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Abstract 

Backgrounds: Yellowhorn (Xanthoceras sorbifolium) (NCBI Taxonomy ID: 99658) is a species of the Sapindaceae 

family in China. It is an oil tree that could sustain strictly cold and drought environments. As a tertiary legacy species, 

study of its genome will not only contribute to understand the evolution of genes and chromosomes, but also bring 

yellowhorn breeding into a genomic phase.  

Findings: Here we generated 15 pseudomoleculars of the yellowhorn chromosomes, on which 97.04% of scaffolds 

anchored, using Illmina HiSeq, Pacifc Biosciences and Hi-C technologies. The final assembly genome of yellowhorn is 

504.2 Mb with a contig N50 size of 1.04 Mb and a scaffold N50 size of 32.17 Mb. Genome annotation revealed that 

68.67% of the yellowhorn genome is composed of repetitive elements. Gene modeling has predicted 24,672 

protein-coding genes. Comparison of the identified orthologous genes estimated the divergence time of yellowhorn and 

its close sister species longan (Dimocarpus Longan) approximately at 38.79 mya. Gene clusters and chromosome 

synteny demonstrated that the yellowhorn genome conserved the genome structure of its ancestor in some 

chromosomes.  

Conclusion: This genome assembly presented a high quality reference genome of yellowhorn. Integrated genome 

annotation provided a valuable data set for genetic and molecular research in this species. We did not detect the 

whole-genome duplication in this genome. The yellowhorn genome carried the fragment of its ancient chromosomes, 

reinforcing yellowhorn as a tertiary legacy species. All of these data sources will enable this genome to serve as an 

initial platform for breeding better yellowhorn. 

Keywords 

Xanthoceras sorbifolium, yellowhorn, PacBio sequencing, Genome assembly, Hi-C, Genome annotation, Conserved 

chromosome. 
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Data description   

Background 

Yellowhorn (Xanthoceras sorbifolium) was a tertiary legacy species [1], which belongs to the Sapindaceae family and 

the monotypic genus Xanthoceras. As an endemic woody oil species in Northern China, it was widely used for 

conserving soil and water due to the capacity to survive in arid, saline, alkaline land and in extreme temperature even 

below −40 ℃ [2, 3]. There are almost 7.5×105 ton yellowhorn seeds are being harvested in autumn every year [4] 

(Fig.1). The oil content of its seed kernel could be as high as 67%, of which 85%-93% is unsaturated fatty acid, 

including 37.1%-46.2% linoleic acid and 28.6%-37.1% oleic acid, which are essential fatty acids in diets [5]. Recently, 

yellowhorn as one of the major woody oil plant species has drawn government and people's attention again for the 

shortage of vegetable oil resources in China. Notably, an essential nutrient for brain growth and maintenance—nervonic 

acid, which is rarely contained in plants, reached nearly 3.04% in the seed oil of yellowhorn [6, 7]. More latest results 

indicate that xanthoceraside, a novel triterpenoidsaponin extracted from the husks of yellow horn, has an effect of 

antitumor and the potential to treat Alzheimerand [8-10]. In this study, we present the high-quality yellowhorn genome 

and conduct the annotation and genomic structures, evolution. The data provide a rich resource of genetic information 

for developing these resources and understanding the special space of Xanthoceras and Sapindaceae in plant evolution. 

 

Sequenced individuals and sample collection 

The yellowhorn cultivar Zhongshi 4, originated from Zhangwu of Liaoning Province, China, was developed by 

Research Institute of Forestry, Chinese Academy of Forestry and Zhangwu Deya Yellowhorn Professional Cooperatives 

for twelve years’ breeding and selection. The fresh young leaves were collected from Zhongshi 4. The leaves were then 

frozen in liquid nitrogen and stored at -80℃ until DNA extraction.  
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PacBio SMRT sequencing 

Genomic DNA (gDNA) was extracted following ~40 kb SMRTbell™ Libraries Protocol 

(https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Greater-Than-30-kb-SMRTbell-Libraries-U

sing-Needle-Shearing-and-BluePippin-Size-Selection-on-Sequel-and-RSII-Systems.pdf). DNA was purified with Mobio 

PowerClean® Pro DNA Clean-Up Kit and quality was assessed by standard agarose gel electrophoresis and Thermo 

Fisher Scientific Qubit Fluorometry. Genomic DNA was sheared to a size range about 40 kb using g-TUBE (Covaris) 

and 0.45 × AMPure beads were used to enrich and purify large fragments of DNA. Damaged DNA and ends were 

enzymatically repaired as recommended by Pacific Biosciences. Following this procedure, hairpin adapters were ligated 

by blunt-end ligation reaction. The remaining damaged DNA fragments and those fragments without adapters at both 

ends were digested using exonuclease. Subsequently, the resulting SMRTbell templates were purified by Blue Pippin 

electrophoresis (Sage Sciences) and sequenced on a PacBio RS II instrument using P6-C4 sequencing chemistry. A 

primary filtering analysis was performed on the sequencer, and the secondary analysis was performed utilizing the 

SMRT analysis pipeline version 2.1.0 (Pacific Biosciences). In total, we generated a total of 66.44 Gb (roughly 

122.83-fold of the yellowhorn genome) of single-molecule sequencing data (6,105,692 PacBio post-filtered reads), with 

an average read length of 10,882 bp (Fig.S1; Table S1). 

 

Illumina short-read sequencing 

DNA was extracted using DNA secure Plant Kit (TIANGEN, China) from leaf tissue of the same soil-grown seedlings 

of same plants (Zhongshi 4). Concentration and quality was assessed by 1% agarose gel electrophoresis and 2.0 

Flurometer (Life Technologies, CA, USA). One shotgun library with an insert size of 350 bp was prepared using NEB 

Next® Ultra DNA Library Prep Kit (NEB, USA). Short reads were processed with Trimmomatic (version 0.33) [11,12] 

and Cutadapt (version 1.13) [13] to remove adapter sequences and leading and trailing bases with a quality score below 

20 and reads with an average per-base-quality of 20 over a 4 bp sliding window. Reads < 70 nucleotides in length after 
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trimming were removed from further analysis and primary data analysis was carried out using the standard Illumina 

pipeline (HCS 2.0.12.0, RTA 1.17.21.3). A total of 119,550,151 reads were generated by Illumina HiSeq X Ten 

sequencing platform. This produced a total of 34.51 Gb (roughly 63.80-fold of the assembled genome) of raw 

sequencing data, with an average cleaned read length of 289 bp. 

 

Estimation of the genome size by a K-mer analysis. 

A K-mer analysis was performed to estimate the genome size, level of heterozygosity and repeat content of the 

sequenced genome as mentioned by Marçais [14]. All the generated PacBio and Illumina reads were filtered and 

corrected with Canu (version 1.5) [15], thereafter, using Jellyfish (version 2.0) [14] to assess the abundance of 17-mer 

to estimate the genome size of yellowhorn. The peak frequency of 17-mer was approximately 34 × depth for yellowhorn. 

The genome size was estimated to be approximately 536.58 Mb (Fig.2a) and the final cleaned data corresponded to the 

coverage of 63.79-fold. Repeat and error rates were estimated to be 60.21% and 0.02%, respectively, and heterozygosity 

rate was 0.36%, according to standard 17-mer curves of the yellowhorn genome. 

 

Estimation of genome size through a flow cytometry analysis 

The one-month-old leaves from the sequenced yellowhorn individual were put into a flow cytometry analysis to 

estimate genome size as mentioned by Galbraith [16]. Over 3,000 nuclei were analyzed per sample with a FACSAria 

flow cytometer (Becton, Dickinson and Company). A total of 16 samples were analyzed using poplar (Populus 

trichocarpa) as the standard species. The software BDFACSDiva (version 8.0.1) was used for data analysis with the 

coefficient variation controlled in 5%. The mean peak value of the fluorescence intensity of 16 yellowhorn samples is at 

round 11,558, while that of poplar is at around 10,363. Referencing the poplar genome size at 485 Mb [17], the 

yellowhorn genome size was estimated to be approximately 540.93 ± 11.15 Mb (Fig.2b) [18]. 
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Genome assembly 

After stringent filtering and correction steps using K-mer frequency-based methods [19], we assembled the yellowhorn 

genome using Pacbio reads. Primary assemblies generated a total length of 598.65 Mb of contigs with a N50 length of 

1.11 Mb, derived from the 66.44 Gb PacBio long reads corrected with Falcon v0.7 

(https://github.com/PacificBiosciences/FALCON/wiki/Manual). The software Quiver (based on 

pbsmrtpipe.pipelines.sa3_ds_resequencing in smrtlink_5.0.1; 

http://pbsmrtpipe.readthedocs.io/en/master/getting_started.html) is used to polish the consensus sequence clusters. The 

assemblies were corrected by the Pilon (version 1.22) ( https://github.com/broadinstitute/pilon/wiki) using the Illumina 

short reads. When the heterozygous sequences were removed, the final assemblies (504.20 Mb, with a contig N50 of 

1.39 Mb) were generated (Table 1).  

 

Pseudomolecules construction and three-dimensional chromatin conformation analysis 

Hi-C technology is an efficient strategy for pseudomolecule construction and enables the generation of genome-wide 

three-dimensional architecture of chromosomes. We constructed Hi-C fragment libraries of 350 bp and sequenced them 

using the Illumina Hi-seq platform (Illumina, San Diego, CA, USA) for chromosome pseudomolecule construction. 

Mapping of the Hi-C reads and assignment to restriction fragments were performed as described in Burton [20]. A total 

of 53.39 Gb of trimmed reads, accounting for around 98.70-fold coverage of the yellowhorn genome, were mapped to 

the assemblies with aligner BWA (version 0.7.10) [21]. Only uniquely-aligned reads with high alignment quality (>20) 

were selected for the construction of the pseudomolecular. Duplicate removal and quality assessment were performed 

with HiC-Pro (version 2.8.1) [22]. The 50.56% of Hi-C data were grouped into the valid interaction pairs. A total of 

2,836 contigs (N50 length at 1.04 Mb) were generated after error correction. LACHESIS (parameters: 

cluster_min_re_sites=48; cluster_max_link_density=2; cluster_noninformative_ratio =2; order_min_n_res_in_trun=14; 

order_min_n_res_in_shreds=15) [20] was used to assign the order and orientation of each group, with a scaffold N50 of 
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32.17 Mb. Using the 98.70-fold coverage of Hi-C reads, 489.28 Mb (97.04%) of the assemblies were anchored onto the 

15 pseudomoleculars, of which 477.59 Mb (94.76%) was ordered by frequency distribution of valid interaction pairs 

(Table 2, Fig.S2). 

 

Transcriptome sequencing 

RNA was extracted from four tissues, flowers, leaves, stems and roots using the easy spin RNA extraction kit (Sangon 

Biotech, Shanghai, China; No. SK8631). The concentration of each RNA sample was checked using NanoDrop 

(Thermo Fisher Scientific Inc., USA) and the QUBIT ® Fluorometer (Life Technologies). The RNA integrity was 

checked using a Bioanalyzer 2100 (Agilent Technologies). The Iso-Seq libraries were prepared according to the Isoform 

Sequencing protocol (Iso-Seq) using the Clontech SMARTer PCR cDNA Synthesis Kit and the BluePippin Size 

Selection System protocol as described by Pacific Biosciences (PN 100-092-800-03). Mixed Sample was sequenced 

using on the Pacific Biosciences RS II platform with one SMRT cell v3 each based on P6-C4 chemistry. 

Sequence data were processed using the SMRTlink 4.0 software. Circular consensus sequences were derived from 

the subread BAM files with the parameters: min_length 200, max_drop_fraction 0.8, no_polish TRUE, min_zscore 

-999, min_passes 1, min_predicted_accuracy 0.8, max_length 18000. Separation of the full length and non-full length 

reads were conducted using pbclassify.py (ignorepolyA false, minSeqLength 200). Non-full length and full-length fasta 

files produced were then fed into the cluster step to cluster the isoforms, followed by final Arrow polishing with the 

parameters of hq_quiver_min_accuracy 0.99, bin_by_primer false, bin_size_kb 1, qv_trim_5p 100, qv_trim_3p 30. The 

LoRDEC software (version 0.3) was used to correct sequencing errors in the consensus transcripts using Illumina reads 

as the reference (parameters: -k 19 -s 3) [23]. The corrected consensus transcripts were clustering by CD-HIT (version 

4.6.8) [24] to reduce sequences redundancy and improve the performance of other sequence analyses. A total of 142,396 

transcripts were generated in the final RNA assemblies, which were used as evidence to assist the gene prediction. 
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Evaluation of assemble quality 

The completeness of the final assemblies was evaluated using CEGMA (version 2.5) [25] (http://korflab.ucdavis.edu/ 

dataseda/) and BUSCO (version 3.0.2) [26-27] (https://gvolante.riken.jp/analysis.html), respectively. The CEGMA 

outputs display a 94.76% of core eukaryotic genes (235 out of 248 core eukaryotic genes) in our assemblies. The 

BUSCO test, referencing the embryophyta protein set (run_BUSCO.py -i plant_species.fa -o plant_species-l 

embryophyta_odb9/-m proteins), exhibit that 94.7% of plant gene sets were identified as complete (1364 out of 1440 

BUSCOs), including 83.2% single-copy and 11.5% duplicated genes (Table S2). All of these results suggested a 

complete and robust yellowhorn genome assembly. 

 

Annotation of the repetitive sequences. 

A de novo repeat database was constructed using RepeatScout (version 1.0.5) [28]. RepeatMasker (version 4.0.7) [29] 

was utilized with the following parameters “-nolow -no_is -norna -engine wublast” to identify repeat sequence against 

the de novo repeat library, as well as Repbase (version 19.06) [30]. The genome was also scanned using LTR-FINDER 

(version 1.0.5) [31], MITE-Hunter (version 1.0) [32] and PILER (version 1.0) [33]. The predicted repeats were 

classified using PASTEClassifier (version 1.0) [34].  

The predicted repeats occupied 346.39 Mb (68.67%) of the yellowhorn genome in length, which was slightly 

larger than the 52.78% of longan (D. longan) [35] and much larger than the 20% of Clementine (C. sinensis) [36]. Of 

these repeats, two types of the LTR-retrotransposons are the most abundant, 98.68 Mb of Copia (19.56%) and 88.24 Mb 

of Gypsy (17.49%) (Table S3). Accumulation of LTR-retrotransposons is an important contributor to genome expansion 

and diversity [37]. The insertion time of the LTR-retrotransposons in the genomes is estimated by calculation of 

sequence variance between the LTR arms of each LTR-retrotransposon, utilizing the substitution rate of 1.3×10-8 

substitutions per site per year [38]. A comparison of the insertion ages for the LTR-retrotransposons illustrated a similar 

insertion profiles among the genomes of clementine, longan, grape (V. vinifera) and yellowhorn (Fig. 3a). We observed 
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that the yellowhorn genome carried more young LTR-retrotransposons, which were accounted for the highest 

proportion with insertion ages less than 0.2 mya. This might be resulting from the rapid changes of the growing 

environment, such as the effect from pathogens and the interference with human activities in the recent years. Besides, 

the yellowhorn and grape genomes showed much more LTR-retrotransposons than the other two (clementine and 

longan), reflecting their higher genome sequence quality, yellowhorn sequenced by a combination of PacBio 

Single-Molecule Real-Time and Illumina Hiseq short-read sequencing platforms and grape sequenced by Sanger 

sequencing technology [39]. The genomes sequenced by pure next-generation sequencing technology might lose more 

LTR-retrotransposons because the sequencing similarity between LTR arms and among different LTR-retrotranpsons 

probably caused the assembly errors of these regions, which led to an under-estimated quantity of the 

LTR-retrotransposons in clementine and longan.  

 

Prediction of RNA genes 

Gene annotation in the yellowhorn genome was conducted by combining de novo prediction, homology information, 

and RNA-seq data. For the de novo prediction, Genscan (version 3.1) [40], Augustus (version 3.1) [41], GlimmerHMM 

(version 3.0.4) [42], GeneID (version 1.4) [43], SNAP (version 2006-07-28) [44] were used on the repeat masked 

genome with parameters trained for Arabidopsis (A. thaliana). For the homology-based prediction, the Uniprot protein 

sequences from the 3 sequenced plants, Arabidopsis, longan and grape, were used as the reference databases aligned the 

homolog genes in the yellowhorn genome using GeMoMa (version 1.3.1) [45]. The RNA-seq data were aligned to the 

reference genome by TransDecoder (version 2.0) (http://transdecoder.github.io) [46] and GeneMarkS-T (version 5.1) 

[47] under default parameters. Unigenes assembled from the RNA-seq data were aligned to the reference genome using 

PASA (version 2.0.2) [48] to annotate protein-coding genes. To finalize the gene set, all predictions were combined with 

EVidenceModeler (v1.1.1) [46] to produce a consensus gene set. Finally, the ab initio predicted transcripts were 

assigned to the PASA predicted transcripts from unigenes and GeMoMa predicted homologous transcripts to add the 
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lost genes when conducting the EVM integration.  

Then the RNA-seq reads were aligned to the reference genome by TopHat (v2.0.10, implemented with bowtie2) 

[49] to identify candidate exon regions and splicing donor and acceptor sites to evaluate the results of gene prediction. 

Infernal (version 1.1) [50] were used to identify the rRNA and microRNA based on Rfam (version 12.1) [51] and 

miRbase (version 21) [52]. TRNAscan-SE (version 1.3.1) [53] were also used to identify the tRNA. 

GenBlastA was used to pseudogene prediction by scanning the yellowhorn genome for sequences homologous to 

the known protein-coding genes it contained, and premature stop codons or frame shift mutations in those sequences 

were searched by GeneWise (version 2.4.1) [54-55]. 

The genes were annotated by aligning to the NR, KOG, GO, KEGG, TrEMBL databases using BLAST (version 

2.2.31) with an e-value cutoff of 10-5 and also aligned to the Pfam database using Hmmer (version 3.0) (parameters, -E 

0.00001 --domE 0.00001 --cpu 2 --noali –acc)] [55-61]. GO terms were allocated to the genes using Blast2GO pipeline 

[58]. 

In total, we annotated 24,672 protein-coding genes in the yellowhorn genome (Table S4) and 1,913 Pseudogenes, 

with average gene length of 4,199 bp, average intron length of 2,560 bp and average coding sequence length of 1,580 

bp. Of these genes, 98.97% (24,429) carried at least one functional domain with the alignments to the protein database 

(Table S5). Their functions were classified by GO terms (Fig. S3) and KOG database (Fig. S4). In addition, 642 tRNA, 

108 microRNA and 316 rRNA genes were predicted in the yellowhorn genome.  

 

Identification of gene clusters and duplication 

Gene clustering was conducted using OrthoMCL (version 5) [62] among the protein sequences of ten typical dicot 

genomes representative of Rutaceae (Citrus clementina) [36], Sapindaceae (D. Longan) [35], Cruciferous (Brassica 

napus and Arabidopsis thaliana) [63, 64], Sterculiaceae (Theobroma cacao) [65], Malvaceae (Gossypium raimondii) 

[66], Fagaceae (Quercus robur) [67], Vitaceae (Vitis vinifera) [68], Cucurbitaceae (Cucumis sativus) [69] and 
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Rosaceae (Malus × domestica) [70] families, as well as yellowhorn. The yellowhorn genes were clustered into a total of 

14,667 gene families, including 172 yellowhorn-specific gene families. Comparison of copy numbers in gene clusters of 

these eleven dicot genomes indicated that the yellowhorn genome had the similar proportion of the single and multiple 

copy genes with other analyzed genomes (Fig. 3b), except the tetraploid B. napus genome [71]. The species-special 

genes of yellowhorn were similar to T. cacao, both of which were much less than other species. It is implicated that the 

yellowhorn genes might keep more structural characters of their ancestors, which suggested that yellowhorn is a relic 

species of the Tertiary. 

A total of 3,367 single-copy gene families were identified and chosen to construct the phylogenetic tree using 

PHYML (version 3.0) (Fig. 3c) [72]. The Software Muscle (version 3.8.31) (https://www.ebi.ac.uk/Tools/msa/muscle/) 

[73] was used to align the orthologs. Alignment outputs were treated with Gblocks (version 14.1) with the parameters of 

-t = p -b5 = h -b4 = 5 -b3 = 15 -d = y -n= y [74]. The divergence time was estimated by MCMCtree (version 4.7a) [75]. 

As two species of Sapindaceae Family, yellowhorn and longan are indicative of the closest relationship, with the 

divergence time estimated at approximately 38.79 mya. Using the orthologous gene pairs of yellowhorn and longan 

identified by gene collinearity and paralogous pairs identified by gene cluster, the 4DTv (four-fold degenerate 

synonymous sites of the third codons) were calculated for all of these duplicated pairs. A species divergence peak 

(4DTv∼0.1) was exhibited in yellowhorn vs. longan ortholog 4DTv distribution but no obvious peak could be seen in 

the yellowhorn paralog curse and longan paralog curse (Fig. 3d). The self-alignment of the chromosomes based on the 

identified gene synteny, no large-scale gene duplication can be found in the yellowhorn genome (Fig. S2). 

Correspondingly, the yellowhorn genome did not undergo the whole-genome and large-fragment duplication.  

 

Chromosome synteny between yellowhorn and reference genomes. 

To investigate evolution of the yellowhorn chromosomes, yellowhorn vs. arabidopsis, yellowhorn vs. clementine and 
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yellowhorn vs. grape chromosome syntenies were constructed according to the gene collinearity using aligner MCscan 

(version 0.8) [76], respectively. A total of 367, 409 and 386 syntenic blocks were identified on the basis of the 

orthologous gene orders, corresponding to 28,372, 18,650 and 23,400 genes in each genome, respectively. 

Correspondingly, average gene number per each block was 77.3, 45.6 and 60.6 genes, respectively. This suggested the 

highest collinearity between the genomes of yellowhorn and clementine, which was consistent to their Sapindale clade 

of the phylogenetic relationship. Alignments of syntenic chromosomes were visualized between yellowhorn and the 

other three genomes. Frequency of the large-scale fragment rearrangements, including inversions and translocations, 

between yellowhorn and clementine displayed considerably lower than the other two (Fig. 4). Especially, structural 

variation between yellowhorn and grape was so frequent that it is too difficult to speculate the syntenic relationship 

among the chromosomes (Fig. 4b). The concluded chromosome alignments between yellowhorn linkage groups and 

clementine pseudomolecular revealed that most of cross-chromosome rearrangements were different from that between 

yellowhorn and Arabidopsis (Fig. 4d, 4e). It was found that yellowhorn Linkage group 2 and 11 are syntenic to a single 

clementine pseudomolecular, Scaffold 5 and 3, respectively, and the Linkage groups 3, 4, 5, 7, 8, 10, 12, 14 and 15 were 

aligned to two reference chromosomes of clementine. Comparatively, frequency of chromosome rearrangement was a 

little higher between yellowhorn linkage groups and Arabidopsis chromosomes. The Arabidopsis Chromosome 1 is 

predominantly systemic to yellowhorn Linkage group 4, which demonstrated that the yellowhorn genomes conserved 

some genome structure of its originals (Fig. 4d). Intriguingly, the similar chromosomal fusion events were found among 

some chromosomes. Aligned fragments of Arabidopsis Chromosomes 1, 3 and 5 fused to form yellowhorn linkage 

groups 1 and 14, which was the same as clementine Scaffolds 1, 2 and 3. Yellowhorn Linkage group 6 was aligned to 

clementine scaffolds 1, 3, 4 and 6, but had extensive collineartiy with Arabidopsis Chromosome 3 (Fig. 4d, 4e). These 

findings suggested that the same ancestors were shared among these chromosomes, despite of the extensive 

rearrangements. In general, the yellowhorn genome carried the fragment of its ancient chromosomes, as mentioned 

above analysis of genes structural characters, reinforcing yellowhorn as a tertiary legacy species. 
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Abbreviations: 

bp: base pair; BUSCO: Benchmarking Universal Single-Copy Ortholog; CDS: coding sequence; GO: Gene 

Ontology; kb: kilobases; KEGG: Kyoto Encyclopedia of Genes and Genomes; LTR: long terminal repeat; Mb: 

megabases; Mya: million years ago; NCBI: National Center for Biotechnology Information; PE: paired-end; 

RNA-Seq: RNAsequencing; SMRT: Single-Molecule Real-Time; SRA: Sequence Read Archive. 
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Additional file 1: Tables S1 to S5 

Table S1: Statistics of PacBio data. 

Table S2: Genome quality assessed by the BUSCO test. 

Table S3: Content of repetitive sequences. 

Table S4: Prediction of protein-coding genes. 

Table S5: Function annotation of the protein-coding genes. 

 

Additional file 2: Figures S1 to S4 

Figure S1: Length distribution of three types of the produced PacBio reads. 

Figure S2: Interaction frequency distribution of Hi-C links among chromosomes. 

Figure S3: Function classification of the protein-coding genes against the GO term database. 

Figure S4: KOG function classification of the protein-coding genes. 
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Legends 

Fig.1 Images of the yellowhorn plants. (a)The yellowhorn tree in artificial forest. (b)The mellow fruit, will dehisce in 

three parts by carpel. (c) A harvest scene of yellowhorn in northern China. (d) The seed in the mellow fruit, which 

number is 18-24 in one fruit. 

Fig.2 Estimation of the genome size. (a) Distribution of 17-mer frequency. Values for K-mers are plotted against the 

frequency (y axis) of their occurrence (x axis). The leftmost truncated peak at low occurrence (1-2) was mainly due to 

random base errors in the raw sequencing reads.  (b) Test results of the yellowhorn and poplar samples using flow 

cytometry.  

Fig.3 Genome evolution. (a) Distribution of insertion ages of LTR-retrotransposons. The x-axis represents the 

estimated insertion age (mya) of the LTR-retrotransposons. The y-axis represents the number of intact 

LTR-retrotransposons. (b) Comparison of copy numbers in gene clusters of analyzed dicot genomes. According to 

the identified gene clusters, the genes are grouped into single-copy, multiple-copy and species-specific (specific). 

(c) Constructed phylogenetic tree and divergence time estimation. The numbers represent estimated divergence times 

(mya) which are measured by a bar of 20 million years. The cucumber (C. sativus) is used as outgroup. (d) Genome 

duplication in dicot genomes as revealed through 4DTv analyses. The 4DTv of the orthologous pairs (Y vs. L) 

between yellowhorn (Y) and longan (L) and paralogous gene pairs within the yellowhorn (Y vs. Y) and longan 

genome (L vs. L) are plotted against their calculated 4DTv values. 

Fig.4 Chromosome synteny. (a) Chromosome alignment of yellowhorn and Arabidopsis. (b) Chromosome 

alignment of yellowhorn and grape. (c) Chromosome alignment of yellowhorn and clementine. Colored ribbons 

connect the aligned genes. yellowhorn linkage groups are labeled as LG 1 to 15, Arabidopsis chromosomes 

labeled as Chr 1 to 5, grape chromosomes labeled as C1 to 19 and CUn (location of the chromosomes are 

unknown) and clementine labeled as Sc 1 to 9. Scale, 10Mb. (d) Chromosome rearrangement between 

Arabidopsis and yellowhorn. (e) Chromosome rearrangement between clementine and yellowhorn. Arabidopsis 
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and clementine chromosomes are represented as the bars filled with different colors. Synteny and rearrangement 

of the yellowhorn chromosomes are indicated by different blocks, corresponding to referenced Arabidopsis and 

clementine chromosomes. 
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Total length 504,196,643 bp

Length of unclosed gaps 73,800 bp

N50 length (initial contigs) 1,044,891 bp

N50 length (scaffolds) 32,173,403 bp

N90 length (scaffolds) 25,069,408 bp

Quantity of scaffolds (＞N90 length) 21

Largest scaffold 40,097,451 bp

GC content 36.95%

Quantity of predicted protein-coding genes 24,672

Quantity of predicted noncoding RNA genes 1,066

Content of  repetitive sequences 68.67%

Length of genome anchored on linkage groups 489,286,946 bp (97.04%)

Table1 Overview of assembly and annotation for the yellowhorn genome.

Table 1 Click here to access/download;Table;Table 1.xls
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Group
Quatity of 

anchored contigs

Sequence Length 

(bp)

Lachesis Group 1 68 40,738,791

Lachesis Group 2 92 40,039,835

Lachesis Group 3 38 37,159,809

Lachesis Group 4 112 35,552,403

Lachesis Group 5 84 35,291,867

Lachesis Group 6 62 35,706,508

Lachesis Group 7 66 33,002,525

Lachesis Group 8 46 32,947,898

Lachesis Group 9 66 30,804,552

Lachesis Group 10 62 30,699,318

Lachesis Group 11 68 29,306,026

Lachesis Group 12 56 29,390,540

Lachesis Group 13 47 29,816,145

Lachesis Group 14 71 25,601,946

Lachesis Group 15 72 23,228,783

Total (Ratio %) 1,010 (35.61) 489,286,946 (97.04)

Table 2. Quantity of the contigs anchored with Hi-C.

Table 2 Click here to access/download;Table;Table 2.xlsx

http://www.editorialmanager.com/giga/download.aspx?id=48647&guid=8408d7d0-930e-4d80-9723-cd91b557b337&scheme=1
http://www.editorialmanager.com/giga/download.aspx?id=48647&guid=8408d7d0-930e-4d80-9723-cd91b557b337&scheme=1


Figure 1 Click here to access/download;Figure;Fig.1.tif

http://www.editorialmanager.com/giga/download.aspx?id=48648&guid=f3b4b791-3a7f-4c8f-a4cd-0c10cbb223f4&scheme=1
http://www.editorialmanager.com/giga/download.aspx?id=48648&guid=f3b4b791-3a7f-4c8f-a4cd-0c10cbb223f4&scheme=1


Figure 2 Click here to access/download;Figure;Fig.2.tif

http://www.editorialmanager.com/giga/download.aspx?id=48649&guid=713a2164-faaa-4a13-8cd5-00dde5dec07a&scheme=1
http://www.editorialmanager.com/giga/download.aspx?id=48649&guid=713a2164-faaa-4a13-8cd5-00dde5dec07a&scheme=1


Figure 3 Click here to access/download;Figure;Fig.3.tif

http://www.editorialmanager.com/giga/download.aspx?id=50140&guid=887d1a26-d8f2-4942-82ea-2adb178a3594&scheme=1
http://www.editorialmanager.com/giga/download.aspx?id=50140&guid=887d1a26-d8f2-4942-82ea-2adb178a3594&scheme=1


Figure 4 Click here to access/download;Figure;Fig.4.tif

http://www.editorialmanager.com/giga/download.aspx?id=48653&guid=609ff57e-539c-4f46-9f73-8a8a12641d23&scheme=1
http://www.editorialmanager.com/giga/download.aspx?id=48653&guid=609ff57e-539c-4f46-9f73-8a8a12641d23&scheme=1


  

Supplementary table S1-5

Click here to access/download
Supplementary Material

Tables_AdditionalFiles_1.docx

http://www.editorialmanager.com/giga/download.aspx?id=50141&guid=93dcb800-0021-4a75-a923-4186f62c242b&scheme=1


  

Supplementary fig. S1-4

Click here to access/download
Supplementary Material

Figures_AdditionalFiles_2.docx

http://www.editorialmanager.com/giga/download.aspx?id=48655&guid=01d696c4-f023-469d-8a26-3c38f2a9face&scheme=1


  

Supplementary supporting data

Click here to access/download
Supplementary Material

Figures_supporting_data.xlsx

http://www.editorialmanager.com/giga/download.aspx?id=48657&guid=25442afb-9830-4227-aa34-5392f842fb34&scheme=1


Dear editors, 

Thank you for consideration of our manuscript “Reference genome of a Chinese yellowhorn 

Xanthoceras sorbifolium provides insights into its conservation of original chromosomes”. We have 

revised the manuscript according to the comments and completed the submission of the manuscript 

(GIGA-D-18-00337). The revisions are listed below. 

Comment 1:Please provide more methodological detail as these sections are short and lack detail. 

E.g. what Hiseq did you use? What version of BUSCO did you use (should be v3 to be up to date). 

We recommend putting the protocols into to protocols.io, an, and have a list of protocols that may 

be relevant or can be easily adapted:https://www.protocols.io/groups/gigascience-journal.  

Response: We have checked the methodological detail and confirmed the version of all software 

and database we used. The added informationhave highlighted in red and listed as follows: 

Jellyfish, BDFACSDiva in p5, LoRDEC, CD-HIT in p7, CEGMA, BUSCO in p8, Rfam, miRbase, 

GeneWise, OrthoMCL in p10, PHYML, Muscle, Gblocks, MCMCtree, MCscan in p11. We have 

added one reference in p8 as the 27th reference and revised the divergence time of yellowhorn and 

its close sister species longan (Dimocarpus Longan) in p2 and p11. 

The used Illumina platform is Hiseq X Ten. The BUSCO test is performed using the website 

serverat https://gvolante.riken.jp/analysis.html.The corresponding information has been added into 

the section of genome sequencing and assembly in the maintext (Table S2 of additional file 1). 

 

Comment 2: Please double check the accuracy of the results, particularly the phylogenies. This 

seems to lack an outgroup when reconstructed and the display of time tree was wrong, The age 

should also be marked on node, rather than the relative age of a branch. 

Response:We have checked the results and reconstruct the phylogenetic tree using the grape as an 

outgroup, on which divergence times are marked on nodes (figure 3C). 

 

Comment3:We require all the data to be available for scrutiny by the referees. The raw data needs 

to be in the SRA (or have referee access), both for the genomic and transcriptomic data (inc. the 

Hi-C). Processed data inc. assemblies, annotations, results and custom code should also be copied 

to our FTP servers and I ccour curators to help you copy this over. 

Response: The raw sequence data have been deposited in NCBI under project accession number 

PRJNA483857(https://www.ncbi.nlm.nih.gov/search/?term=PRJNA483857).The Short Read 

Archive (SRA) accession number was SRP159119 (SRR7768197, SRR7768198, SRR7768199, 

SRR7768201), The accession number of Xanthoceras sorbifolium Genome sequencing and 

assembly was QUWJ 00000000. All the data are available for download. 

If you have any question about this paper, please don’t hesitate to let us know. 

 

Sincerely yours 

 

Libing Wang 
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