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Abstract 

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

family native to China and is an oil tree that can withstand cold and drought conditions. A pseudomolecule-level 

genome assembly for this species will not only contribute to understanding the evolution of its genes and chromosomes, 

but also bring yellowhorn breeding into the genomic era. 

Findings: Here, we generated 15 pseudomolecules of yellowhorn chromosomes, on which 97.04% of scaffolds were 

anchored, using the combined Illumina HiSeq, PacBio Sequel and Hi-C technologies. The length of the final 

yellowhorn genome assembly was 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 was composed of repetitive elements. Gene 

modelling predicted 24,672 protein-coding genes. By comparing orthologous genes, the divergence time of yellowhorn 

and its close sister species longan (Dimocarpus longan) was estimated at approximately 33.07 million years ago. Gene 

cluster and chromosome synteny analysis demonstrated that the yellowhorn genome shared a conserved genome 

structure with its ancestor in some chromosomes.  

Conclusions: This genome assembly represents a high-quality reference genome for yellowhorn. Integrated genome 

annotations provide a valuable dataset for genetic and molecular research in this species. We did not detect 

whole-genome duplication in the genome. The yellowhorn genome carries syntenic blocks from ancient chromosomes. 

These data sources will enable this genome to serve as an initial platform for breeding better yellowhorn cultivars. 

Keywords: Xanthoceras sorbifolium, yellowhorn, PacBio sequencing, genome assembly, Hi-C, genome annotation, 

conserved chromosome 
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Data description  

Background 

Yellowhorn (Xanthoceras sorbifolium) is a woody oil species [1] that belongs to the Sapindaceae family and the 

monotypic genus Xanthoceras. As an endemic and economically important species in Northern China, it is widely used 

for soil and water conservation due to its capacity to survive on arid, saline, and alkaline land and in extreme 

temperatures even below −40°C [2, 3]. Almost 7.5×105 tons of yellowhorn seeds are harvested in autumn every year [4] 

(Fig. 1). The oil content of its seed kernels can 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 the human diet [5]. 

Recently, as a major woody oil plant species, yellowhorn has drawn governmental and popular attention because of the 

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

acid, which is rarely found in plants—accounts for 3.04% of the seed oil of yellowhorn [6, 7]. Recent results indicate 

that xanthoceraside, a novel triterpenoid saponin extracted from yellowhorn husks, has an antitumor effect and the 

potential to treat Alzheimer’s [8-10]. In this study, we generated a high-quality yellowhorn genome assembly and 

conducted annotation and genomic structure and evolution analyses. Our data provide a rich resource of genetic 

information for developing yellowhorn resources and understanding the special place of Xanthoceras and Sapindaceae 

in plant evolution. 

 

Sequenced individual and sample collection 

Tender leaves were collected from an individual of X. sorbifolium cv. Zhongshi 4, which is a new variety issued by the 

National Forestry and Grassland Administration (Variety rights No. 20180121), in Zhangwu, Liaoning, China. This tree 

was produced via clone of a plus tree from natural population in Tongliao, Inner Mongolia, China. The leaves were 

frozen in liquid nitrogen and stored at −80°C until DNA extraction. 
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Estimation of genome size through flow cytometry analysis 

One-month-old leaves from the sequenced yellowhorn individual were subjected to flow cytometry analysis to estimate 

the genome size as described by Galbraith [11]. Glycine max var. William 82 (2C genome size=2.28 pg) [12-13] and 

Populus trichocarpa var. Nisqually 1 (2C genome size=0.99 pg) [14] were used as standard references. The soybean 

and yellowhorn samples were chopped together using a razor blade and the nuclei were stained with propidium iodide. 

To avoid peaks that were too close to be distinguished when run simultaneously, the poplar and yellowhorn samples 

were run separately. Each sample was measured three times on the flow cytometer. Over 3,000 nuclei were analysed per 

sample with a FACSAria flow cytometer (Becton Dickinson and Company, NJ, USA). A total of 16 samples were 

analysed using soybean and poplar as standard species. The software BDFACSDiva (version 8.0.1) was used for data 

analysis with the coefficient of variation controlled at 5%. Compared with the soybean internal standard (peak at 25,413) 

and poplar reference (peak at 10,363), the peak fluorescence intensity values of yellowhorn samples were 11,968 and 

11,558, respectively. Referencing the soybean genome size (1,115 Mb) and poplar genome size (485±10 Mb) [13-15], 

the yellowhorn genome size was estimated to be approximately 525.94 Mb and 540.93 Mb, which were relatively close 

(Fig.2a).  

 

Illumina short-read sequencing and heterozygosity analysis 

DNA was extracted from the leaves of the same individual using a DNA Secure Plant Kit (TIANGEN, China). The 

DNA concentration and quality were assessed by 1% agarose gel electrophoresis and with a 2.0 Fluorometer (Life 

Technologies, CA, USA). One shotgun library with an insert size of 350 bp was prepared using a NEB Next® Ultra 

DNA Library Prep Kit (NEB, USA). A total of 34.51 Gb raw sequencing data were generated by the Illumina HiSeq 

X Ten sequencing platform. Primary data analysis was carried out using the standard Illumina pipeline [16]. Short reads 

were processed with Trimmomatic version 0.33 (Trimmomatic, RRID:SCR_011848) [17,18] and Cutadapt (version 

1.13) [19] to remove adapters, leading and trailing bases with a quality score below 20, and reads with an average 
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per-base quality of 20 over a 4 bp sliding window. Trimmed reads <70 nucleotides long were discarded. Finally, 34.40 

Gb clean reads were used for the following analysis and error correction of PacBio reads. 

K-mer analysis was performed to estimate the genomic characteristics as mentioned by Marçais [20]. After 

filtering out low-quality, duplicate and contaminating reads from 34.4 Gb Illumina sequencing data, 21.17 Gb 

high-quality clean reads were used to generate a K-mer (K = 17) depth distribution curve using Jellyfish (v2.1.1) (with 

the parameters -m 17 -t 10 –s 550M) and GCE v1.0.0 [21]. The frequency of 17-mer occurrence (17-mer depth) and the 

frequency of those 17-mers’ species at a given sequencing depth were counted and drawn distribution curves of K-mer 

frequency (Fig.2b). Based on the flow cytometry results and computational method [21-22], the middle peak (~34×) 

was homogzygous peak. The left peak of 17× was heterozygous peak and the right tiny peak (66×) observed in Fig.2b 

was caused by repeat sequences. Depending on the formula reported by Liu [21], the heterozygosity was estimated at 

approximately 0.75%. 

 

PacBio SMRT sequencing 

Genomic DNA (gDNA) was extracted following the ~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). The DNA was purified with a 

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

Thermo Fisher Scientific Qubit Fluorometry. The genomic DNA was sheared to a size range of 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 using a blunt-end ligation reaction. The remaining damaged DNA fragments and 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 

https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Greater-Than-30-kb-SMRTbell-Libraries-Using-Needle-Shearing-and-BluePippin-Size-Selection-on-Sequel-and-RSII-Systems.pdf
https://www.pacb.com/wp-content/uploads/Procedure-Checklist-Preparing-Greater-Than-30-kb-SMRTbell-Libraries-Using-Needle-Shearing-and-BluePippin-Size-Selection-on-Sequel-and-RSII-Systems.pdf
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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 66.44 Gb 

(roughly 122.83-fold coverage 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). 

 

Genome assembly 

After stringent filtering and correction steps using k-mer frequency-based methods [23], we assembled contigs using the 

PacBio reads. Preliminary assembly with the assembler Falcon v0.7 (Falcon, RRID:SCR_016089) 

(https://github.com/PacificBiosciences/FALCON/wiki/Manual) (falcon_sense_option = --output_multi --min_idt 0.70 

--min_cov 4 --max_n_read 300 --n_core 8 overlap_filtering_setting = --max_diff 100 --max_cov 100 --min_cov 2 

--n_core 12 --bestn 10) generated a total length of 598.65 Mb of contigs with a N50 length of 1.11 Mb, using the 66.44 

Gb PacBio long reads. The software Quiver (based on pbsmrtpipe.pipelines.sa3_ds_resequencing in smrtlink_5.0.1; 

http://pbsmrtpipe.readthedocs.io/en/master/getting_started.html) was used to polish the PacBio consensus sequence 

clusters. The assembly was corrected with Pilon version 1.22 (Pilon, RRID:SCR_014731) 

(https://github.com/broadinstitute/pilon/wiki) using the Illumina short reads. Finally, heterozygous sequences were 

identified and removed using the Purge Haplotigs pipeline, with the parameters -a 75 

(https://bitbucket.org/mroachawri/purge_haplotigs) [24]. Contigs from organelle DNA sources can also be identified 

and filtered out when the processing with Purge Haplotigs. After the heterozygous sequences were removed, a final 

assembly from the PacBio reads (504.20 Mb) was generated (Table 1).  

 

Pseudomolecule construction and three-dimensional chromatin conformation analysis 

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

genome-wide three-dimensional chromosome architectures. We constructed Hi-C fragment libraries of 350 bp and 

https://github.com/PacificBiosciences/FALCON/wiki/Manual
http://pbsmrtpipe.readthedocs.io/en/master/getting_started.html
https://github.com/broadinstitute/pilon/wiki
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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 

[25]. A total of 53.39 Gb of trimmed reads, representing around 98.70-fold coverage of the yellowhorn genome, were 

mapped to the assembly with the aligner BWA version 0.7.10 (BWA, RRID:SCR_010910; parameters: bwa index -a 

bwtsw fasta bwa aln -M 3 -O 11 -E 4 -t 2 fq1 bwa aln -M 3 -O 11 -E 4 -t 2 fq2) [26]. Only uniquely aligned reads with 

high alignment quality (>20) were selected for pseudomolecule construction. Duplicate removal and quality assessment 

were performed using HiC-Pro (version 2.8.1) with the following parameters: mapped_2hic_fragments.py -v -S -s 100 

-l 1000 -a -f -r -o [27]. In total, 50.56% of the Hi-C data were grouped into valid interaction pairs. A total of 2,836 

contigs (N50 length at 1.04 Mb) were assembled 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) [25] was used to assign the order and orientation of each group, with a scaffold N50 of 

32.17 Mb.  

Using the 98.70-fold coverage of Hi-C reads, 489.28 Mb (97.04%) of the assembly were anchored onto the 15 

pseudomolecules, which were in agreement with the yellowhorn karyotype (2n=30) identified by Li [28]. The assembly 

(477.59 Mb, 94.76%) was ordered by the frequency distribution of valid interaction pairs (Table 2, Fig. S2). The 

coverage of the assembly reached 93.96% and the ratio of unclosed gaps was 0.15‰ (Table 1). The assembly was of 

sufficient quality to be used as a reference for studying yellowhorn biology and plant genomics. 

 

Transcriptome sequencing 

RNA was extracted from four tissues (flowers, leaves and roots) of the same individual used for DNA sequencing using 

the Easy Spin RNA extraction kit (Sangon Biotech, Shanghai, China; No. SK8631). The concentration of each RNA 

sample was checked using a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., USA) and a QUBIT® 

Fluorometer (Life Technologies). The RNA integrity was checked using a Bioanalyzer 2100 (Agilent Technologies). 
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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). A mixed sample was sequenced on the Pacific Biosciences RS II platform using P6-C4 chemistry. 

The 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 was conducted using pbclassify.py (ignorepolyA false, minSeqLength 200). The non-full length 

and full length fasta files produced were then fed into the cluster step to cluster the isoforms, and subjected to final 

Arrow polishing with the parameters 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 the Illumina reads as a reference (parameters: -k 19 -s 3) [29]. The corrected consensus transcripts 

were clustered using CD-HIT (version 4.6.8) (-c 0.99 -T 6 -G 0 -aL 0.90 -AL 100 -aS 0.99 -AS 30) [30] to reduce 

sequence redundancy and improve the performance of other sequence analyses. 

 A total of 110,584 non-redundant unigenes were generated from 142,396 transcripts in the final RNA assemblies, 

which were used as evidence to assist with gene prediction. Among the 110,584 non-redundant transcripts, 8,466 

(7.66%) were non-coding mRNAs. Each gene had an average of 2–7 transcripts, among which the longest transcript 

representing that gene was kept in the final gene model set. 

 

Evaluation of assembly quality 

The completeness of the final assembly was evaluated using CEGMA version 2.5 (CEGMA, RRID:SCR_015055) [31] 

(http://korflab.ucdavis.edu/dataseda/) and BUSCO version 3.0.2 (BUSCO, RRID:SCR_015008) [32-33] 

(https://gvolante.riken.jp/analysis.html). The CEGMA outputs showed that 94.76% of the core eukaryotic genes (235 

out of 248 core eukaryotic genes) were present in our assembly. The BUSCO test, referencing the embryophyta protein 

http://korflab.ucdavis/
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set (run_BUSCO.py -i plant_species.fa -o plant_species-l embryophyta_odb9/-m proteins), identified 94.7% of plant 

gene sets as complete (1364 out of 1440 BUSCOs), including 89.0% single-copy and 5.7% duplicated genes (Table S2). 

All of these results suggested a high assembly quality for the yellowhorn genome. 

 

Annotation of repetitive sequences 

A de novo repeat database was constructed using RepeatScout version 1.0.5 (RepeatScout, RRID:SCR_014653) [34], 

LTR-FINDER (version 1.0.7) [35], MITE-Hunter (version 1.0) [36] and PILER (version 1.0) with default parameters 

[37]. The predicted repeats were classified using PASTEClassifier (version 1.0) with default parameters [38-39]. Then, 

RepeatMasker version 4.0.7 (RepeatMasker, RRID:SCR_012954) [40] was used with the following parameters “-nolow 

-no_is -norna -engine wublast -qq -frag 20000” to identify repeat sequences by aligning them against known gene and 

genome sequences, based on Repbase (version 19.06) [41] and the de novo repeat database. 

The predicted repeats represented 346.39 Mb (68.67%) of the yellowhorn genome assembly. Among these repeats, 

two types of LTR-retrotransposons were the most abundant, including 98.68 Mb of Copia-type (19.57%) and 88.24 Mb 

of Gypsy-type (17.50%) repeats (Table S3). Accumulation of LTR-retrotransposons is an important contributor to 

genome expansion and diversity [42]. The insertion time of LTR-retrotransposons in the genome was estimated by 

calculating the sequence variance between the LTR arms of each LTR-retrotransposon, using a substitution rate of 

1.3×10−8 substitutions per site per year [43]. To calculate the insertion age of each LTR retrotransposon, the 5′ and 3′ 

LTRs of each element were aligned with MUSCLE version 3.8.31 (MUSCLE, RRID:SCR_011812) using default 

setting parameters [44] (https://www.ebi.ac.uk/Tools/msa/muscle/). Distmat (with default parameters) was used to 

estimate the DNA divergence between the LTR sequences with the Kimura-2-parameter base substitution model [45] 

and DNA divergence was converted to divergence time. A comparison of the insertion ages for LTR-retrotransposons 

showed similar insertion profiles among the genomes of clementine [46] (annotation version 1.0), longan [47] 

(annotation version 1.0), grape [48] (V. vinifera, annotation version GenomeScope.12X) and yellowhorn (Fig. 3a). We 

https://www.ebi.ac.uk/Tools/msa/muscle/
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observed that the yellowhorn genome carried more young LTR-retrotransposons, with the highest proportion of 

LTR-retrotransposons with insertion ages less than 0.2 million years ago (mya). This might have resulted from rapid 

changes of its growing environment, such as the effects of pathogens and interference from human activities in recent 

years. The genomes sequenced by pure next-generation sequencing technology might show less LTR-retrotransposons 

because the sequence similarity between LTR arms and among different LTR-retrotransposons probably caused 

assembly errors in these regions, which may have led to underestimation of the LTR-retrotransposons in clementine and 

longan. Comparison of the insertion ages suggested a similar insertion age between Copia-type and Gypsy-type 

LTR-retrotransposons (Fig. S3).  

 

Prediction of protein-coding genes 

Annotation of protein-coding genes 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) [49], Augustus (Augustus: 

Gene Prediction, RRID:SCR_008417) (version 3.1) [50], GlimmerHMM version 3.0.4 (GlimmerHMM, 

RRID:SCR_002654) [51], GeneID (version 1.4) [52], and SNAP (version 2006-07-28) [53] were used to analyse the 

repeat-masked genome with default parameters. For the similarity-based prediction, the Uniprot protein sequences from 

three sequenced plants, Arabidopsis (TAIR 10, 

http://brassicadb.org/brad/datasets/pub/BrassicaceaeGenome/Arabidopsis_thaliana/), longan (V1.0, 

http://gigadb.org/dataset/100276) and grape (Genomescope 12×, 

https://www.ncbi.nlm.nih.gov/genome/?term=Vitis+vinifera+genome), were aligned against the ab initio gene models 

in the yellowhorn genome using GeMoMa (version 1.3.1) [54]. When multiple transcripts were predicted at the same 

location, the highest GeMoMa scoring transcript was chosen as the optimal model [55]. The RNA-seq data were aligned 

to the reference genome with PASA (version 2.0.2) [56] under default parameters. All predictions from the three 

methods were combined with EVidenceModeler (v1.1.1) (Mode:STANDARD S-ratio: 1.13 score>1000) [57] to 
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produce a consensus gene set. During the EVM integration, higher weights were assigned to the predicted PASA and 

GeMoMa models than the ab initio models. PASA was used to modify the final gene models. 

The RNA-seq reads were then aligned to the yellowhorn genome assembly with TopHat (TopHat, 

RRID:SCR_013035) (v2.0.10, implemented with bowtie2) [58] to identify candidate exon regions and splicing donor 

and acceptor sites to evaluate the gene prediction results. Infernal version 1.1 (Infernal, RRID:SCR_011809) (default 

parameters) [59] was used to identify non-coding rRNA and microRNA genes based on Rfam (version 12.1) [60] and 

miRbase (version 21) [61]. TRNAscan-SE (version 1.3.1) (default parameters) [62] was used to identify tRNA genes. 

GenBlastA v1.0.4(-e 1e-5) was used to perform 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 identified by GeneWise version 2.4.1 (GeneWise, RRID:SCR_015054) with the 

parameters: -both -pseudo [63-64]. 

Functional annotation of the protein-coding genes was carried out by searching against the NR, KOG, GO, KEGG, 

and TrEMBL databases. Additionally, the gene models were aligned to the Pfam database using Hmmer version 3.0 

(Hmmer, RRID:SCR_005305) (parameters, -E 0.00001 --domE 0.00001 --cpu 2 --noali –acc)] [64-70]. GO terms were 

allocated to the genes using the Blast2GO version2.2.31 (Blast2GO, RRID:SCR_005828) pipeline [70]. 

In total, we predicted 24,672 protein-coding genes (Table S4) and 1,913 pseudogenes, with an 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, 99.02% 

(24,429) carried at least one conserved functional domain (Table S5). Their functions were classified using GO terms 

(Fig. S4) and the KOG database (Fig. S5). For the non-coding mRNA genes, 642 tRNA, 108 microRNA and 316 rRNA 

genes were predicted in the yellowhorn genome.  

Chromosome synteny between the yellowhorn and reference genomes 

To investigate the evolution of the yellowhorn chromosomes, gene collinearity was determined by anchoring the 
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aligned yellowhorn genes to the reference genomes of clementine, Arabidopsis and grape using the Multiple 

Collinearity Scan toolkit (MCscan) (version 0.8) [71]. The parameters of the MCscan alignment were as follows: 

$/MCScanX xxx.blast$-s 10 --b $2 (inter-species) blastp -query b.fa -db adb -out xyz.blast -evalue 1e-10 -num_threads 

16 -outfmt 6 -num_alignments 5. 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. The average 

gene number per block was 77.3, 45.6 and 60.6 genes, respectively. This suggested that yellowhorn and clementine 

shared the highest collinearity, which was consistent with their close phylogenetic relationship as members of the 

Sapindales clade. The alignments of syntenic chromosomes were visualized between yellowhorn and the other genomes. 

The frequency of large-scale fragment rearrangements between yellowhorn and clementine, including inversions and 

translocations, was considerably lower than between yellowhorn and the other two genomes (Fig. 4). In particular, 

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

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

clementine pseudomolecules revealed that most of the cross-chromosome rearrangements were different from those 

between yellowhorn and Arabidopsis (Fig. 4d, 4e). Yellowhorn Linkage groups 2 and 11 were found to be syntenic to 

single clementine pseudomolecules, Scaffold 5 and 3, respectively, and Linkage groups 3, 4, 5, 7, 8, 10, 12, 14 and 15 

were each aligned to two reference chromosomes of clementine. Comparatively, frequency of chromosome 

rearrangement was a little higher between the yellowhorn linkage groups and Arabidopsis chromosomes. Arabidopsis 

Chromosome 1 was predominantly syntenic to yellowhorn Linkage group 4, which demonstrated that the yellowhorn 

genome contained some conserved genome structure from its originals (Fig. 4d). Intriguingly, similar chromosomal 

fusion events were found among some chromosomes. Aligned fragments of Arabidopsis Chromosomes 1, 3 and 5 were 

fused to form yellowhorn linkage groups 1 and 14, similarly to clementine Scaffolds 1, 2 and 3. Yellowhorn Linkage 

group 6 was aligned to clementine scaffolds 1, 3, 4 and 6, but had extensive collinearity with Arabidopsis Chromosome 

3 (Fig. 4d, 4e). However, phylogenetic analysis suggested a distant relationship between Arabidopsis and yellowhorn. 
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These findings suggested that Arabidopsis and yellowhorn share a chromosome of their origins, despite extensive 

rearrangements. Overall, these findings shed new light on the evolution of eudicot plant chromosomes. 

 

Identification of gene clusters and duplication 

Gene clustering was conducted using OrthoMCL version 5  (OrthoMCL DB: Ortholog Groups of Protein Sequences, 

RRID:SCR_007839, parameters: Pep_length 10 Stop_coden 20 PercentMatchCutoff 50 EvalueExponentCutoff -5 Mcl 

1.5 #1.2~4.0) [72] among the protein sequences of 10 high-quality typical eudicot genomes representative of important 

families, including D. longan (Sapindaceae, Sapindales) [46], Citrus clementina (Rutaceae, Sapindales) [47], Brassica 

rapa (Brassicaceae, Brassicales), Arabidopsis thaliana (Brassicaceae, Brassicales) [73-74], Theobroma cacao 

(Sterculiaceae, Malvales) [75], Gossypium raimondii (Malvaceae, Malvales) [76], Quercus robur (Fagaceae, Fagales) 

[77], Vitis vinifera (Vitaceae, Vitales) [78], Cucumis sativus (Cucurbitaceae, Cucurbitales) [79] and Malus × domestica 

(Rosaceae, Rosales) [80], as well as yellowhorn (Additional file: Table S6). The yellowhorn genes were clustered into a 

total of 14,828 families, including 169 yellowhorn-specific gene families (Additional file: Table S7). Comparison of 

gene copy numbers among the 11 eudicot genomes indicated that the yellowhorn genome had a similar proportion of 

single and multiple copy genes to the other analysed genomes (Fig. 3b). Intriguingly, the species-specific genes of 

yellowhorn were similar to those of T. cacao, which implied that the yellowhorn genes might have conserved the 

similar gene structure with their origins. 

Over 300 one-to-one single-copy genes shared by all 11 genomes were identified and used to construct a 

phylogenetic tree using PHYML (version 3.0) (Fig. 3c) [81]. The TIM2+I+G model was used to construct the 

evolutionary tree as determined by jmodeltest. The software Muscle (version 3.8.31) 

(https://www.ebi.ac.uk/Tools/msa/muscle/) [44] was used to align the orthologs. The alignment outputs were treated 

with Gblocks (version 14.1) with the parameters -t = p -b5 = h -b4 = 5 -b3 = 15 -d = y -n= y [82]. Divergence times 

were estimated using MCMCtree (version 4.7a) (http://abacus.gene.ucl.ac.uk/software/paml.html) [83] with the 

https://www.ebi.ac.uk/Tools/msa/muscle/
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parameters: burn-in=10,000, sample-number=100,000, sample-frequency=2. The TimeTree database 

(http://www.timetree.org/), r8s (parameter: r8s -b -f r8s_in.txt > r8s_out.txt) and divergence time (Whelan [84] and 

Yang [85]) were used to calibrate the time. The fossil calibration times used in the evolutionary trees were as follows: 

(((Qrob,(Csat,Mdom)),((Ccle,(Xsor,Dlon)),((Tcac,Grai),(Brapa,Atha)'<30.9>20.4'))),Vvin)'<115>105'. The credibility 

intervals for the divergence time estimates were as follows: UTREE 1 = (((Qrob: 93.929608, (Csat: 83.608799, Mdom: 

83.608799) [&95%={67.268, 96.218}]: 10.320809) [&95%={78.104, 105.034}]: 9.748170, ((Ccle: 64.380901, (Xsor: 

33.069679, Dlon: 33.069679) [&95%={18.376, 48.565}]: 31.311222) [&95%={46.354, 81.164}]: 27.870851, ((Tcac: 

38.243394, Grai: 38.243394) [&95%={21.870, 56.407}]: 43.965024, (Brapa: 26.409279, Atha: 26.409279) 

[&95%={20.721, 30.886}]: 55.799139) [&95%={67.279, 94.364}]: 10.043334) [&95%={77.382, 103.299}]: 

11.426026) [&95%={89.679, 113.000}]: 6.145826, Vvin: 109.823604) [&95%={104.966, 114.982}]. Yellowhorn and 

longan in the Sapindaceae family showed the closest relationship, with the divergence time estimated at approximately 

33.07 mya. Using the orthologous gene pairs of yellowhorn and longan identified by gene collinearity and paralogous 

pairs identified by gene clustering, 4DTv (four-fold degenerate synonymous sites of the third codons) values were 

calculated for all of the duplicated pairs. A species divergence peak (4DTv∼0.1) was observed in the yellowhorn vs. 

longan ortholog 4DTv distribution but no obvious peak could be seen in the yellowhorn and longan paralog curves (Fig. 

3d). In a self-alignment of the chromosomes based on gene synteny, no large-scale gene duplications were found in the 

yellowhorn genome (Fig. S2), suggesting that the yellowhorn genome has not undergone whole-genome or 

large-fragment duplication.  

 

List of 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: RNA sequencing; 
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Fig. 1 Images of yellowhorn plants. (a) Yellowhorn tree in an artificial forest. (b) Ripe fruit, which dehisce into three 

parts by the carpels. (c) A harvest scene of yellowhorn in northern China. (d) Seeds in ripe fruits, which number 18–24 

in one fruit. 

Fig. 2 Estimation of genome size. (a) Test results of yellowhorn, poplar and yellowhorn + soybean samples using flow 

cytometry. (b) Distribution of 17-mer frequency. The x-axis and y-axis indicate the 17-mer frequency and number, 

respectively. The leftmost truncated peak at a low occurrence frequency (1–2) was mainly due to random base errors in 

the raw sequencing reads.  

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 analysed eudicot genomes. According to the 

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

Constructed phylogenetic tree and divergence time estimation. The black numbers represent estimated divergence times 

(mya), which are measured with a scale bar of 20 million years, and green numbers represent bootstrap values. Grape (V. 

vinifera) was used as an outgroup. (d) Genome duplication in eudicot genomes as revealed through 4DTv analyses. The 

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

Fig. 4 Chromosome synteny. The circularized blocks represent the chromosomes of yellowhorn and other genomes. 

Aligned genes identified by MCscanX are connected by lines, with their chromosome locations shown in different 

colours. (a) Chromosome alignment of yellowhorn and Arabidopsis. (b) Chromosome alignment of yellowhorn and 

grape. (c) Chromosome alignment of yellowhorn and clementine. Coloured ribbons connect the aligned genes. 

Yellowhorn linkage groups are labelled LG 1 to 15, Arabidopsis chromosomes labelled Chr 1 to 5, grape chromosomes 

are labelled C1 to 19 and CUn (chromosome location unknown) and clementine scaffolds are labelled Sc 1 to 9. Scale, 

10 Mb. (d) Chromosome rearrangements between Arabidopsis and yellowhorn. (e) Chromosome rearrangements 
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between clementine and yellowhorn. Arabidopsis and clementine chromosomes are represented as bars of different 

colours. Synteny and rearrangement of the yellowhorn chromosomes are indicated by different blocks, corresponding to 

the reference Arabidopsis and clementine chromosomes.  

 

 

Editor’s Note 

Please also note another, independent Data Note published in GigaScience, also presenting 

a genome assembly of Xanthoceras sorbifolium [87]. We independently received two 

submissions on the Yellowhorn genome, from two different teams, within a short period of 

time. We reviewed both submissions in parallel and decided to publish them "back-to-back" 

in the journal, on the same day.     
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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

Number of scaffolds (＞N90 length) 21

Largest scaffold 40,097,451 bp

GC content 36.95%

Number of predicted protein-coding genes 24,672

Number 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
Number  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.
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Detailed response to the reviewer 

The authors would like to thank the reviewers for their kind and constructive comments and 

fell that they have strengthened the manuscript. Responses to the reviewer’s comment are listed 

below. All the responses have been highlighted in blue color. 

 

Reviewer #2: The Authors appear to have gone to a good deal of effort to address the points I 

raised previously and I appreciate the work that they have put in. Unfortunately, I still have a 

concern regarding the k-mer analysis and evidence for heterozygosity in the sequenced individual, 

which I do not feel has been adequately addressed in the Authors' response.  

On page 5, lines 21-25, the Authors say that they use the same formula as Varshney et al., (2012; 

doi:10.1038/nbt.2022) to calculate estimated genome size from the k-mers: Genome size = k-mer 

number / peak depth. The Authors determined the peak depth to be 34x. However, an important 

point is that the k-mer frequency plot in Varshney et al., (their Supplementary Figure 2) has a 

single clear peak, which they use to define the overall depth. This is not unexpected because 

Varshney et al., (2012) sequenced an inbred line, and the single clear peak in their k-mer plot 

reflects the fact that the majority of the genome is homozygous (they estimated 0.067% 

heterozygosity on the basis of SNP calling against the genome assembly). However, in 

outbreeding diploid individuals we normally expect to see two peaks - one reflecting k-mers that 

overlap homozygous positions and another from k-mers that overlap heterozygous positions. The 

multiplicity (count) of the heterozygous peak should be c. half that of the homozygous peak, as 

shown in Fig 2 of Kajitani et al (2014; doi/10.1101/gr.170720.113). In the k-mer plot in Fig. 2b of 

Bi et al., there are two clear peaks, one at c. 35x and the other closer to 70x; this means that a 



proportion of the 17-mers have a significantly higher depth than that used when calculating the 

genome size (i.e. 34x), which could lead to an overestimation of the size of the genome based on 

this method if not accounted for. However, a more important point (given that the Authors also 

generated genome size estimates by flow cytometry, so do not have to rely on the k-mer based 

estimate) is the evidence for heterozygosity this indicates. I suggest that the rightmost of the peaks 

in Fig. 2b (i.e. at c. 70x) is the homogzygous peak and the other is the heterozygous peak, which 

would indicate a high level of heterozygosity within the sequenced yellowhorn individual. 

Response: Thanks for your comments. As you mentioned and our K-mer analysis (see below), the 

heterozygosity of yellowhorn is at a high level, really. According the reviewer #2’s suggestion, we 

did not rely on the estimated genome size by K-mer analysis and used the results of flow 

cytometry as yellowhorn genome size in revision 2 (See the” Estimation of genome size through a 

flow cytometry analysis” section in revision 2). 

  Sorry for our neglect, we had used a quite misleading figure as shown in Figure.2b in the 

previous manuscript, which affected reviewer’s judgments. To avoid misleading, we have changed 

the Fig.2b (Fig.5.1a, see the screenshot below) in previous manuscript by Fig.5.1b (see the 

screenshot below) in revision 2.  

In K-mer analysis, we counted the 17-mer occurrency (17-mer depth) and the frequency of 

those 17-mers at a given sequencing depth and drew distribution curves of K-mer frequency 

(Fig.5.1a and Fig.5.1b in genome survey test report, see the screenshot below). The Fig.5.1a (the 

screenshot below), which is used as Fig.2b in our previous manuscript, the X-axis represents the 

frequency of 17-mer occurrence (17-mer sequencing depth) and Y-axis represents the product of 

frequency of 17-mer occurrence and the species of 17-mers in this frequency (total number of 



17-mer individuals in this frequency). The repeat peak (66×) was more obvious than the 

heterozygous peak (17×), which misleading the readers. 

However, the Fig.5.1b, the X-axis represents frequency of 17-mer occurrence and the Y-axis 

represents the frequency of those 17-mers’ species at a given sequencing depth. After checking, in 

order to clearly and intuitively show distribution of 17-mer frequency, the distribution curve of 

17-mer frequency should be Fig.5.1b (Li et al, 2010; Zhang et al, 2012; Gao et al, 2018; Zhao et al, 

2018; Gao et al, 2018; Wan et al, 2018). Therefore, we changed the Fig.5.1a (Fig.2b in the 

previous manuscript) by Fig.5.1b in revision 2. The figures supporting data is shown in 

Figures_supporting_data.xlxs of supplymentary materials. There were two clear peaks (17×and 

34×) in Fig.5.1b, indicating high heterozygosity. The tiny peak (66×) observed in Fig.5.1b was 

caused by the repetitive sequences. 
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The reason I believe this is as follows - the Authors report that they have 34.40 Gb of cleaned 

Illumina HiSeq reads (first line on page 5) and that the estimated 1C genome size for yellowhorn 

is c. 535Mb (average of the two estimates reported on page 4) based on flow cytometry, so the 

expected whole genome coverage from the Illumina reads is c. x64. Therefore, in a k-mer plot 

generated from the Illumina reads we would expect to see the homozygous peak at around c. 65x, 

which is approximately the position of the rightmost peak in Fig. 2b. Consequently, the much 

higher leftmost peak reflects the heterozygous content of the genome.  

Response: Thanks for your comments. As mentioned above, there were two clear peaks (17× and 

34×) in Fig.5.1b (Fig.2b in revision 2). Homozygous peak depth was at 34×, and the peak of 17× 

was heterozygous peak. The tiny peak (66×) observed in Fig.5.1b was caused by the repetitive 

sequences. The reasons are as follows. 

As mentioned in our last response, before conducting whole genome sequencing, a genome 

survey was performed to estimate the genomic characteristics of yellowhorn. A total of 34.51 Gb 

raw sequencing data were generated by Illumina platform. After removed the adapter reads, low 

quality reads, 34.4 G clean data were obtained. Next, data filtering was performed again to remove 



the duplication (6.08 G) and contaminated reads (2.92 G). In addition, the end base of sequencing 

reads (4.23G) also need to be removed because the quality of sequencing base at the end of 

sequence was low. After filtering the low-quality, duplicated and contaminated reads, 21.17 Gb 

high-quality useful sequencing data were utilized to generate a K-mer (K = 17) depth distribution 

curve, and generated 18458632032 17-mer. The previous description is not clear. Now we have 

added related information in a revised version 2. 

  According to the formula mentioned by Liu and Michael S. Waterman’s group (Liu et al, 2013; 

Li et al, 2003), one read with length L generates L－K+1 K-mers, thus 

Cbase= Ck-mer×L/ (L-K+1) 

G = Nbase/Cbase= Nk-mer/Ck-mer 

  Let nbase, nk-mer be the total number of bases and K-mers from reads data, and Cbase, Ck-mer be the 

expected coverage depth for bases and K-mer. After filtering the end base of sequencing reads, the 

L is 125 bp. Through flow cytometry analysis, the yellowhorn genome size was estimated to be 

approximately 525.94 Mb to 540.93 Mb, thus the Cbase was ~ 39× and the Ck-mer was ~ 34×.The 

homogzygous peak depth was at 34×. The sequencing depth of heterozygous sequence is 

approximately half that of homozygous sequence, and the repeat sequences can cause depth 

doubling (Zhang et al. 2012; Kajitani et al, 2014). The peak of 17× was heterozygous peak and the 

tiny peak (66×) observed in Fig.5.1b was caused by repeat sequences. In addition, K-mer analysis 

was used to estimate the heterozygosity according to the methods mentioned by Liu et al (Liu et al, 

2013; Zhao et al, 2018; Dong et al, 2108). The heterozygosity was estimated at 0.75%, which was 

a high level.  

 

 



References 

Zhang GF, Fang XD, Guo XM et al. The oyster genome reveals stress adaptation and complexity of shell 

formation. Nature, 2012, 490:49-54. 

Liu BH, Shi YJ, Yuan JY et al. Estimation of genomic characteristics by analyzing kmer frequency in de novo 

genome projects. Quant Biol. 2013; doi:10.1016/S0925-4005(96)02015-1. 

Li, X. and Waterman, M.S. Estimating the repeat structure and length of DNA sequences using L-tuples, Genome 

res. 2003, 13, 1916-1922. 

Kajitani R, Toshimoto K, Noguchi H et al. Efficient de novo assembly of highly heterozygous genomes from 

whole-genome shotgun short reads. Genome Res. 2014, 24: 1384-1395  

Zhao HS, Wang SB, Wang JL et al. The chromosome-level genome assemblies of two rattans (Calamus 

simplicifolius and Daemonorops jenkinsiana). Gigascience. 2018. 7 : giy097. 

Dong AX, Xin HB, Li ZJ et al. High quality assembly of the reference genome for scarlet sage, Salvia splendens, 

an economically important ornamental plant. Gigascience. 2018, 7: giy068. 

 

As I mentioned in my previous review, the fact that the initial genome assembly (598.65Mb) is 

significantly larger than expected based on the genome size estimated by flow cytometery is 

further evidence for heterozygosity. The Authors did not specifically address this point in their 

response. Furthermore, it is indicated that c. 95Mb of the assembly is removed during filtering for 

heterozygous sequences, again suggesting a relatively high level of heterozygosity in the 

sequenced individual.  

Response:  

We also found that the heterozygosity (0.75%) of yellowhorn is a high level, using K-mer analysis. 

In addition, the distribution curve of 17-mer frequency shown that the heterozygosity was about 

~0.5% to ~1.0% according to Fig.2b in Kajitani et al (2014), which was consistant with the result 

we calculated. This result was not mentioned in our previous manuscript and we added it in 

revision 2.  

In addition, we performed K-mer analysis using Illumina data again and performed genome 

survey on other 3 yellowhorn cultivars (Zhongshi 2, Zhongshi 5 and Zhongshi 9) to identify the 

heterozygosity in yellowhorn genome. And 35.71 Gb, 33.18 Gb and 39.55Gb clean data were 



obtained from Illumina platform. After filtering the low-quality, duplicated and contaminated 

reads, 24.62 Gb, 22.89 Gb and 29.13 Gb high-quality useful sequencing data were utilized to 

K-mer analysis. The results (Response Table 1, Response Fig.2) indicated that the heterozygosity 

of three yellowhorn cultivars were 0.66 %, 0.77% and 0.89%, respectively, which agreed with the 

heterozygosity (0.75%) of sequencing individual.

 

Response Fig.2 Distribution of 17-mer of three yellowhorn cultivars. 

Preliminary assembly was performed by Falcon v0.7. Falcon begins by error-correcting PacBio 

raw sequence data through long-read to long-read sequence alignments and subsequently 

constructs a string graph of the overlapping reads, which contain sets of “haplotype-fused” contigs 

and variant sequence (Chin et al, 2016). For the integrity of assembly, the assembly algorithm in 

Falcon would specifically take into account heterozygous sequence and amount of heterozygous 

sequences were assembled (Chin et al, 2016). As mentioned above, the estimated heterozygosity 

of sequencing individual was 0.75%, with a high level of heterozygosity. The initial assembly 

contained amount of heterozygous sequences, which would be filtered by downstream analysis.  
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In the revised version of the manuscript, the Authors estimate % heterozygosity by calling SNPs 

from reads mapped to the genome assembly, which gives an estimate of 0.30%. This is a much 

lower level of heterozygosity than would be expected if my assertion regarding the peaks in the 

k-mer frequency plot is correct. However, there is a lack of detail regarding the parameters used 

for SNP calling, such as thresholds for mapping quality and any filtering that was applied to the 

set of raw SNPs.  

Nevertheless, if we assume that this estimate of heterozygosity is more or less correct, the 

discrepancy between the expected genome coverage from the Illumina reads and the coverage 

suggested from the most prominent peak in the k-mer plot based on these reads still needs to be 

explained. Moreover, it remains the case that the size of the initial genome assembly was 

significantly larger than the expected genome size based on flow cytometry, and that a substantial 

amount of sequence was removed during filtering with Purge Haplotigs, which would not be 

expected if the level of heterozygosity was really only 0.30%.  

Response: As reviewer’s statement and our above analysis, we also think the heterozygosity 

estimated by calling SNPs (0.3%) is a much lower level. 

When performed SNP calling, Illumina reads were aligned to the assembly and variable sites 

were identified by Bowtie 2.2.5 and GATK (V2.8.1). This protocol could accurately detect the 

SNP sites in genome assembly and had been widely used for calculating the heterozygosity of 

genome (Li et al, 2010; Peng et al, 2013). It was the reason that we calculated the heterozygosity 

by calling SNPs in our previous manuscript. The parameters of HaplotypeCaller module in GATK 

to filter unreliable SNPs were as follows: QD < 2.0 jj MQ < 40.0 jj FS > 60.0 jj QUAL <30.0 jj 

MQrankSum < -12.5 jj ReadPosRankSum < -8.0 -clusterSize 2 -clusterWindowSize 5.  



Thank you so much for your comments. We also found the heterozygosity calculated by SNP 

calling is a much lower level. And there are possible reasons for the low heterozygosity estimated 

by SNP calling.  

First, the average PE read depth was about 40-fold coverage in our study. NGS data could 

suffer from high error rates due to multiple factors, including base-calling and alignment errors, 

thus the more deeply sequencing depth was required to ensure the accuracy of SNP calling results 

(Nielsen et al, 2013). In addition, amount of SNP sites that may be filtered if the sequencing depth 

of SNP position was lower than the threshold, whereas these sites would be counted as 

heterozygous sites in K-mer analysis. Furthermore, the yellowhorn genome had high repeat rates 

(reached 68.67%), which had a great influence on the accuracy of SNP calling. 

And as reviewer’s mentioned, the initial assembly was ~598 Mb but the final assembly was 

~504 Mb, indicated the ~95 Mb of the assembly is removed as heterozygous sequences. However 

the estimated genome size was ~540M, thus there were ~35 Mb genome sequences were filtered 

as heterozygous sequences for their high heterozygosity, which had a great influence on SNP 

calling. 

 In a word, the SNP result was less than the truth heterozygosity of yellowhorn genome. The 

heterozygosity of yellowhorn genome was about 0.75%, estimated by K-mer analysis instead of 

SNP calling (see the “Illumina short-read sequencing and heterozygosity analysis” section in 

revision 2). 
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In addition to the issue discussed above, the English language requires some further improvement. 

There are a number of small improvements that could be made to increase the clarity and 

readability of the text. Issues include things like the use of a plural when the singular form should 

be used (e.g. "individuals" when "individual" is meant) or vice versa (e.g. use of "assemblies" 

when "assembly" is meant), spelling errors (e.g. "pepline" instead of "pipeline", "eudicot" misspelt 

as "endicot" in several places) and missing words or incorrect word choice (e.g. "produced via 

clone" rather than "produced via cloning', "from natural population" rather than "from a natural 

population"). I recommend that the manuscript be further reviewed for English language prior to 

publication.  

Response: Thanks for your comments about our English writing. We have corrected all errors you 

pointed out in our revised version 2. The revisions in the manuscript have been highlighted in red 

color.  

According to editor and reviewer’s suggestion, we also submitted our Revision 2 manuscript 

to a language editing company (Edanz Group) to improve our English. And we thank Robbie 

Lewis, MSc, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac), for editing this 

manuscript. 


