved in metabolism and stress adaptation (Liu F. et al., 2023). In A. thaliana, members of the PERK family have been implicated in abscisic acid (ABA) signaling and root growth regulation, highlighting their potential importance in plant development (Bai et al., 2009). In rice, expression profiling of OsPERK has revealed tissue-specific expression patterns under diverse stress conditions, providing valuable insights into its role during different developmental stages and environmental responses (Kesawat et al., 2023). Although direct evidence linking PERK to spike number regulation remains lacking, the involvement of PERK in ER stress signaling and cellular metabolism suggests that it may influence developmental processes related to tiller and spike formation. Notably, a gene associated with spike grain number, RGN1, has been identified in rice and appears to regulate tiller structure, indirectly affecting spike number (Li et al., 2022). Therefore, the potential role of PERK in spike development warrants further investigation. Currently, research on nucleotide exchange factors in plants is relatively limited. However, their potential roles in cytoskeleton assembly and developmental regulation remain an intriguing area for future studies. Of particular interest, NEF expression was detected exclusively in few-spike plants in this study, and not in multi-spike plants, suggesting a possible negative regulatory influence on spike number. Future research should prioritize elucidating the specific molecular functions of NEFs in plant development and their potential impact on reproductive traits.





4 Materials and methods



4.1 Plant materials

The plant materials used in this study consisted of multi-spike and few-spike germplasms of the cultivated variety “Mengnong No. 1” (A. mongolicum), developed by Inner Mongolia Agricultural University. Plants were cultivated in 2021 at the university’s experimental base (40°48′N, 111°41′E; elevation 1063 m; average annual precipitation 350 mm), with three biological replicates per germplasm. Multi-spike plants exhibited tall and uniform stature, strong tillering ability, rapid growth rate, and a high seed set rate, whereas few-spike plants were characterized by relatively shorter stature, reduced leaf mass, weaker tillering ability, and lower seed set rate.




4.2 Sampling

Leaves, stems, young spikes, and mature spikes from multi-spike and few-spike plants (A. mongolicum) were sampled at two developmental stages: the booting stage (A) and the heading stage (B) (Supplementary Table S7). Sampling was conducted in May 2023 at the experimental base of Inner Mongolia Agricultural University. For each growth stage, three multi-spike and three few-spike plants were randomly selected, with three biological replicates per condition, resulting in a total of 36 samples. Sample grouping details are provided in Appendices S8 and S9. Immediately after collection, samples were placed in cryogenic tubes, rapidly frozen in liquid nitrogen, and stored at –80°C for subsequent analysis.




4.3 RNA extraction and sequencing

Total RNA was extracted from the 36 samples. Purified mRNA was pooled for cDNA library construction, and sequencing was performed on the PacBio Sequel platform. RNA extraction, library construction, and sequencing were conducted by the BGI Research Center, Beijing. Following sequencing, the SMRT Analysis Suite was used for insertion fragment recognition (ROI) and reads classification, and the Quiver algorithm was employed to cluster and correct reads (Chin et al., 2013), thereby generating high-quality full-length consensus sequences. Full-length sequences from each library were merged for redundancy elimination and isoform expression quantification. Subsequent steps included transcript annotation using public databases and CDS prediction using TransDecoder. Differential expression and functional annotation analyses were performed based on isoform quantification results.




4.4 Functional annotation

Gene annotation was conducted using several public databases, including the NCBI nonredundant protein database (NR), the NCBI nonredundant nucleotide database (NT), SwissProt, GO, the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the Eukaryotic Orthologous Groups (KOG) database. Sequence alignments were performed using the BLASTX algorithm (version 2.2.23) (Altschul et al., 1990).




4.5 CDS prediction

Coding sequence prediction was carried out using TransDecoder (version 3.0.1). The longest open reading frame (ORF) from each isoform was identified, followed by homologous sequence searches against the SwissProt database using BLASTX (version 2.2.23) to predict candidate coding regions.




4.6 Isoform expression quantification

Full-length transcripts obtained from PacBio Iso-Seq were clustered to determine isoform expression copy numbers. The number of full-length transcripts contained within each cluster was used as the original expression value. Expression levels were subsequently normalized across samples using the percentage normalization method.




4.7 Long non-coding RNAs prediction

Prediction of lncRNAs was performed using CPC (Kong et al., 2007) (version:0.9-r2), txCdsPredict (http://hgdownload.soe.ucsc.edu/admin/jksrc.zip) and CNCI (Sun et al., 2013) (https://github.com/www-bioinfo-org/CNCI) software tools. Thresholds for distinguishing lncRNAs from mRNAs were set as follows: for CPC, transcripts with scores ≥0 were classified as mRNAs and those ≤0 as lncRNAs; for CNCI, transcripts with scores ≥0 were classified as mRNAs and those ≤0 as lncRNAs; and for txCdsPredict, transcripts with scores ≥500 were classified as mRNAs and those ≤500 as lncRNAs.




4.8 Expression analysis of the candidate genes by real-time qPCR

Total RNA was extracted using the Eastepfi Super Total RNA Extraction Kit (Promega, Beijing, China) according to the manufacturer’s instructions. First-strand cDNA was synthesized using the TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR. The qRT-PCR was carried out using the PerfectStart™ Green qPCR SuperMix on a LightCycler® 480 II Real-Time PCR System. Specific primer sequences used for qRT-PCR are provided in Supplementary Table S10. Actin was employed as the internal control gene. Each sample was analyzed in three technical replicates, and relative gene expression levels were calculated using the 2-ΔΔCT method (Schmittgen and Livak, 2008).





5 Conclusions

In this study, we generated high-quality full-length transcriptome data for A. mongolicum, obtaining a total of 762,116 full-length transcripts, of which 214,500 sequences were successfully annotated. We detected 185,424 genes, among which 91,514 exhibited differential expression. The GO and KEGG enrichment analyses of the DEGs revealed distinct molecular characteristics associated with plant growth and development at varying spike number levels, with a notable enrichment in the protein processing pathway of the endoplasmic reticulum. Further detailed analysis of this pathway suggested that Hsp40, PERK, NEF, and Png1 may play critical roles in regulating biomass accumulation and spike development in A. mongolicum. The relative expression levels of eight DEGs were validated using qRT-PCR, confirming that these genes exhibited significantly higher expression in multi-spike plants compared to few-spike plants. Overall, the full-length transcriptome dataset obtained in this study demonstrates broad transcript coverage and high sequence integrity, providing a valuable resource for future functional genomic studies in A. mongolicum. These results lay a solid foundation for the molecular dissection of yield-related traits and open new avenues for the genetic improvement of this important forage species.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA1195816(https://dataview.ncbi.nlm.nih.gov/object/PRJNA1195816?reviewer=krqrt041giut79e9pobteldkfc).





Author contributions

MG: Conceptualization, Formal analysis, Investigation, Methodology, Software, Writing – original draft, Writing – review & editing. YW: Conceptualization, Methodology, Software, Writing – review & editing. XL: Conceptualization, Data curation, Formal analysis, Methodology, Writing – review & editing. XH: Conceptualization, Methodology, Software, Writing – review & editing. YL: Methodology, Software, Writing – review & editing. YZ: Conceptualization, Funding acquisition, Project administration, Resources, Validation, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by 2023 National Grassland Technology Innovation Center (preparatory) Major Innovation Platform Construction Special Project (No.CCPTZX2023W01), the National Natural Science Foundation of China (No. 32160326) and Grass seed industry core technology research project_Technical support for improving breeding capacity (SJCZFY2022-5-5).




Acknowledgments

We acknowledge the platform of Key Laboratory of Grassland Germplasm Innovation and Sustainable Utilization of Grassland Resources in Inner Mongolia, the Key Laboratory of Forage Cultivation, Processing and High Efficient Utilization of Ministry of Agriculture, and the Grassland Research Center of the Chinese Academy of Forestry.





Conflict of interest

Author YL was employed by Inner Mongolia Pratacultural Technology Innovation Center Co., Ltd.

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1570213/full#supplementary-material




References

 Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

 Bai, L., Zhang, G., Zhou, Y., Zhang, Z. P., Wang, W., Du, Y. Y., et al. (2009). Plasma membrane-associated proline-rich extensin-like receptor kinase 4, a novel regulator of Ca signalling, is required for abscisic acid responses in Arabidopsis thaliana. Plant J. 60, 314–327. doi: 10.1111/j.1365-313X.2009.03956.x

 Cechin, J., Piasecki, C., Benemann, D. P., Kremer, F. S., Galli, V., Maia, L. C., et al. (2020). Lolium multiflorumTranscriptome Analysis Identifies Candidate Target Genes Involved in Glyphosate-Resistance Mechanism in. Plants 9, 685. doi: 10.3390/plants9060685

 Che, Y. H., and Li, L. H. (2007). Genetic diversity of prolamines inAgropyron mongolicumKeng indigenous to northern China. Genet. Resour. Crop Evol. 54, 1145–1151. doi: 10.1007/s10722-006-9006-7

 Chin, C. S., Alexander, D. H., Marks, P., Klammer, A. A., Drake, J., Heiner, C., et al. (2013). Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nat. Methods 10, 563–569. doi: 10.1038/nmeth.2474

 Chow, C.-N., Yang, C. W., Wu, N. Y., Wang, H. T., Tseng, K.-C., Chiu, Y.-H., et al. (2024). PlantPAN 4.0: updated database for identifying conserved non-coding sequences and exploring dynamic transcriptional regulation in plant promoter. Nucleic Acids Res. 52 (D1), D1569–D1578. doi: 10.1093/nar/gkad945

 Ding, J., Wang, C., Wang, S., Ding, G., and Shi, L. (2025). OsMYB67 knockout promotes rice heading and yield by facilitating copper distribution in panicles. Plant Cell Environ. doi: 10.1111/pce.15540

 Dong, L. L., Liu, H. F., Zhang, J. C., Yang, S. J., Kong, G. Y., Chu, J. S. C., et al. (2015). Single-molecule real-time transcript sequencing facilitates common wheat genome annotation and grain transcriptome research. BMC Genomics 16, 1039. doi: 10.1186/s12864-015-2257-y

 Fan, B., Sun, F., Yu, Z., Zhang, X., Yu, X., Wu, J., et al. (2022). Integrated analysis of small RNAs, transcriptome and degradome sequencing reveal the drought stress network in Agropyron mongolicum Keng. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.976684

 Guan, F., Zheng, Y., Mi, X., Fan, J., Wang, B., Wang, X., et al. (2024). Research progress on the regulation of plant stress responses by R2R3-type MYB transcription factors. Plant Med. 3, 1–9. doi: 10.13718/j.cnki.zwyx.2024.03.001

 Han, H., Liu, W., Lu, Y., Zhang, J., Y ang, X., Li, X., et al. (2017). Isolation and application of P genome-specific DNA sequences of Agropyron Gaertn in Triticeae. Planta 245, 425–437. doi: 10.1007/s00425-016-2616-1

 Hattori, H., Kaneda, T., Lokeshwar, B., Laszlo, A., and Ohtsuka, K. (1993). A stress-inducible 40 kDa protein (hsp40): purification by modified two-dimensional gel electrophoresis and co-localization with hsc70(p73) in heat-shocked HeLa cells. J. Cell Sci. 104, 629–638. doi: 10.1242/jcs.104.3.629

 Hu, Y., Wu, G., Liu, C., and Wei, M. (2024). Roles of MYB Transcription Factor in Regulating the Responses of plants to stress. Biotechnol. Bull. 40, 5–22. doi: 10.13560/j.cnki.biotech.bull.1985.2023-1186

 Kesawat, M. S., Kherawat, B. S., Katara, J. L., Parameswaran, C., Misra, N., Kumar, M., et al. (2023). Genome-wide analysis of proline-rich extensin-like 349 receptor kinases (PERKs) gene family reveals their roles in plant development and stress 350 conditions in Oryza sativa L. Plant Sci. 334, 111749. doi: 10.1016/j.plantsci.2023.111749

 Kong, L., Zhang, Y., Ye, Z. Q., Liu, X. Q., Zhao, S. Q., Wei, L., et al. (2007). CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic Acids Res. 35, 345–349. doi: 10.1093/nar/gkm391

 Li, G. L., Xu, B. X., Zhang, Y. P., Xu, Y. W., Khan, N. U., Xie, J. Y., et al. (2022). RGN1 controls grain number and shapes panicle architecture in rice. Plant Biotechnol. J. 20, 158–167. doi: 10.1111/pbi.13702

 Li, Y. F., Zeng, X. Q., Li, Y., Wang, L., Zhuang, H., Wang, Y., et al. (2020). MULTI-FLORET SPIKELET 2, a MYB transcription factor, determines spikelet meristem fate and floral organ identity in rice. Plant Physiol. 184, 988–1003. doi: 10.1104/pp.20.00743

 Liu, F., Liu, Z., Cheng, W. S., Zhao, Q. Q., Zhang, X. Y., Zhang, H., et al. (2023). The PERK branch of the unfolded protein response safeguards protein homeostasis and mesendoderm specification of human pluripotent stem cells. Advanced Sci. (Weinheim Baden-Wurttemberg Germany) 10, e2303799. doi: 10.1002/advs.202303799

 Liu, Y., Li, M., Yu, J., Ma, A., Wang, J., Yun, D. J., et al. (2023). Plasma membrane-localized Hsp40/DNAJ chaperone protein facilitates OsSUVH7-OsBAG4-OsMYB106 transcriptional complex formation for OsHKT1;5 activation. J. Integr. Plant Biol. 65, 265–279. doi: 10.1111/jipb.13403

 Lou, T., Lv, S., Wang, J., Wang, D., Lin, K., Zhang, X., et al. (2024). Cell size and xylem differentiation regulating genes from Salicornia europaea contribute to plant salt tolerance. ” Plant Cell Environ. 47, 2640–2659. doi: 10.1111/pce.14905

 Minoche, A. E., Dohm, J. C., Schneider, J., Holtgräwe, D., Viehöver, P., Montfort, M., et al. (2015). Exploiting single-molecule transcript sequencing for eukaryotic gene prediction. Genome Biol. 16, 184. doi: 10.1186/s13059-015-0729-7

 Mou, D., Zhao, Q., Liu, Y., Li, C., and Xie, J. (2023). Full-length transcriptome sequencing and dof transcription factor family analysis of caucasian clover. Acta Agrestia Sin. 31, 3343–3354. doi: 10.11733/j.issn.1007-0435.2023.11.013

 Pan, L., Zhang, X., Wang, J., Ma, X., Zhou, M., Huang, L., et al. (2016). Transcriptional profiles of drought related genes in modulating metabolic processes and antioxidant defenses in lolium multiflorum. Front. Plant Sci. 7, 519. doi: 10.3389/fpls.2016.00519

 Parvathaneni, R. K., Bertolini, E., Shamimuzzaman, M., Vera, D. L., Lung, P.-Y., Rice, B. R., et al. (2020). The regulatory landscape of early maize inflorescence development. Genome Biol. 21, 165. doi: 10.1186/s13059-020-02070-8

 Patra, B., Schluttenhofer, C., Wu, Y., Pattanaik, S., and Yuan, L. (2013). Transcriptional regulation of secondary metabolite biosynthesis in plants. Biochim. Biophys. Acta 1829, 1236–1247. doi: 10.1016/j.bbagrm.2013.09.006

 Ruan, X., Wang, Z., Su, Y., and Wang, T. (2022). Full-length transcriptome analysis of multiple organs and identification of adaptive genes and pathways in Mikania micrantha. Sci. Rep. 12, 3272. doi: 10.1038/s41598-022-07198-0

 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3, 1101–1108. doi: 10.1038/nprot.2008.73

 Shang, X. R., Zhou, L. F., Yin, Q. Q., and Chao, Y. H. (2021). Full-length transcriptome sequencing and analysis of Medicago truncatula. Biotechnol. Bull. 37, 131–140. doi: 10.13560/j.cnki.biotech.bull.1985.2021-0191

 Shi, K., Liu, X. Q., Pan, X. Y., Liu, J., Gong, W. L., Gong, P., et al. (2021). Unveiling the complexity of red clover (Trifolium pratense L.) transcriptome and transcriptional regulation of isoflavonoid biosynthesis using integrated long- and short-read RNAseq. Int. J. Mol. Sci. 22, 12625. doi: 10.3390/ijms222312625

 Shulse, C. N., Cole, B. J., Ciobanu, D., Lin, J., Yoshinaga, Y., Gouran, M., et al. (2019). High-throughput single-cell transcriptome profiling of plant cell types. Cell Rep. 27, 2241–2247.e4. doi: 10.1016/j.celrep.2019.04.054

 Sun, Y. H., Dong, L., Zhang, L., Lin, D., Xu, W. Z., Ke, C. X., et al. (2020). 3D genome architecture coordinates trans and cis regulation of differentially expressed ear and tassel genes in maize. Genome Biol. 21, 143. doi: 10.1186/s13059-020-02063-7

 Sun, L., Liu, Y., Kong, X., Zhang, D., Pan, J., Zhou, Y., et al. (2012). ZmHSP16.9, a cytosolic class I small heat shock protein in maize (Zea mays),confers heat tolerance in transgenic tobacco. Plant Cell Rep. 31, 1473–1484. doi: 10.1007/s00299-012-1262-8

 Sun, L., Luo, H., Bu, D., Zhao, G., Yu, K., Zhang, C., et al. (2013). Utilizing sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res. 41, e166. doi: 10.1093/nar/gkt646

 Sun, X., Sun, C., Li, Z., Hu, Q., Han, L., and Luo, H. (2016). AsHSP17, a creeping bentgrass small heat shock protein modulates plant photosynthesis and ABA-dependent and independent signalling to attenuate plant response to abiotic stress. Plant Cell Environ. 39, 1320–1337. doi: 10.1111/pce.12683

 Wang, F. H., Tang, Z. G., Wang, Y., Fu, J., Yang, W. B., Wang, S. X., et al. (2022). Leaf mutant 7 encoding heat shock protein osHSP40 regulates leaf size in rice. Int. J. Mol. Sci. 23, 4446. doi: 10.3390/ijms23084446

 Wang, D. Z., Zhang, X. X., Cao, Y., Batool, A., and Xu, Y. X. (2024). TabHLH27 orchestrates root growth and drought tolerance to enhance water use efficiency in wheat. J. Integr. Plant Biol. 66, 1295–1312. doi: 10.1111/jipb.13670

 Wang, B., Tseng, E., Regulski, M., Clark, T. A., Hon, T., Jiao, Y., et al. (2016). Unveiling the complexity of the maize transcriptome by single-molecule long-read sequencing. Nat. Commun. 7, 11708. doi: 10.1038/ncomms11708

 Wang, M., Wang, P., Liang, F., Ye, Z., Li, J., Shen, C., et al. (2018). A global survey of alternative splicing in allopolyploid cotton:landscape,complexity and regulation. New Phytol. 217, 163–178. doi: 10.1111/nph.2018.217.issue-1

 Wu, L. F., Xie, Z. C., Li, D. P., Chen, Y. Y., Xia, C., Kong, X. Y., et al. (2024). TaMYB72 directly activates the expression of TaFT to promote heading and enhance grain yield traits in wheat (Triticum aestivum L. ). J. Integr. Plant Biol. 66, 1266–1269. doi: 10.1111/jipb.13716

 Wu, X., Zhang, X., Xu, M., Bu, Q., and Wang, Z. (2024). Research progress on MYB transcription factors in rice stress responses. J. Northeast Agric. Univ. 55, 83–96. doi: 10.19720/j.cnki.issn.1005-9369.2024.03.009

 Yu, C., Leung, S. K.P., Zhang, W., Lai, L. T.F., and Chan, Y. K. (2021). Structural basis of substrate recognition and thermal protection by a small heat shock protein. Nat. Commun. 12, 3007. doi: 10.1038/s41467-021-23338-y

 Yu, M., Li, X. R., Cai, S. K., Yan, G., and Wang, J. H. (2021). Full-length transcriptome analysis of the medicinal and edible plant Glycyrrhiza uralensis. North China J. Agric. Sci. 36, 10–17. doi: 10.7668/hbnxb.20192213

 Zhang, H. (2018). Genome-wide association study for salt tolerant traits of alfalfa at germination stage based on RNA-Seq (Shandong: Shandong Agricultural University).

 Zhang, X., Fan, B., Yu, Z., Nie, L., Zhao, Y., Yu, X., et al. (2019). Functional analysis of three miRNAs in Agropyron mongolicum Keng under drought stress. Agronomy 9, 661–686. doi: 10.3390/agronomy9100661

 Zhang, A., Guo, X., He, H., Zhang, H. S., and Wu, X. Y. (2020). Research progress on the identification and analysis of lncRNA in major crops. Guangdong Agric. Sci. 47, 1–10. doi: 10.16768/j.issn.1004-874X.2020.05.001

 Zhao, X., Li, J., Lian, B., Gu, H., Li, Y., and Qi, (2018). Global identification of Arabidopsis lncRNAs reveals the regulation of MAF4 by a natural antisense RNA. Nat. Commun. 9, 1–12. doi: 10.1038/s41467-018-07500-7

 Zhao, Y., Yun, J., Shi, F., Wang, J., Yang, Q., and Chao, Y. (2010). Molecular cloning and characterization of a group 3 LEA gene from Agropyron mongolicum Keng. Afr. J. Biotechnol. 9, 69–82. doi: 10.1186/1475-2859-9-69




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Guo, Wei, Liu, Huang, Liu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1570213-g005.jpg
d

oxidoreductase activity, acting on iron—sulfur proteins as donors

oxidoreductase activity, acting on a sulfur group of donors, iron—sulfurprotein as acceptor

ADP binding

transcription regulator activity
sequence—specific DNA binding

response to water

response to oxygen—containing compound
response to inorganic substance

response to acid chemical

nucleus
DNA-binding transcription factor activity

DNA binding

thiamine metabolic process

thiamine—containing compound metabolic process
hiamine—containing compound biosynthetic process

thiamine biosynthetic process

primary alcohol metabolic process
primary alcohol biosynthetic process

transketolase activity

response to salt stress
response to reactive oxygen species

phosphoethanolamine N—methyltransferase activity

unfolded protein binding
transketolase or transaldolase activity

response to hydrogen peroxide
purine ribonucleotide binding

purine nucleotide binding
protein folding

nucleotide binding
nucleoside phosphate binding
cellular component disassembly

small molecule binding

rhythmic process
response to temperature stimulus

response to stimulus
response to heat

response to cold

response to abiotic stimulus
regulation of circadian rhythm

cellular response to heat

L3
anion binding{ @ [

Tryptophan metabolism

Thiamine metabolism
Starch and sucrose metabolism

Sesquiterpenoid andtriterpenoidiosynthesis

RNA degradation
Pyruvate metabolism

AH-vs-BH AH-vs-BL AL-vs-AH AL-vs-BH AL-vs-BL BL-vs-BH

Protein processing in endoplasmic reticulum

Porphyrin metabolism
Plant hormone signal transduction

Plant—pathogen interaction

Photosynthesis — antenna proteins
Phagosome

Peroxisome
Pentose phosphate pathway

Nucleotide excision repair
Nitrogen metabolism

MAPK signaling pathway — plant
Glyoxylate and dicarboxylatemetabolism

Glycolysis / Gluconeogenesis - @
Glycerophospholipid metabolism- @

Glycerolipid metabolism

Glutathione metabolism - )

Fructose and mannose metabolism

Endocytosis- ®

Diterpenoid biosynthesis

Cysteine and methionine metabolism
Citrate cycle (TCA cycle)

Circadian rhythm — plant

Carbon metabolism

Carbon fixation inphotosyntheticorganisms

Biosynthesis of unsaturated fatty acids
Biosynthesis of nucleotide sugars

Biosynthesis of cofactors
Arginine and proline metabolism

Aminosugarandnucleotidesugarmetabolim
Aflatoxin biosynthesis

Ascorbate and aldarate metabolism

AH-vs-BH AH-vs-BL. AL-vs-AH AL-vs-BH AIl.-vs-BI. Bl.-vs-BH

-log10(pvalue)

12

9

6
3

Count

® 5000

@ 10000
@ 15000
@ 20000
@ 25000





OEBPS/Images/fpls-16-1570213-g007.jpg
Relative expression

Relative expression

o W = WL O O o0 O

S —

o W kB UL YN 0 0 O

isoform 103050

qRT-PCR

isoform 11885

RNA-seq

RNA-seq

Relative expression

3000

2500

Pk — [\.)
S wn o
) S =
[ o o

wh
)
)

o W kB UL YN 0 0 O

Relative expression

isoform 138785

a

qRT-PCR

1soform 12533

RNA-seq

RNA-seq

s
o

(U8]
(e

(\®]

Relative expression
<

f—
o

Relative expression

(9, e e TN -EN e

o W B

isoform 14616

qRT-PCR

isoform 18777

RNA-seq

Relative expression

Relative expression

—_ [\ 98] =~ wn

[

o

S = D W B O 0 O

isoform 167745

isoform 38653

RNA-seq

RNA-seq





OEBPS/Images/fpls-16-1570213-g003.jpg
d b

MYB L
AIY Bl atecl{ 0 S 32
DFILF {0 220
AP2-EREBP | [ 1
C3H{ I
ABIZVPA |
NAG {0
G2-liko ] T
MTERF |
GRAS{ 10
-
N :
C2C2-GATA{ j —————— txCdsPredict CNCI
Tif e |
N
BoEe—— | R
FHAl B e — 1]
Affin-like 1 BRI 57— I
Trihelix 1 I 55 I I S S S S R
Sigma70—like _ 40 _— _
FART | I I S R ]
C2C2-CO-lke) — B 34—
02C2 Dot A I S A S N R
S I N N N S S N
z-HD 1 I S A N S
LIM IS S I S A N A
BSD| P 2 R
ARF 1 B 26 ———— 1"
HSF 1 IS I S A A S
EIL | B 20 T T — T
C2C2-YABBY | EEE X I N A N I
RWP_RK | I 19 T T T T 11
TCP1 B I A A S S S S
I
brF | . - IS I A S S A I
T e S e S S o m—
I— I S S I A S
GeBP 1 I I S A S S A I
DBP T B 12— T 1
BES1 I I I S S S
A S I N N I S
PBF-2-like 1 A IS I S A N I
OFP 1 I 10 I I A S S S
VOZ{ I 9 R
S ¢ [
Uzl E— I I S S S
N O
e R ——————1—T—1—1
StFa-like ) — HE —————
CAMTA | S I N R N
BBR/BPC | EE I I
HRT | - I S S N
E2F-DP 1 - T ]
VARL T— I A N
NOZZLE{ i e —

100 200 300 400
Number of Genes





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Full-length transcriptome provides insights into the molecular regulation of seed spike number in Agropyron mongolicum

      

        		

          1 Introduction

        



        		

          2 Results

        

          		

            2.1 PacBio SMRT sequencing data

          



          		

            2.2 Coding sequence prediction

          



          		

            2.3 Functional annotation

          



          		

            2.4 Prediction of transcription factors

          



          		

            2.5 Prediction of lncRNAs

          



          		

            2.6 Gene expression level analysis

          



          		

            2.7 Enrichment analysis of differentially expressed genes in KEGG pathways

          



          		

            2.8 GO enrichment analysis of differentially expressed genes

          



          		

            2.9 Pathways related to protein processing in endothelial reticulum

          



          		

            2.10 Verification by quantitative real-time polymerase chain reaction

          



        



        



        		

          3 Discussion

        

          		

            3.1 Transcriptome sequencing

          



          		

            3.2 Potential roles of transcription factors and lncRNAs

          



          		

            3.3 Gene families

          



        



        



        		

          4 Materials and methods

        

          		

            4.1 Plant materials

          



          		

            4.2 Sampling

          



          		

            4.3 RNA extraction and sequencing

          



          		

            4.4 Functional annotation

          



          		

            4.5 CDS prediction

          



          		

            4.6 Isoform expression quantification

          



          		

            4.7 Long non-coding RNAs prediction

          



          		

            4.8 Expression analysis of the candidate genes by real-time qPCR

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1570213-g001.jpg
=
I
[—
|
—
—
E—
=
— ,
—— <>
e un
I o~
1
==
R
—
I
|
—————————————
lllllllllllllllllll
=ses
_-—ees-
I
e 1 &
- S
e — W)
)
|
I
—_——... >
|
6
- O OO ]
N
|
|
e
| [
e —————— P
-lll““““““““““n (7o)
— (@\|
[E—
|
[
[—
|
]
I
—
—
=
—
—
_— <
& & &
S S S = <
& & & =
& & & =
) w & v
(@] o —
hnwm—ﬂﬂmm—vg
Y
I
= ]
. ]
|
|
-_-_,-—
L ——————
= 0
e =]
L —————— 0
—— 7g)
1 7
[
=——— 1|
I
-_--
==
e
—_—
[—_—— |
.|
| 0
e ——— 0
L] 0
_—_——— 0
| 5
e
- _ _ ]
s ——
===
I
=
e
. ]
]
_—<—
[ | 0
| &
[ | 0
= | 5
———————————————— @\
1
=
_——————————+
I
= |
== ||
.|
==
e  ___ ___________________________—_—_7
e
= |
&
& & &
& &
& &
@\ o
.hmwam—nnn—vgﬁ

Length

Length

80%¢ |
595

799

0vL
L06

1807 |
L0T1

covl

GOLT |
I81¢
evae
120¢
9G¥ ¢
961%
06LY
90%S
8509
cL69

0964
0¢88

1766

GLYIT
168CI.

O8Y¥1 -

G209
€108T. |
99¢61

9601¢C

056¢¢
|

=
e

1e+05
le+04
1000
100

gysey-ojdures J[e 9319 JO SIdquInN

18¥
601
8¥1

981
161

e
L6T:
e
0%
6¢S

00Z

9¢8

0S0T-
CIcl -
861

01¢e
oG

120¢€ °
6V.Le

LOVY

LEVS -
[149

F0LL
A

C9911.

23394
6¢E8T

Y6C8¢C:

—
Ao

le+05
le+04
1000
100

Spa-drdues J[e 3319w JO S.IdquInN

000€=<
000¢
006¢
008¢
00L¢
009¢

00s¢

00¥¢

00€¢
007¢

001¢
000C
0061

0081
00LT

00S1
([li4}
00€1

0071

0011
0001
006

008

00L
009
00¢
00¥
00€

007

Sequence size(nt)

000¢=<

000¢

006¢
0087
00L¢

009¢
00S¢
00¥<

00€¢
007¢

001¢
000¢

0061
0081

00L1
0091

00S1

0ori
00€1

00<1
0011

0001

006
008

00L
009

00¢
00¥

00€

Sequence size(nt)





OEBPS/Images/fpls-16-1570213-g006.jpg
BN isoform_36056(Hsp40)
PN isoform_23651(Bap31)
N isoform_25062(TRAP)
BN isoform_80163(Png1)

SN isoform_79671(elF2a)

L1 isoform_21740(Bap31)
B isoform_81952(EDEM)
L isoform_212724(Bap31)

] isoform_202252(EDEM)
[ isoform_172415(Png1)
I isoform_180061(ATF4)
- I isoform_29246(NEF)
SN isoform_112870(Sec12)
B isoform_45904(0Otu1)
BT isoform_133961(Png1)
B isoform_161363(Png1)
I P isoform_132457(Hsp40)
B isoform126525(S1P)
PN isoform_11774(Sec13/31)
N N isoform_29315(Sec62/63)
I N isoform_12177(Sec62/63)
BN isoform_152821(Bap31)

SRS

21.00
18.00
15.00

112.00

9.00
6.00
3.00
0.00

I is0form36056(Hsp40)
NI isoform119085(Bap31)
I isoform126525(S1P)
NI isoform23651(Bap31)
NI isoform132457(Hsp40)
I is0form47501(Hsp40)
I isoform181989(Glcll)
I is0form88265(Sect3/31)
I I isoform112870(Sec12)
I isoform105961(RAD23)
I isoform28585(RAD23)
I isoform126228(PERK)
I isoform14408(0S9)
I isoform185536(RAD23)
I isoform198565(RAD23)
I isoform180061(ATF4)
I N isoform196886(0S9)
I is0form97642(0S9)
I is0form204638(RAD23)
I isoform29246(NEF)
I isoform11774(Sec13/31)

d &

0.80
0.60
0.40

- 10.20

0.00
0.20
0.40
0.60
0.80





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1570213-g004.jpg
Number of Genes

15,000

10,000

5,000

2373

104675
/1138

o

112

1218

14017

1985

L |
L e
/4%,?* ,4%?2)
S

7224

su C
AL

BL
AH






OEBPS/Images/fpls.2025.1570213_cover.jpg
& frontiers | Frontiers in Plant Science

Full-length transcriptome provides insights
into the molecular regulation of seed spike
number in Agropyron mongolicum
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