Haplotype-resolved genome of ‘Pinot Noir’ reveals DNA polymorphisms and allele-specific expression shaping terroir adaptation
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Materials and Methods
Plant materials
Four-years-old grapevine (cultivars ‘Pinot Noir’ and ‘PN40024’, abbreviated as ‘PN’ and ‘PN4’) were planted in Baima Teaching and Research Base of Nanjing Agricultural University, Jiangsu Province, China. Young leaves were collected for DNA sequencing, while the mixed sample of leaves, roots, stems, and fruits were collected for RNA sequencing. To investigate gene expression dynamics across different developmental stages and growing regions, additional ‘PN’ samples, including leaves, flowers, and fruits at different developmental stages, were collected from three major wine grape-producing regions in China: Wuwei Academy of Forestry Sciences (Gansu Province, abbreviated as GS or G), Ningxia Academy of Agriculture and Forestry Sciences (eastern foothills of Helan Mountain, Ningxia Hui Autonomous Region, abbreviated as NX or N), and Chateau JunDing (Weihai, Shandong Province, abbreviated as SD or S). The growth stages of the grapevines were determined according to the E-L system (Coombe 1995). 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Genome survey and evaluation using next-generation sequencing (NGS) technology
Firstly, the DNA of ‘PN’ and ‘PN4’ were extracted and randomly fragmented into ~ 250 bp segments using a Covaris ultrasonic processor, respectively. The sequencing library was then prepared and sequenced on the MGI-2000 platform (BGI-Shenzhen, China). Secondly, raw sequencing reads underwent quality control using SOAPnuke (v1.6.5) (Chen et al. 2018), where low-quality reads, adapter sequences, and PCR duplicates were filtered out to generate clean reads. Lastly, the clean reads were subsequently used for genome survey analysis, including the estimation of genome size, heterozygosity, and repeat content using K-mer analysis and the GenomeScope model (Vurture et al. 2017). 
Genome sequencing and assembly using the combined sequencing strategies
The genome sequences of ‘PN’ and ‘PN4’ were sequenced by PacBio HiFi reads and Hi-C technologies. The sequencing process consisted of two main steps: (i) PacBio HiFi sequencing: A total of 15 μg of genomic DNA was used to construct a SMRTbell 15k library following the standard protocol. The genomic DNA was sheared to the desired fragment size and sequenced on a PacBio Sequel II instrument using Sequencing Primer V2 and Sequel II Binding Kit 2.0 at GrandOmics. (ii) Hi-C sequencing: Hi-C libraries were constructed at BGI-Shenzhen Institute. Genomic DNA was extracted from young leaves of ‘PN’ and ‘PN4’ and digested with MboI, following the standard Hi-C library preparation protocol. The Hi-C libraries were sequenced on the MGI-2000 platform, generating approximately 60 Gb of 150-bp paired-end reads. 
For genome assembly, we employed smrtlink, SOAPnuke, and HiFiasm. First, raw sequencing reads from HiFi and Hi-C were filtered using smrtlink (v8.0) and SOAPnuke (v1.65) to remove low-quality sequences. The filtering parameters were set as follows: ‘ccs –minPasses 3 –min-rq 0.99’ for smrtlink and ‘-n 0.01 -l 20 -q 0.1 -i -Q 2 -G -M 2 -A 0.5 -d’ for SOAPnuke. Second, genome assembly was performed using HiFiasm with the following command: ‘-i <input_reads> -t 32 -o’. The clean reads from the filtering step were used for genome assembly.
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]For validation, the ‘PN4’ assembly was used to generate a consensus sequence and was compared with previously published ‘PN4’ genome versions (PN4_8×_2007 and PN4_12×_2007). The final assembly of the ‘PN’ genome (PN_2022) was completed following the workflow outlined in Supplementary Fig. S1.
Annotation of ‘PN’ and ‘PN4’ haploid genomes
Repeat annotation. A combined strategy of homology alignment and de novo prediction was applied to identify the whole genome repeats. Tandem Repeats were identified using TRF (Tandem Repeats Finder, http://tandem.bu.edu/trf/trf.html) via ab initio prediction. Homology-based repeat identification was performed using the Repbase database (http://www.girinst.org/repbase) and RepeatMasker (http://www.repeatmasker.org/) with its in-house scripts (RepeatProteinMask) under default parameters to extracted repeat regions (Jurka et al. 2005; Tarailo‐Graovac and Chen 2009). Additionally, ab initio repeat identification was conducted using LTR_FINDER (http://tlife.fudan.edu.cn/ltr_finder/), RepeatScout (http://www.repeatmasker.org/), RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html) under default parameters. All identified repeat sequences longer than 100 bp with gaps (N) less than 5% were compiled into a raw transposable element (TE) library (Xu and Wang 2007; Price et al. 2005). To improve repeat annotation, a custom repeat library was created by combining Repbase with the de novo TE library, which was processed with UCLUST to generate a non-redundant dataset. This custom library was then used for DNA-level repeat identification with RepeatMasker.
Gene Structure Annotation. Structural gene annotation was performed using a combination of ab initio prediction, homology-based prediction, and RNA-Seq-assisted prediction: i). Ab initio-prediction: Gene models were predicted using Augustus (v3.2.3), Geneid (v1.4), Genescan (v1.0), GlimmerHMM (v3.04), and SNAP (2013-11-29) within an automated gene prediction pipeline (Parra et al. 2000; Stanke et al. 2006; Stanke and Waack 2003; Majoros et al. 2004); ii). Homology-based prediction: Protein sequences from homologous species were retrieved from the Ensembl Plants database (https://plants.ensembl.org/index.html), Washington State University Bioinformatics database (https://www.bioinfo.wsu.edu/), and UC Davis Viticulture & Ecology database (http://169.237.73.197/Chardonnay04/). These sequences were aligned to the genome using TBLASTN (v2.2.26; E-value ≤ 1e−5), and matching protein sequences were further aligned to the homologous genome regions for precise spliced alignments using GeneWise (v2.4.1), which was employed to predict gene structures (Altschul et al. 1997; Birney et al. 2004); iii). RNA-seq-assisted prediction: Transcriptome assemblies were generated using Trinity (v2.1.1) (Trapnell et al. 2010). RNA-Seq reads from different tissues were mapped to the genome using HISAT (v2.0.4) with the following parameters: hisat2 -p 8 --sensitive --no-discordant --no-mixed -I 1 -X 1000 --max-intronlen 1000000 -x, allowing for the identification of exon regions and splice junctions (Kim et al. 2015). The resulting alignments were subsequently processed with StringTie (v1.3.3) using the command “stringtie --merge gtf.list -o rna.stringtie.gtf.tmp”, enabling genome-guided transcript assembly and refinement of gene models (Pertea et al. 2015). A final non-redundant reference gene set was obtained by integrating predictions from all three approaches using EvidenceModeler (EVM, v1.1.1). PASA (Program to Assemble Spliced Alignment) was used to refine gene models by incorporating terminal exon support, while masked transposable elements were included as input for gene prediction (Haas et al. 2008). Genes of particular interest were subjected to additional manual curation by relevant experts.
Functional Annotation. Gene functions were assigned according to the best match by aligning the protein sequences to the Swiss-Prot using blastp (with a threshold of E-value ≤ 1e−5). The motifs and functional domains were annotated using InterProScan (v5.31), which incorporated multiple publicly available databases, including ProDom, PRINTS, Pfam, SMRT, PANTHER and PROSITE (Mulder and Apweiler 2007). Gene Ontology (GO) terms were assigned based on corresponding InterPro entries (Ashburner et al. 2000). Protein functions were further predicted by transferring annotations from the closest BLAST hit (E-value <10-5) in the Swiss-Prot database and best DIAMOND (v0.8.22) or BLAST hit (E-value <10-5) in the NR database (Bairoch and Apweiler 2000). Additionally, KEGG pathway mapping was performed to identify relevant metabolic and regulatory pathways for each gene (Kanehisa and Goto 2000).
Structural variation identification and classification
To identify structural variations (SVs), the haploid genome sequences were aligned using MUMmer (v4.0) with the parameters: nucmer --maxmatch -c 500 -b 500 -l 100 -t 20 (Marçais et al. 2018). Following alignment, SVs were detected and visualized using SyRI with default settings (Goel et al. 2019). The identified SVs were then classified manually based on the SyRI annotation results to ensure accurate categorization.
RNA-seq
The ‘PN’ samples of leaves, flowers, and fruits at different development stages were collected from three vineyards (GS, NX, SD) for RNA-sequencing, with each sample replicated three times. Total RNA was extracted using the CTAB method and used for cDNA library construction. RNA-seq was performed on the MGI-2000 platform (BGI-Shenzhen), and raw reads were processed to obtain high-quality clean reads using FastQC and Trimmomatic (Bolger et al. 2014). The clean reads were then independently mapped to the ‘PN’ haplotype genomes (hap1 and hap2) using STAR (Dobin et al. 2013). Gene expression levels were quantified using FeatureCounts to obtain read counts, and TPM values were calculated using edgeR (Liao et al. 2014; Robinson et al. 2010).
Allele identification and expression analysis
Alleles between the two haplotypes were identified using the AlleleFinder pipeline (https://github.com/sc-zhang/AlleleFinder), following previously described methods (Wang et al. 2021; Zhang et al. 2018; Misra et al. 2023; Gylemo et al. 2024). Briefly, MCScanX was used to detect syntenic blocks between haplotypes, and genes within these blocks sharing >70% sequence similarity were designated as allelic pairs (Wang et al. 2012). For allele expression analysis, genes were filtered using the following criteria: i) genes were considered expressed if they had a TPM ≥ 1 and read count ≥ 10 in at least one sample; ii) allele-specific expression (ASE) genes were identified using DESeq2 with the thresholds P < 0.05, adjusted P < 0.05, and log₂(fold change) > 1 (Love et al. 2014). Based on expression patterns, allele pairs were categorized into three groups: biallelically expressed genes (also known as Allele Equivalent Expressed Genes, AEEG), which are expressed at similar levels between the two haplotypes; Allele-Specific Expressed Genes (ASEG), which exhibit significantly differential expression between haplotypes; and Allele Extremely Specific Expressed Genes (AESEG), a subset of ASEGs where one allele has TPM < 1 while the other has TPM > 1, indicating monoallelic expression exclusive to either hap1 or hap2. GO and KEGG enrichment analyses, as well as Ka/Ks ratio calculations, were performed using TBtools (Chen et al. 2020). 
FISH probe design and analysis
Single-copy oligonucleotide probes were designed following Han et al. (Han et al. 2015). To eliminate repetitive sequences, RepeatMasker (http://www.repeatmasker.org) was applied to the PN4_12×_2007 genome. Subsequently, the genome was fragmented into 48-nt oligonucleotides with a step size of 5 nt using Chorus (https://chorus.readthedocs.io/en/master/) (Zhang et al. 2021). BLAST (Kent 2002) was used to align the generated oligos against the PN40024 reference genome, filtering out sequences with similarity >75% and anchoring multiple locations. The final probe sequences are provided in Supplemental Document 2 (Pei et al. 2024). Specific probes corresponding to targeted chromosomal regions were selected from the probe database and visualized using Python and R.
For cytological analysis, root tips were collected from cuttings and tissue culture seedlings. Approximately 1.5 cm of root tip was excised and pretreated in a 0.2 μmol/L amiprophos-methyl (APM) solution (dissolved in acetone) for 2 h at 25°C. The APM solution was then discarded, and the root tips were rinsed 2–3 times with distilled water before being transferred to a 1.5 mL centrifuge tube. Samples were treated with nitrous oxide (0.8–1.2 MP) for 30 min, followed by fixation in 90% acetic acid at 4°C for 7 min. The acetic acid was removed, and the root tips were stored in 70% ethanol at -20°C. Chromosome preparation and fluorescence in situ hybridization (FISH) were performed as described by Doležel et al. (Doležel et al. 1992) and Liu et al. (Liu et al. 2020). 
Determination of fruit quality indicators
Fruit quality traits, including five-berry weight, transverse diameter, and longitudinal diameter, were measured using a digital caliper and precision balance. Total soluble sugars, organic acids, total anthocyanins, and total phenolic content were quantified using the phenol-sulfuric acid method, acid-base titration, pH-differential spectrophotometry, and Folin-Ciocalteu method, respectively (Yang et al. 2004; Lee et al. 2005).
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Fig. S1 The workflow of the ‘Pinot Noir’ genome assembly using NGS, Pacbio sequencing (HiFi), Hi-C technologies.
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Fig. S2 The sequence and gene comparison between PN4_8×_2007 and PN4_2022 genomes. (a) The gene proportion in two genomes; (b) CDS average and total lengths comparison between PN4_8×_2007 and PN4_2022 genomes; (c) The chromosome length; (d) the percentage of anchored sequences in two genomes; (e) Synteny regions between PN4_8×_2007 and PN4_2022 consensus chromosome sequences. The synteny regions were linked using different color lines between two genomes; (f) relocated chromosome length and gene number.
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Fig. S3 The syntenic analysis and structural variation among PN4_8×_2007, PN4_2022, and PN4_12×_2007 chromosomes. 


[image: ]
Fig. S4 The distribution of gene, copia, gypsy, syntenic and variation regions in PN4_2022 chromosomes compare to PN4_8×_2007 chromosomes. 
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Fig. S5 The genome assembly and annotation of ‘Point Noir’ (PN_2022). (a) The chromosome length; (b). Gene, SNP, SSR distribution on Chr02.
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Fig. S6 The FISH results of ‘PN’ and ‘PN40024’. (a) The fluorescence in situ hybridization (FISH) results of ‘PN’ and ‘PN40024’; (b) The FISH probe sketch.
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Fig. S7 The syntenic and structural variation analysis between PN_hap1 (PN_h1) and PN_hap2 (PN_h2) chromosomes. 
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Fig. S8 The syntenic and structural variation analysis among PN_hap1 (PN_h1), PN_consensus (PN_con), and PN_hap2 (PN_h2) chromosomes. 
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Fig. S9 The gene copy (a) and polymorphisms distribution between PN_hap1 and PN_hap2. The proportion of different polymorphisms (b), and the size distribution of INS (c), DEL (d), TRA (e), DUP (f), INV (g), CNV (h). 
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Fig. S10 The distribution of different polymorphisms, gene, and repeat sequences in different chromosomes.
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Fig. S11 The polymorphism distribution between PN_2022. (a) SNP, INS and DEL distribution in different gene structures; (b) The proportion of different lengths of SNP, INS, and DEL; (c) TRA, DUP, CNV, and INV distribution in different gene structures; (d) The sequence identity between contained or without SNP/INS/DEL-allelic genes; (e) The Ka/Ks value between contained or without SNP/INS/DEL-allelic genes.
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Fig. S12 The SSR distribution between PN_hap1 and PN_hap2. The tracks represent the following elements (from outer to inner): (1) schematic representation of Hap1 (A), Hap2 (B) chromosome sequences. (2) Mononucleotide repeats. (3) Dinucleotide repeats. (4) Trinucleotide repeats. (5) Tetranucleotide repeat. (6) Pentanucleotide repeats. (7) Hexanucleotide repeats.
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Fig. S13 The KEGG pathway analysis of AEEG (a), ASEG (b) and AESEG (c) in G_PN_EL-38.
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Fig. S14 The characteristics of allelic genes during different developmental stages of grapevine in Gansu region. (a) Top 10 GO biological process (BP) terms for AEEG, ASEG and AESEG in G_PN_EL-38; (b) Top 10 GO cellular component (CC) terms for AEEG, ASEG and AESEG in G_PN_EL-38.
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Fig. S15 The GO annotation (Cellular Component) of AEEG (a), ASEG (b), AESEGs (c) in G_PN_EL-38.
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Fig. S16 The GO annotation (Biological Process) of AEEG (a), ASEG (b), AESEGs (c) in G_PN_EL-38.
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Fig. S17 The KEGG enrichment analysis of shared ASEGs among different fruit developmental stages (a) or different organs (b) in Gansu.
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Fig. S18 The characteristics of allelic genes in different fruit stages or organs. (a) The venn diagram of ASEGs among different organ; (b) The annotation of conserved and unique ASEGs among different organs; (c) The Ka/Ks value of AEEG, ASEG, AESEG in different regions.
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Fig. S19 The KEGG pathway analysis of AEEG (a), ASEG (b) and AESEG (c) in N_PN_EL-38.
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Fig. S20 The GO annotation (Cellular Component) of AEEG (a), ASEG (b), AESEGs (c) in N_PN_EL-38.
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Fig. S21 The GO annotation (Biological Process) of AEEG (a), ASEG (b), AESEGs (c) in N_PN_EL-38.
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Fig. S22 The KEGG pathway analysis of AEEG (a), ASEG (b) and AESEG (c) in S_PN_EL-38.
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Fig. S23 The GO annotation (Cellular Component) of AEEG (a), ASEG (b), AESEGs (c) in S_PN_EL-38.
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Fig. S24 The GO annotation (Biological Process) of AEEG (a), ASEG (b), AESEGs (c) in S_PN_EL-38.
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Fig. S25 The annotation of AEEGs, ASEGs, and AESEGs among different regions.
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Fig. S26 The KEGG enrichment analysis of shared ASEGs among different fruit developmental stages (a) or different organs (b) in Ningxia.
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Fig. S27 The KEGG enrichment analysis of shared ASEGs among different fruit developmental stages (a) or different organs (b) in Shandong.
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Fig. S28 The impact of DNA polymorphisms on different allelic genes. (a). The proportion of highly effected genes of different DNA polymorphisms in the total genes; (b). The DNA polymorphism effect on allelic gene imbalance expression; (c-e). The DNA polymorphism effect on allelic gene formation.
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Fig. S29 Phenotypic (a) and physiological parameters (b) of PN fruits in different regions.
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