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Abstract 21 

Perilla frutescens (Lamiaceae) is an important herbal plant with hundreds of bioactive chemicals, among which 22 

perillaldehyde and rosmarinic acid are the two major bioactive compounds in the plant. The leaves of red perilla 23 

are used as traditional Kampo medicine or food ingredients. However, the medicinal and nutritional uses of this 24 

plant could be improved by enhancing the production of valuable metabolites through the manipulation of key 25 

enzymes or regulatory genes using genome editing technology. Here, we generated a high-quality genome 26 

assembly of red perilla domesticated in Japan. A near-complete chromosome level assembly of P. frutescens 27 

was generated contigs with N50 of 41.5 Mb from PacBio HiFi reads. 99.2% of the assembly was anchored into 28 

20 pseudochromosomes, among which seven pseudochromosomes consisted of one contig, while the rest 29 

consisted of less than six contigs. Gene annotation and prediction of the sequences successfully predicted 86,258 30 

gene models, including 76,825 protein-coding genes. Further analysis showed that potential targets of genome 31 

editing for the engineering of anthocyanin pathways in P. frutescens are located on the late-stage pathways. 32 

Overall, our genome assembly could serve as a valuable reference for selecting target genes for genome editing 33 

of P. frutescens. 34 
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1. Introduction 39 

Perilla frutescens is an annual herbal plant belonging to the Lamiaceae family, and it is widely cultivated in 40 

Asian countries.1 P. frutescens is an allotetraploid (2n = 4x = 40) species, and P. citriodora (2n = 20) is believed 41 

to be one of the diploid genome donors.2 There are two chemotypes of perilla plants based on the content of 42 

anthocyanins: red and green perilla. Red perilla (“aka-shiso” in Japanese) is an anthocyanin-rich variety with 43 

dark red or purple leaves and stems, while green perilla (“ao-jiso” in Japanese) is an anthocyanin deficient 44 

variety with green leaves and stems.3 Both green and red perilla leaves are often used as a material for cooking. 45 

Particularly, the leaves of red perilla are used as traditional Kampo medicine “soyou” to treat stomach 46 

problems,1,2,4,5 and the seeds are also used to produce oil. Perilla seed oil is a rich source of α-linolenic acid, and 47 

its potential health benefits have been reported.6,7 48 

Thus far, hundreds of bioactive compounds have been identified in P. frutescens,1,8 among which 49 

perillaldehyde (monoterpenenoid) and rosmarinic acid (phenylpropanoid) are major phytochemicals.9 50 

Perillaldehyde has been shown to possess anti-inflammatory,10 antidepressant,11 antifungal, and antibacterial 51 

activities;12,13 additionally, rosmarinic acid possesses antiviral, antibacterial, and anti-inflammatory activities.14 52 

Several enzymes for the biosynthesis of these compounds have been identified in P. frutescens. Perillaldehyde 53 

appears to be biosynthesized by the hydroxylation and subsequent oxidation of the C-7 position of limonene. 54 

Limonene synthase and a cytochrome P450 monooxygenase (P450) catalyzing the two-step oxidation of 55 

limonene at C-7 position have been cloned and characterized in P. frutescens.15,16 Rosmarinic acid is proposed 56 

to be biosynthesized from 4-coumaroyl-CoA and 4-hydroxyphenyllactic acid.17 Rosmarinic acid synthase, 57 

which is the first specific enzyme for rosmarinic acid biosynthesis, catalyzes the ester formation step of these 58 

two compounds. After 4-coumaroyl-4´-hydroxyphenyllactic acid formation, P450 enzymes belonging to the 59 

CYP98A family member are known to catalyze the final hydroxylation steps leading to rosmarinic acid 60 

production.14,17 These enzymes have been cloned and characterized from several plant species, including Coleus 61 

scutellarioides (Lamiaceae); however, none has been identified in perilla plants. 62 

Recently, genome editing tools, such as CRISPR-Cas9, have been used for the engineering of plant 63 

biosynthetic pathways.18 For instance, deletion of the autoinhibitory domain of glutamate decarboxylase 3 64 

(GAD3) using CRISPR-Cas9 technology promoted the accumulation of GABA (γ-aminobutyric acid) in tomato 65 

fruit, and this product is already commercially available.19,20 Additionally, silencing of the potato sterol side 66 

chain reductase 2 (SSR2) by transcription activator-like effector nucleases (TALEN) suppressed the 67 

accumulation of toxic steroidal glycoalkaloids.21 Therefore, genome sequencing and gene annotation could 68 

facilitate the identification of target genes to enhance desired traits, such as higher contents of valuable 69 

compounds and lower contents of unwanted compounds. Additionally, the genome of edited plants could be 70 

compared with that of the reference genome to identify the potential risk of off-target changes.22,23 Long-read 71 

DNA sequencing technologies have emerged as powerful tools to obtain high-quality whole genome 72 

sequences.24 Recently developed PacBio technology has facilitated the generation of high-fidelity (HiFi) reads 73 

from circular consensus sequencing (CCS), with long-read (> 10 kb) and high accuracy (> 99%).24 In plant 74 

genome sequencing, highly contiguous near-chromosomal level sequences have been generated using HiFi 75 
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read-only.25 76 

Here, we generated a highly contiguous genome assembly of red perilla (P. frutescens) domesticated in 77 

Japan using PacBio HiFi reads. Functional annotation of identified genes was obtained using a systematic 78 

functional annotation workflow optimized for plants. It is anticipated that the highly contiguous genome 79 

assembly obtained in this study would promote the development of perilla varieties with desirable traits. 80 

 81 

2. Materials and methods 82 

2.1. Sample preparation and genome sequencing 83 

DNA sample for genome sequencing was isolated from the young leaves of hydroponically grown P. frutescens 84 

cv. Hoko-3 using a Genomic-tip kit (Qiagen, Hilden, Germany). Library preparation was performed using 85 

SMRTbell Express Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA), and reads longer than 20 kb were 86 

collected using BluePippin (Sage Science, Beverly, MA, USA). Thereafter, the libraries were sequenced using 87 

Sequel IIe instrument (PacBio), and HiFi reads were selected from the circular consensus reads generated. 88 

 89 

2.2. Omni-C sequencing 90 

Dovetail Omni-C libraries were prepared using Omni-C kit (Dovetail Genomics, CA, USA), according to the 91 

manufacturer’s protocol. Sequencing was performed using DNBSEQ-G400 (MGI Tech, Shenzhen, China) in a 92 

2 × 150 bp paired-end (PE) setting to obtain 356.34 million PE reads. The obtained reads were processed using 93 

fastp v0.23.1 software26 with default settings. 94 

 95 

2.3. De novo assembly of HiFi reads 96 

HiFi reads were assembled using Hifiasm v0.16.127,28 with the combination of processed Omni-C reads with --97 

hom-cov 55 --primary options (Hi-C integrated assembly). 98 

 99 

2.4. Quality assessment of genome assemblies 100 

Assembly statistics were obtained using QUAST v5.0.229. Genome completeness was evaluated using BUSCO 101 

v5.2.2 software30 against embryophyta_odb10 (eukaryota, 2020-09-10) dataset (1,614 total BUSCO groups). K-102 

mer based assembly evaluation was performed using Merqury v1.331 and the Meryl db (k = 21) generated from 103 

the HiFi reads. 104 

 105 

2.5. Omni-C scaffolding and construction of pseudochromosomes 106 

The processed Omni-C reads were mapped to the primary contigs generated by Hifiasm using BWA-MEM 107 

v0.7.17,32 followed by the removal of the 3′-side of the chimeric mapping and merging of the paired BAM files 108 

using perl scripts from Arima Genomics mapping_pipeline 109 

(https://github.com/ArimaGenomics/mapping_pipeline) and SAMtools v1.12.33 The processed BAM file was 110 

converted to BED format using BEDtools v2.30.0,34 then scaffolding was performed using SALSA2 v2.335 with 111 

-e DNASE -p yes options. To draw a Hi-C contact map, the output of SALSA2 was converted to .hic file using 112 
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convert.sh script equipped with SALSA2, then the generated .hic file was visualized using Juicebox v1.11.0836. 113 

A total of 25 scaffolds of 1 Mb or longer were extracted using SeqKit v2.0.037 and aligned with the 20 114 

pseudochromosomes of the PF40 genome (GenBank assembly accession GCA_019511825.238) using nucmer 115 

sequence aligner with default settings and filtering of the delta alignment file with delta-filter command with -116 

q -r options in MUMmer4 v4.0.0rc1 package.39 The alignment was drawn with a custom R script (original:  117 

https://jmonlong.github.io/Hippocamplus/2017/09/19/mummerplots-with-ggplot2/). To create 118 

pseudochromosomes based on the alignment with the PF40 genome, scaffold_19 and the reverse complement 119 

sequences of scaffold_22 and scaffold_21 were joined in this order with gaps (500 Ns) to create a new scaffold 120 

(scaffold_19). The longest 20 scaffolds (scaffold_1–20) of this assembly were renamed following the PF40 121 

genome. Additionally, 10 of the 20 scaffolds (scaffold_2, 3, 6, 8, 13, 14, 15, 16, 17, and 18) were reverse 122 

complemented to align with the PF40 genome in the same direction. 123 

 124 

2.6. Removal of organellar sequences 125 

The scaffolds were searched against chloroplast and mitochondrial genome sequences obtained from NCBI 126 

RefSeq (all genomic sequences available at mitochondrion and plastid directories, as of November 8, 2021) by 127 

blastn v2.12.0 with an E-value cutoff of 1e-5. Scaffolds with 90% or more coverage against one of the reference 128 

organellar sequences were labeled as organellar scaffolds and removed from the primary assembly. All of the 129 

scaffolds removed in this step were made from a single contig. We also performed the same organellar removal 130 

procedure for the alternate haplotigs generated by Hifiasm. 131 

 132 

2.7. Transcriptome analysis 133 

Total RNA for PacBio isoform sequencing (Iso-Seq) was extracted from the mixed sample of leaves, stems, and 134 

roots of the cultivar Hoko-3 using RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Library preparation was 135 

performed using NEBNext Single Cell/Low Input cDNA Synthesis & Amplification Module (New England 136 

Biolabs, Ipswich, MA, USA) and SMRTbell Express Template Prep Kit 2.0 (PacBio). Thereafter, the reads 137 

were sequenced using the Sequel IIe instrument (PacBio), and CCS reads were generated using SMRTLink 138 

v10.0 (PacBio). The obtained BAM file was processed using IsoSeq v3.4.0 pipeline. Total RNA for RNA 139 

sequencing (RNA-Seq) was extracted from leaves of the cultivar Hoko-3 using ISOSPIN Plant RNA kit (Nippon 140 

Gene, Tokyo, Japan), and a sequencing library was prepared using NEBNext Poly(A) mRNA Magnetic 141 

Isolation Module (New England Biolabs) and NEBNext Ultra Directional RNA Library Prep Kit for Illumina 142 

(New England Biolabs). Sequencing was performed using NovaSeq 6000 (Illumina, San Diego, CA, USA) in a 143 

2 × 150 bp paired-end (PE) setting. Reads from three biological replicates (154.20 million PE reads in total) 144 

were combined and used for gene prediction and annotation. 145 

 146 

2.8. Gene prediction and annotation 147 

The processed Iso-Seq reads (high-quality isoforms) were mapped to the assembled genome using minimap2 148 

v2.23,40 then collapsed to obtain non-redundant isoforms using Cupcake ToFU scripts on cDNA_Cupcake 149 
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v28.0.0 (https://github.com/Magdoll/cDNA_Cupcake). The RNA-Seq reads were processed using fastp v0.23.2 150 

with default settings, mapped to the assembled genome using HISAT2 v2.2.1,41 and then transcript models were 151 

constructed using StringTie v2.2.1.42 Coding sequences from these two annotations were identified using 152 

GenomeTools v1.6.2,43 and gene features were obtained using a custom python script. The RNA-Seq reads were 153 

mapped to the assembled genome to predict protein-coding genes using BRAKER2 v2.1.6.44 For the input of 154 

BRAKER2, the assembled genome was repeat masked using RepeatModeler v2.0.2 and RepeatMasker v4.1.2 155 

in Dfam TE Tools Container v1.4 (https://github.com/Dfam-consortium/TETools). To merge the annotations 156 

from Iso-Seq and RNA-Seq, non-overlapping gene features from RNA-Seq with those of Iso-Seq were obtained 157 

using BEDtools v2.30.0 intersect (-s and -v options), then concatenated with the annotations from Iso-Seq after 158 

removal of incomplete gene features using a custom python script. Similarly, non-overlapping gene features 159 

from BRAKER2 against those of the combined Iso-Seq and RNA-Seq were merged to obtain the combined 160 

gene annotations of Iso-Seq, RNA-Seq, and BRAKER2. The combined gene annotations were used for further 161 

analysis including functional annotation. 162 

 163 

2.9. Functional annotation 164 

Functional annotation of the protein-coding genes on the primary assembly was performed using 165 

Fanflow4Plants, designed for the functional annotation of plant species based on Fanflow4Insects.45 In the 166 

functional annotation of these protein coding sequences, these sequences were searched by GGSERACH 167 

v36.3.8g in the FASTA package (https://fasta.bioch.virginia.edu/). Instead of Caenorhabditis elegans and 168 

Drosophila melanogaster which were used as references in Fanflow4Insects, functionally well-curated protein 169 

datasets of Arabidopsis thaliana, Oryza sativa, and Solanum lycopersicum, as well as UniProtKB/Swiss-Prot, 170 

Homo sapiens, and Mus musculus were used as a reference (Supplementary Table S1). The sequences were also 171 

searched by HMMSCAN in HMMER package v3.3.2 (http://hmmer.org/) against the hidden Markov model 172 

(HMM) profile libraries of Pfam database v35.0.46 173 

 174 

3. Results 175 

3.1. De novo assembly of red perilla cultivar Hoko-3 176 

We performed de novo assembly of the red perilla cultivar Hoko-3 (Fig. 1) from 72.4 Gb (57.5× coverage) of 177 

PacBio HiFi reads using Hifiasm. Hi-C (Omni-C) integrated assembly of Hifiasm was performed by combining 178 

the Omni-C reads and “--primary” option to generate primary and alternate contigs, as well as fully phased 179 

haplotype 1 and 2 contigs. We specified the homozygous coverage in the parameter setting of Hifiasm (--hom-180 

cov 55) because the default setting could misidentify the coverage threshold for homozygous reads. The Hifiasm 181 

outputs generated 317 primary contigs and 14,150 alternate contigs (Supplementary Table S2). K-mer 182 

evaluation using Merqury showed that fully phased haplotype 1 and 2 were almost identical (Supplementary 183 

Fig. S1); therefore, we did not distinguish the fully phased haplotypes for further analysis. Merqury analysis 184 

indicated high base accuracy (QV = 60.1) and completeness (98.3%) of the primary contigs (Supplementary 185 

Table S2). 186 
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Additionally, the Omni-C reads were mapped to the primary contigs, and then scaffolding was 187 

performed using SALSA2 to construct pseudochromosomes. A total of 298 scaffolds were generated from the 188 

319 primary contigs (two contigs were broken during the scaffolding), among which 25 were longer than 1 Mb 189 

(Supplementary Table S3). The 25 scaffolds (> 1 Mb) were aligned against the previously assembled 190 

chromosome-scale genome of green perilla cultivar PF4038 using MUMmer4 (Supplementary Fig. S2). Among 191 

the longest 20 scaffolds (scaffold_1–20), 19 (except for scaffold_19) covered each chromosome of the PF40 192 

genome. Scaffold_19 partially covered chromosome 15 of the PF40 genome, and two other scaffolds 193 

(scaffold_21 and 22) partially aligned with chromosome 15 of the PF40 genome (Supplementary Fig. S2). 194 

Similarly, Hi-C contact map indicated that the three scaffolds (scaffold_19, 21, and 22) corresponded to the 195 

same chromosome (Supplementary Fig. S3); therefore, the three scaffolds were combined based on their partial 196 

alignment to chromosome 15 of the PF40 genome. We renamed and sorted the scaffolds based on the alignment 197 

with the PF40 genome to construct 20 pseudochromosomes (Fig. 2). After removal of scaffolds predicted to be 198 

derived from mitochondria or chloroplast genome, we obtained 71 scaffolds with N50 of 63.3 Mb 199 

(Pfru_yukari_1.0; Table 1). The N50 value of the scaffolds was almost similar to that of the PF40 assembly; 200 

however, the N50 value of the contigs was 41.5 Mb, which was ten times more than that of the PF40 assembly 201 

(Table 1). Each of the 20 pseudochromosomes consisted of less than six contigs, of which seven 202 

pseudochromosomes consisted of only one contig, indicating a highly contiguous genome assembly 203 

(Supplementary Table S4). Additionally, 99.2 % of the assembly was assigned to 20 pseudochromosomes 204 

(Supplementary Table S4). Completeness of the genome assembly evaluated with benchmarking universal 205 

single-copy orthologs (BUSCO) (Manni et al., 2021) showed that the assembly achieved almost complete 206 

coverage of the BUSCO core gene sets (99.5% completeness) (Table 1). For the 14,150 alternate contigs 207 

produced by Hifiasm, we removed sequences predicted to be derived from mitochondria or chloroplast genome, 208 

and the obtained 12,627 contigs were deposited in DDBJ. 209 

 210 

3.2. Annotation of the Hoko-3 genome 211 

The length of repetitive sequences in the Hoko-3 genome was 866.7 Mb (68.84% of the genome) (Table 2). 212 

Long terminal repeat (LTR) elements accounted for 37.07% of the genome, with Copia and Gypsy constituting 213 

14.01 and 14.92%, respectively (Table 2). Gene annotation of the Hoko-3 genome was performed by merging 214 

the gene models generated by Iso-Seq and RNA-Seq data, and gene prediction using BRAKER2 in this order. 215 

A total of 86,258 gene models were predicted with the 98.7% BUSCO complete data (Table 3). Iso-Seq, RNA-216 

Seq, and  BRAKER2 alone gave 66.7%, 97.0%, and 98.5% of BUSCO completeness, respectively 217 

(Supplementary Table S5). Although the Iso-Seq alone gave fewer number of genes (19,452 genes) and lower 218 

BUSCO completeness from the 33,869 transcripts (Supplementary Table S5), the combination of the Iso-Seq 219 

and RNA-Seq gave higher BUSCO completeness (97.7%), and addition of the predicted model from BRAKER2 220 

achieved 98.7% BUSCO completeness (Table 3), suggesting that genes and isoforms identified in Iso-Seq 221 

contributed the higher completeness of the predicted gene models. The gene models were subjected to 222 

Fanflow4Plants, designed for the functional annotation of plant species based on Fanflow4Insects. Among the 223 
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86,258 gene models, 76,825 gene models were predicted as protein-coding genes, among which 72,983 gene 224 

models were annotated to at least one of the reference sequences in GGSERACH or pfam domain by 225 

HMMSCAN (Table 4). 226 

 227 

3.3. Identification of the genes related to specialized metabolites in Hoko-3 228 

As a practical example of genome editing target selection, enzyme coding genes in the anthocyanin biosynthetic 229 

pathway were studied. The major anthocyanin in P. frutescens is malonylshisonin, which is a glycosylated form 230 

of cyanidin.3 After the curation of the genes, the number of enzyme coding genes in the anthocyanin biosynthetic 231 

pathway in the genome were listed, including putative isoforms (Fig. 3, Supplementary Table S6). There were 232 

multiple copies of enzyme genes upstream of the pathway in the genome, but downstream enzyme genes were 233 

encoded in only a few locations in the genome. Based on this observation, it could be concluded that genes 234 

downstream of the pathway are most likely targets for genome editing to engineer the anthocyanin biosynthetic 235 

pathway in P. frutescens. 236 

 237 

4. Discussion 238 

Here, we generated a chromosome-level genome assembly of P. frutescens domesticated in Japan, using PacBio 239 

HiFi reads. Seven of the 20 pseudochromosomes were composed of only one contig, and the other 240 

pseudochromosomes were composed of not more than five contigs (Supplementary Table S4), indicating that 241 

the contigs generated from HiFi reads achieved a near-complete chromosome level. Recently, near-complete 242 

chromosome level assembly of Macadamia jansenii genome was generated from HiFi reads, with eight of the 243 

14 pseudochromosomes represented by a single large contig,25 which is comparable to our assembly. Although 244 

it is difficult to construct complete chromosomal-level genome assembly from HiFi read-only, it is now possible 245 

to obtain near-complete chromosome-level assembly simply by running a HiFi read assembler, including 246 

Hifiasm. Additionally, in the scaffolding process using Omni-C reads, chromosome 15 was separated into three 247 

scaffolds. This is possibly due to some structural differences preventing these scaffolds from joining into a 248 

single sequence. 249 

The number of gene models annotated in this study by combining two evidence-based annotations (Iso-250 

Seq and RNA-Seq) and the gene prediction method (BRAKER2) was 86,258 (Table 3), which is almost twice 251 

the previously assembled P. frutescens genome (43,527 genes)38 and close to the number of genes reported in 252 

another Lamiaceae tetraploid species Salvia splendens (88,489 genes).47 The gene models generated in the 253 

present study achieved extremely high BUSCO completeness (98.7%) (Table 3), indicating that the models 254 

could be valuable resources for gene functional analysis of P. frutescens. Furthermore, an annotation system 255 

named Fanflow4Plants was developed based on the Fanflow4Insects for the functional annotation of gene 256 

models.45 Only well-curated protein datasets were used as references in this system to obtain reliable functional 257 

annotations, including protein sequences of three plant species (Arabidopsis, rice, and tomato) and two 258 

mammalian species (human and mouse), as well as UniProtKB/Swiss-Prot. Overall, 72,339 of 76,825 (94.2%) 259 

protein-coding genes were functionally annotated to at least one of the reference sequences (Table 4). 260 
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Since P. frutescens is a rich source of several metabolites,1,8 metabolic engineering could be used to 261 

enhance the biosynthesis and accumulation of valuable compounds in this species. Although genome editing of 262 

P. frutescens has not yet been reported, recent advances have shown that genome editing could be done using 263 

Agrobacterium-mediated transformation.48 In the present study, potential targets of genome editing to 264 

manipulate the anthocyanin biosynthetic pathway were identified (Fig. 3). As anthocyanin and rosmarinic acid 265 

share the upstream biosynthetic pathway towards 4-coumaroyl-CoA, it could be possible to change the 266 

metabolic flux into the biosynthesis of rosmarinic acid by knocking down the specific pathway for anthocyanin 267 

biosynthesis. Similar approaches could be used to identify target genes to enhance the biosynthesis of 268 

perillaldehyde or other beneficial compounds by examining the functional annotation of this genome assembly. 269 

Additionally, further analysis showed that the P. frutescens cv. Hoko-3 possessed a highly homozygous genome 270 

(Supplementary Fig. S1), which could be due to the fact that P. frutescens is a self-fertilizing crop.49 This 271 

homozygosity would be beneficial for the selection of unique targets for genome editing. Overall, our genome 272 

assembly and annotation could serve as a unique resource for future genome editing studies of P. frutescens. 273 

  274 
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Tables 442 

Table 1. Statistics of the genome assembly of red perilla cultivar Hoko-3 (Pfru_yukari_1.0) in comparison with 443 

the previous assembly of the PF40 genome (ICMM_Pfru_2.0) 444 

 Pfru_yukari_1.0 ICMM_Pfru_2.0 
Total sequence length 1,258,994,547 1,234,370,464 
No. of pseudochromosomes 20 20 
No. of scaffolds 71 1,465 
Scaffold N50 63,334,402 62,644,896 
Scaffold L50 9 10 
No. of contigs 94 2,228 
Contig N50 41,459,669 2,738,655 
Contig L50 11 137 
Complete BUSCOa (%) 99.5 99.3 

Complete and single-copy (%) 4.1 6.3 
Complete and duplicated (%) 95.4 93.0 

aembryophyta_odb10 (eukaryota, 2020-09-10) dataset (1,614 total BUSCO groups) 445 

 446 

Table 2. Summary of repetitive elements in Pfru_yukari_1.0 447 

 Length occupied (bp) % of whole genome 
Retroelements 474,789,418 37.71 

LINEs 8,042,571 0.64 
LTR elements 466,746,847 37.07 

Copia 176,347,151 14.01 
Gypsy 187,848,187 14.92 
Others 102,551,509 8.15 

DNA transposons 50,983,076 4.04 
RC/Helitron 7,435,521 0.59 
Unclassified 313,615,583 24.91 
Total interspersed repeats 846,823,598 67.26 
Small RNA 2,844,362 0.23 
Low complexity 2,121,838 0.17 
Simple repeats 14,903,442 1.18 
Total 866,693,240 68.84 

 448 

Table 3. Summary of the annotated genes 449 

 Iso-Seq Iso-Seq 
RNA-Seq 

Iso-Seq 
RNA-Seq 
BRAKER2 

No. of genes 19,452 53,541 86,258 
No. of transcripts 33,869 88,890 121,996 
Complete BUSCOa 66.7% 97.7% 98.7% 

Complete and single-copy 26.5% 5.9% 5.3% 
Complete and duplicated 40.2% 91.8% 93.4% 

aembryophyta_odb10 (eukaryota, 2020-09-10) dataset (1,614 total BUSCO groups) 450 
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Table 4. Protein-level annotation of Pfru_yukari_1.0 453 

Annotation Category Annotation Level Gene count 
Protein homolog from tophit Arabidopsis 54,262 
 Rice 55,694 
 Tomato 59,044 
 Human 38,255 
 Mouse 36,099 
 UniProtKB/Swiss-Prot 52,566 
 At least one of the above 72,339 
No protein homolog Protein domain 644 
Total genes with protein-level 
annotation 

 72,983 

Hypothetical protein  3,842 
Total  76,825 
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Figure legends 456 

Figure 1. An image of the Perilla  frutescens cv. Hoko-3 used for genome sequencing 457 

Figure 2. Dot-plot alignment between this genome assembly and reference PF40 genome assembly. Blue dots 458 

represent +/+ strand alignments and red dots represent +/- strand alignments. The large (> 3 Mb) structural 459 

differences detected in this alignment are eight inversions (two in chr02 and 08, and one in chr06, 09, 10, and 460 

15), three gaps in PF40 genome (chr05, 08, and 16), and one rearrangement in chr04. 461 

Figure 3. The number of enzyme coding genes in the representative anthocyanin biosynthetic pathway of P. 462 

frutescens. PAL, phenylalanine ammonia-lyase; C4H, trans-cinnamate 4-monooxygenase; 4CL, 4-463 

coumarate:CoA ligase; CHS, chalcone synthase; CHI, chalcone-flavanone isomerase; F3H, flavanone 3-464 

hydroxylase; F3′H, flavonoid 3′-hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin 465 

dioxygenase. 466 

      467 

 468 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 10, 2022. ; https://doi.org/10.1101/2022.09.16.508052doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508052
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 10, 2022. ; https://doi.org/10.1101/2022.09.16.508052doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508052
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 10, 2022. ; https://doi.org/10.1101/2022.09.16.508052doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508052
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 10, 2022. ; https://doi.org/10.1101/2022.09.16.508052doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508052
http://creativecommons.org/licenses/by/4.0/

