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Abstract
Chimera plants are becoming popular due to their ornamental and aesthetic appeal. Here, we examined the complete plastid genomes
(plastomes) and 45S nuclear ribosomal DNAs (nrDNAs) from green and albino leaf tissues (GLT and ALT) of five Cornus cultivars (Cornus
florida Cherokee Daybreak and four Cornus kousa cultivars). We identified deleterious plastome mutations unique to the ALT of three
cultivars: a missense mutation (Y29D) in matK (Cherokee Daybreak) impairing transcript splicing, a 1-bp deletion in rpoB (Melanie), and a
7-bp tandem repeat insertion in ycf3 (Doudou). The latter two induced frameshifts and premature stop codons. Rutban and Tom Wood
exhibited identical GLT and ALT plastome sequences, and no 45S nrDNA variations were detected across any cultivars. Furthermore,
phylogenetic analyses clustered these cultivars within big-bracted dogwoods and resolved the maternal lineage of the hybrid Rutban as C.
florida, correcting prior ambiguities. We also developed five specific molecular markers (two intergenic high-resolution melting and three
gene-specific) that successfully discriminated these morphologically similar cultivars. These findings elucidate the diverse genetic
causes of albinism and highlight plastid super-barcoding for precision breeding.

INTRODUCTION
The genus Cornus (Cornaceae) is a valuable plant lineage in ornamental horticulture due to its diverse array of colors, appealing flowers,
and fruits[1–2]. This genus comprises approximately 60 distinct species, including the popular C. florida and C. kousa[3–4]. Cornus florida
has gained recognition as a model tree in various scientific fields while C. kousa has been naturalized in the United States (U.S.) from
Eastern Asia, primarily for its ornamental qualities and potential for hybridization with C. florida[5]. These two species have collectively
given rise to 80 and 70 cultivars, respectively, owing to their practical utility[6–7]. C. kousa is among the popular Cornus species
distributed in Korea, alongside C. officinalis, C. alba, C. walteri, C. macrophylla, and C. controversa5. C. kousa and C. florida are grouped
under the big-bracted dogwoods, one of the four major subgroups within the genus Cornus, which also includes cornelian cherries, dwarf
dogwoods, and blue- or white-fruited dogwoods. These groups are based on their distinct morphological characters and molecular
phylogenetic studies[8–10].

Notably, C. florida Cherokee Daybreak and certain C. kousa cultivars Doudou, Melanie, Tom Wood, and Rutban, exhibit chimeric
phenomena, displaying varied colors within the same leaves[11]. Many studies have explored various factors contributing to chimeric
occurrences, including genetic alterations in the nuclear genomes and plastomes, transposable genetic elements, graft-induced chimeras,
semigamy where male and female nuclei fail to fuse, and tissue culture synthesis of chimeric meristems[12–15].

Chimeras are closely related to the developmental stages and structures of shoot apical meristem (SAM) in dicotyledonous plants, which
mainly comprises three layers: L1 (epidermal), L2 (sub-epidermal), and L3 (inner tissues)[7, 13, 16]. Chimeric patterns can be categorized
as periclinal, mericlinal, or sectorial, depending on how heterogenomic cells are distributed across these layers[17–18]. Chimeras are
associated with irregularities in the biogenesis, regulation, and development of the chloroplast, which is central to photosynthesis[19–21].
The chloroplast genome contains genes essential for photosynthesis located in its large single-copy (LSC), small single-copy (SSC), and
two copies of inverted repeat (IR) regions. Plastomes are typically 115 to 165 kb in length, with each cell containing between 1,000 to
10,000 copies[22]. Plastome inheritance is typically maternal through three mechanisms: Lycopersicon, Solanum, and Triticum types,
which excludes plastids from generative cells during pollen mitosis, degrades plastids and/or their DNA during pollen maturation, and
eliminates paternal plastids during fertilization, respectively[23]. However, instances of plastid biparental inheritance have been reported,
especially in angiosperms[24–25]. Moreover, plastomes are predominantly paternally inherited in gymnosperms[26]. Different inheritance
patterns may be linked to a variegated phenotype and could be controlled by environmental and genetic factors[27–28].

Recent studies on ornamental chimeric plants showed that small deletion-mediated frameshift or single nucleotide substitution of plastid
genes influences photosystem function and chloroplast development[29] while in the variegated ornamental plant with albino sectors,
Dianella tasmanica[30], structural variation caused by intermolecular recombination generating a giant plastome was observed. Despite
these general insights, the precise genetic underpinnings of variegation in commercially significant Cornus cultivars and the development
of robust molecular tools for their authentication and lineage verification have been less comprehensively explored. Hence, we
investigated the possible genetic causes of the chimeric phenotypes in C. florida and four C. kousa cultivars through whole-genome
sequencing of their GLT and ALT. By assembling the plastome and 45S nrDNA and performing sequence variation and phylogenetic
analyses, we demonstrated how DNA super-barcoding can explain chimeric phenomena and verify the parentage of hybrids.

RESULTS
Assembly and annotation of plastome and 45S nrDNA in Cornus cultivars
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All Cornus cultivars used in this study showed a chimeric leaf pattern, characterized by a green center and distinctly colored margins
(Fig. 1a). The leaf margins were white in Melanie, pale green in Doudou and Rutban, and pale yellow in Cherokee Daybreak and Tom
Wood. Sequencing data for the plastome and 45S nrDNA were generated from the ALT and GLT of Cherokee Daybreak, Doudou, Melanie,
Rutban, and Tom Wood (Supplementary Table S1). Illumina MiSeq produced NGS data ranging from 1.0 to 1.6 Gb per sample. The
plastome coverage ranged from 230.17x to 626.94x, and 45S nrDNA coverage ranged from 249.85x to 970.52x (Supplementary Figure
S1). The difference in plastome average read depth was 1.5 to 2.2 times higher in ALT than in GLT in all C. kousa cultivars (Supplementary
Table S1). The lengths of the plastome regions varied among cultivars (Table 1; Supplementary Figure S2). LSC ranged from 86,598 bp to
86,780 bp, SSC from 18,270 bp to 18,455 bp, and the IR regions from 26,127 bp to 26,153 bp (Table 1).

Table 1
Plastomes and 45S nrDNAs characteristics of Cornus chimeric cultivars.

No. Scientific
name

Leaf
tissue

color

Plastid genome 45S nrDNA

Transcription
unit (bp)

  Genome
(bp)

LSC
(bp)

SSC
(bp)

IR (bp) No.
CDS

No.
pseudogene

No.
tRNA

No.
rRNA

CG%    

1 Cornus
florida

Cherokee
Daybreak

GLT 157,540 86,779 18,455 26,153 85 0 38 8 38.1 5,801

ALT 157,540 86,779 18,455 26,153 85 1 38 8 38.1 5,801

2 Cornus
kousa

Melanie

GLT 157,184 86,660 18,270 26,127 85 0 38 8 38.1 5,804

ALT 157,183 86,659 18,270 26,127 84 1 38 8 38.1 5,804

3 Cornus
kousa

Doudou

GLT 157,339 86,662 18,423 26,127 85 0 38 8 38.1 5,803

ALT 157,346 86,669 18,423 26,127 84 1 38 8 38.1 5,803

4 Cornus
kousa

Rutban
(Aurora®)

GLT 157,541 86,780 18,455 26,153 85 0 38 8 38.1 5,799

ALT 157,541 86,780 18,455 26,153 85 0 38 8 38.1 5,799

5 Cornus
kousa

Tom
Wood

GLT 157,283 86,598 18,431 26,127 85 0 38 8 38.1 5,803

ALT 157,283 86,598 18,431 26,127 85 0 38 8 38.1 5,803

Note: GLT, Green leaf tissue; ALT, Albino leaf tissue

Annotation of the assembled complete plastomes identified a total of 85 protein-coding sequences (Table 1; Supplementary Figure S2).
Among them, one putative pseudogene was identified in the ALT of the Cherokee Daybreak, Melanie, and Doudou, which were the matK,
rpoB and ycf3, respectively (Table 2; Fig. 1C). Additionally, 38 tRNAs, and eight rRNAs were identified (Table 1; Supplementary Figure S2).
To obtain the complete 45S nrDNA unit sequences, we selected the major assembled contigs and performed manual curation. The length
of one unit of 45S nrDNA ranged from 5,799 to 5,804 bp (Table 1).

Table 2. Plastid mutations and percentages of wild and mutant-type reads identified in three Cornus chimeric cultivars.
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No. Scientific
name

Gene Mutation Genotype Depth (Ratio)

Type Length Position/bp GLT ALT GLT ALT

Wild Mutant Wild Mutant

1 Cornus
florida

Cherokee
Daybreak

matK SNP 1bp 3,425 A C 346
(81.6%)

78
(18.3%)

76
(16.48%)

385
(82.8%)

2 Cornus
kousa

Melanie

rpoB Deletion 1bp 26,887 T - 111
(47.2%)

124
(52.8%)

8 (2.0%) 385
(98.0%)

3 Cornus
kousa

Doudou

ycf3 Insertion 7bp 45,697 - TCTGTAA 80
(37.9%)

131
(62.1%)

37 (8.8%) 384
(91.2%)

Note: GLT, Green leaf tissue; ALT, Albino leaf tissue

Analysis of plastid heteroplasmy and associated gene mutations
Sequence alignment of the GLT and ALT plastomes revealed two distinct groups among the Cornus cultivars. The plastomes of Rutban
and Tom Wood were homoplasmic, showing no variation between the two tissue types while Cherokee Daybreak, Melanie and Doudou
were heteroplasmic, with each showing a single, unique variation site (Fig. 1b and 1c, Table 2).

Specifically, the polymorphic site in Cherokee Daybreak was an A3425C nucleotide substitution in the matK gene that led to a Y29D
missense mutation (Fig. 1c-e; Supplementary Figure S3A). The PROVEAN analysis (Supplementary Table S2) predicted this amino acid
change to be deleterious (score = -4.690)[31]. The Melanie ALT plastomes exhibited a 1bp-deletion (A) at position 26,887 in the rpoB
plastid gene. This deletion caused a frameshift that resulted in a premature stop codon, producing a truncated protein of 223 amino acids
(Fig. 1c; Supplementary Figure S3B). The Doudou ALT plastome showed a 7bp-insertion (ATTACAG) in the ycf3 gene, starting at position
45,697. This insertion, which appears to be a tandem repeat, also induced a frameshift that truncated protein to 61 amino acids (Fig. 1c;
Supplementary Figure S3C). These mutations were absent from publicly available Cornus plastome sequences in the NCBI database,
indicating that they are novel variations specific to the ALT in these cultivars (Supplementary Figure S4).

Furthermore, we quantified the proportions of wild-type and mutant reads within each GLT and ALT of heteroplasmic cultivars by mapping
raw reads to their respective plastome sequences (Table 2). In the GLT, the percentage of mutant reads was 18.3% for Cherokee Daybreak,
52.8% for Melanie, and 62.1% for Doudou. In contrast, the mutant allele was prevalent in the ALT of all three cultivars, constituting over
80% of the total reads (Table 2).

Analysis of intra- and interspecific variation and phylogeny of plastome and 45S nrDNA
To assess the plastome diversity among the five Cornus cultivars, we identified SNPs and InDels by comparing their plastome sequences
(Table 3). The analysis revealed two distinct groups based on sequence variation. The first group, comprising Cherokee Daybreak and
Rutban, showed high similarity, with only 3–5 SNPs and 1 InDel differentiating their GLT and ALT. In contrast, this group was highly
divergent from the second group (Doudou, Melanie, and Tom Wood), from which they differed by 741–761 SNPs and 135–139 InDels.
Moderate variation was also observed among the members of the second group, which differed from each other by 24–74 SNPs and 12–
34 InDels.
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Table 3
Variations among Cornus florida and C. kousa cultivars plastome.

InDel CFC-
GLT

CFC-
ALT

CKR-
GLT

CKR-
ALT

CKM-GLT CKM-ALT CKT-
GLT

CKT-
ALT

CKD-
GLT

CKD-
ALT

SNP

CFC-GLT - 0 1 1 138 139 135 135 139 139

CFC-ALT 2 - 1 1 138 139 135 135 139 139

CKR-GLT 3 5 - 0 138 139 135 135 138 139

CKR-ALT 3 5 0 - 138 139 135 135 138 139

CKM-GLT 761 763 760 760 - 1 32 32 32 33

CKM-ALT 761 763 760 760 0 - 33 33 33 34

CKT-GLT 742 744 741 741 70 70 - 0 12 13

CKT-ALT 742 744 741 741 70 70 0 - 12 13

CKD-GLT 755 757 754 754 74 74 24 24 - 1

CKD-ALT 755 757 754 754 74 74 24 24 0 -

Note: CFC, C. florida Cherokee Daybreak; CKD, C. kousa Doudou; CKM, C. kousa Melanie; CKR, C. kousa Rutban; CKT, C. kousa Tom
Wood; GLT, Green leaf tissue; ALT, Albino leaf tissue; SNP, Single Nucleotide Polymorphism; InDel, Insertion/Deletion

A phylogenetic tree generated from the complete plastome sequences encompassing additional 27 Cornus species provided further
insight into these relationships (Fig. 2a). In this phylogenetic tree, the C. kousa cultivars were separated into different clades: Melanie
clustered with the reference C. kousa from NCBI, while Doudou and Tom Wood formed a distinct group that was sister to C. elliptica.
Notably, Cherokee Daybreak and Rutban formed a strongly supported monophyletic clade (89% bootstrap value), grouping 100% with the
other C. florida (NC_044820.1) under subgroup Cynoxylon, instead of the other C. kousa cultivars under the subgroup Syncarpea. These
findings were strongly corroborated by a separate phylogenetic analysis using the 45S nrDNA sequences (Fig. 2b). In this tree, Tom Wood
clustered with the reference C. kousa, while Melanie grouped with C. elliptica (83% bootstrap support), and Doudou was sister to them.
The analysis supported the position of Rutban, which once again clustered with C. florida with maximum bootstrap support (100%).

Molecular marker design and validation
Based on sequence variations among the C. florida and four C. kousa cultivars, two high-resolution melting (HRM) markers were designed
to discriminate between the group of Cherokee Daybreak and Rutban and the group of Doudou, Melanie, and Tom Wood (Supplementary
Table S3). The marker C_HRM1 was derived from an intergenic sequence (IGS) between matK and rps16 with product sizes of about 92–
99 bp. C_HRM2 was based on an IGS between psbZ and rps14, producing about 149–152 bp amplicons. As expected from the amplicon
size differences, the HRM analysis using C_HRM1 successfully separated the cultivars into two distinct clusters that corresponded to
these predefined groups (Fig. 3a). The analysis using C_HRM2 also generated five distinct melting profiles, grouping the cultivars
individually (Fig. 3b). Results of the three designed specific genic markers (matK, rpoB, and ycf3) showed successful discrimination of the
GLT and ALT. CF_1 marker, specific for the matK nucleotide substitution, differentiated GLT (CFC_G, 78.5 ℃) and ALT (CFC_W, 78.15 ℃)
of Cherokee Daybreak (Fig. 3c), and the clustering of melting temperature for all C. kousa cultivars (CK, 78.30 ℃). CK_1, an HRM
designed specifically for a single nucleotide deletion in the rpoB of the Melanie ALT had a peak at 78.10 ℃ (CKM_W) compared to the GLT
(CKM_G, 78.00 ℃) and the cluster of Cherokee Daybreak (CF) and other C. kousa cultivars (CK) (78.2 ℃) (Fig. 3d). CK_2 was designed to
detect the 7-bp insertion in ycf3 at the Doudou ALT. Results of the endpoint PCR showed 247 bp band for the Doudou ALT while 240 bp
band for Doudou GLT and the other cultivars (Fig. 3e). These markers can be used to correctly identify these C. florida and C. kousa
cultivars, since reports of mislabeling and mishandling of private breeders and sellers had been reported[32–33].

DISCUSSION

Albino genes in the plastome of chimeric plants
Our comprehensive whole-genome sequencing enabled the determination of both the complete plastomes and 45S nrDNA sequences of
the C. florida and four C. kousa cultivars. While no variations were detected between GLT and ALT in the 45S nrDNA in all cultivars,
heteroplasmic plastomes were identified in Cherokee Daybreak, Melanie, and Doudou with three plastid genes, matK, rpoB, and ycf3,
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respectively (Fig. 1; Supplementary Figure S3). Rutban and Tom Wood exhibited no variations between the GLT and ALT in their
plastomes. A similar previous study reported some heteroplasmic plastomes and mutated genes including rpoB and ycf3 among chimeric
plants29. These mutations induced frameshift and premature stop codon, leading to the pseudogenization of the genes, resulting in the
observed albino phenotype (Supplementary Figure S3A-B). In white barley mutant albostrians[34], matK plays a crucial role in chloroplast
function and intron excision. In tobacco, pull-down assays linked matK to seven group IIA introns[35] like those identified in albostrians, its
overexpression caused a variegated cotyledon development phenotype, and its complete knockout has failed as it was lethal[36],
indicating the essential role of matK in plant survival.

A nucleotide substitution in the 3425th position of the Cherokee Daybreak GLT and ALT led to a missense mutation, affecting the
MatK/TrnK N-terminal region (Fig. 1c-e; Supplementary Figure S3A). This mutation affects the interaction between the amino acids,
potentially leading to a different protein conformation. MatK proteins are encoded by the trnK intron in land plants and act as a general
splicing factor for multiple group IIA introns in chloroplasts[37–38]. A recent study reported the structural interaction of MatK protein with
MATURASE K INTERACTING PROTEIN1 (MKIP1), a crucial step for plastidial intron splicing[39]. Defects in MatK function can lead to
severe splicing impairments, resulting in defective chloroplast development and function, often manifesting as an albino phenotype due
to impaired photosynthesis[36, 40]. The rpoB gene product, the β subunit, is part of a larger multi-subunit complex of PEP, which plays a
crucial role in transcribing all photosynthesis-related genes in chloroplast genomes during plant development[41–46]. The rpoB mutation
in the ALT of the Melanie cultivar resulted in the deletion of essential rpoB domains, including several RNA polymerase Rpb2 domains and
binding sites leading to an improper assembly and dysfunctional PEP (Supplementary Figure S3B). The ycf3 plastid gene, with an
observed mutation in the ALT of the Doudou cultivar, encodes an essential chaperone-like protein for photosystem I (PSI) formation[47–
49] through tetratricopeptide repeat (TPR) domains, a degenerate 34-amino acid consensus sequence frequently repeated in tandem
arrays[50]. The 7-bp insertion at the ycf3 gene of the ALT of the Doudou cultivar led to an internal stop codon producing only 60 amino
acids compared to the GLT with 168 residues. Protein classification and analysis revealed that this incomplete transcription led to the
non-expression of the conserved three TPR domains in the Doudou ALT, potentially limiting PSI biogenesis and affected chloroplast
development in these ycf3-mutant tissue regions (Supplementary Figure S3C).

The biased distribution of plastids in Melanie and Doudou likely influences the expression of their chimeric phenotypes. Specifically, their
GLT were heteroplasmic, containing a balanced mix of wild-type and mutant plastomes. In contrast, their ALT were nearly homoplasmic
due to a heavily biased accumulation of mutant plastomes (Table 3). This differential accumulation within an individual plant can be
attributed to the 'sorting-out' process, where random segregation of plastids during cell division leads to varied plastid compositions in
different tissues[27].

Phylogenetic relationships and marker development in C. kousa cultivars

Among the C. kousa species used in the phylogenetic tree reconstruction, most of the C. kousa cultivars clustered together, except for
Rutban cultivar grouping closely with C. florida Cherokee Daybreak and C. florida (NC_044820.1) (Fig. 3). Interestingly, Cornus kousa
Rutban, the only hybrid cultivar under investigation, originated from crossbreeding C. kousa 'K2' (maternal) and C. florida springtime
(paternal), which is one of the Cornus × rutgersensis cultivars[7, 51]. From this background, however, the phylogenetic result suggests
incongruence with the maternal inheritance pattern for the plastome. We further investigated this inference by conducting read mapping
on the assembled Rutban cultivar plastid sequence using the public data of C. kousa ‘K2’ (SRR23225011) and C. florida springtime
(SRR23224781). The coverage of C. florida springtime (172.76x) was higher than C. kousa 'K2' (120.96x). Given this result, Rutban has C.
florida as its maternal source, and the potential occurrence of misidentification, mislabeling, or any errors in handling during hybridization
may have occured. Several reports mentioned the possible mix-ups of these morphologically similar Cornus species[32–33]. Here, we
have shown that DNA super-barcoding is a practical and essential tool for detection and authentication[52].

Additionally, we aimed to precisely identify cultivars within the genus Cornus by designing new HRM markers. With correct identification
and authentication, these results can append the current population structure and genetic variations of Cornus cultivars. We presented
another layer of plastome-based variations leading to the chimeric phenomena in plants, specifically using C. florida and C. kousa
cultivars. This paper showcased the diverse and equally accurate use of low-coverage NGS data to build the plastome and 45S nrDNA in
performing genetic diversity and evolutionary studies.

MATERIALS AND METHODS

Sample collection and sequencing
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A total of five Cornus cultivars (C. florida Cherokee Daybreak and C. kousa Doudou, Melanie, Rutban, and Tom Wood) were collected from
the Hantaek Botanical Garden, Yongin, Gyeonggi-do, the Republic of Korea (http://www.hantaek.co.kr/) under the permission of and
assisted by the garden authority (Fig. 1a). Each GLT and ALT were isolated from the same leaf using scissors and then ground using a
mortar and pestle in liquid nitrogen. Genomic DNA was extracted using a GeneAll PLANT SV DNA Extraction kit (GeneAll Biotechnology,
Seoul, Republic of Korea) following the manufacturer’s instructions. The quality and concentration of the extracted DNA were determined
with a UV spectrophotometer (Nanodrop ND-1000; Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis. The
genomic DNA from GLT and ALT was used for paired-end library construction and next-generation sequencing (NGS) using the Illumina
MiSeq platform (Illumina, USA) at Phyzen (www.phyzen.com, Seongnam, South Korea).

Plastome analysis and functional characterization of matK, rpoB and ycf3

High-quality paired-end reads were used for the de novo assembly of the complete plastome and 45S nrDNA sequences following the de
novo assembly of low coverage WGS (dnaLCW) method[53–54] using a CLC genome assembler (ver. 4.21.104315, CLC Inc., Aarhus,
Denmark). Raw paired-end reads were trimmed by CLC quality trim software with an offset of quality score value 33. The trimmed reads
were then assembled de novo with an overlap distance ranging from 150 to 500 bp and a set window size of 32 for plastome and 64 for
45S nrDNA. The initial contigs were extracted by MUMmer and BLASTZ[55–56], subsequently arranged, and merged into a single draft
sequence by comparison to the reference plastome from C. florida (NC_044820.1) and C. kousa (NC_044818.1) sequences from the
National Center for Biotechnological Information (NCBI) database and reference 45S nrDNA sequence from Deutzia scabra
(SRR14570892). For assembly validation, raw reads were remapped to the final assembled sequences utilizing an integrated mapping
tool (clc_mapper) within the CLC assembly cell. BWA v.0.7.17-r118857[59] and samtools v.1.2258[58] generated the coverage data and
visualized using a custom R script 4.3.059[59] with libraries ggplot2 4.0.360[60], dplyr 1.2.161[61], zoo 1.8–1562[62], and patchwork
1.3.263[63].

The resulting plastome sequences were annotated using GeSeq (https://chlorobox.mpimp-golm.mpg.de/geseq.html)[64] and manually
corrected using the Artemis program[65]. Circular maps of the plastome were generated initially using the OGDRAW program
(https://chlorobox.mpimpgolm.mpg.de/OGDraw.html)[66] and Chloroplot[67], both manually modified in Keynote [v.14.4 (7043.0.93),
USA]. The 45S nrDNA region, including 18S, 5.8S, 26S, and two internal transcribed spacer (ITS) regions, was annotated using a
RNAmmer[68], and BLASTN (https://blast.ncbi.nlm.nih.gov/)[69].

DNA and protein sequences of matK, rpoB and ycf3 from GLT and ALT of Cherokee Daybreak, Melanie, and Doudou cultivars, respectively,
were extracted using the Artemis program v.18.2.064. AlphaFold Protein Structure and Database (AFDB)[70] was used to predict protein
structure models (https://alphafold.ebi.ac.uk) based on available matK (AF-A0A481WER4-F1-v4) for C. florida, and rpoB (AF-
A0A5C0Q5B1-F1-v4) and ycf3 (AF-A0A5C0Q6P5-F1-v4) for C. kousa. Similarly, SWISS-MODEL[71], accessed via the Expasy web server
(https://swissmodel.expasy.org) was utilized for protein structure homology modeling. InterPro version 102.0[72] provided an integrative
classification of protein sequences into families and identified functionally important domains and conserved sites[73]. PEP-PAP
complex and PSI assembly protein models were downloaded from RCSB Protein Data Bank (RCSB PDB) (https://www.rcsb.org). MatK
GLT and ALT protein pdb files were visualized using the web program Molstar-based Protein Visualizer (https://stevenyuyy.us/protein-
viewer/), and the images exported were illustrated in Keynote [version 14.4 (7043.0.93), USA]. PROVEAN v1.1.3 (Protein Variation Effect
Analyzer)[31], a software tool which can predict the effects of an amino acid substitution was utilized for matK protein of Cherokee
Daybreak GLT and ALT.

Comparative and phylogenetic analyses of plastomes and 45S nrDNA
The assembled plastome sequences between GLT and ALT of the same individuals were aligned and compared using MAFFT 7.520[74] to
identify sequence variations. For phylogenetic analysis, newly assembled plastome sequences of C. florida and C. kousa cultivars and
other 27 Cornus species were downloaded from NCBI GenBank and the plastome sequence of Alangium kurzii (NC_044826.1) was
included as an outgroup. Based on the aligned plastome sequences, phylogenetic analysis was performed using the Maximum likelihood
(ML) method with 1000 bootstrap replications using the IQ-TREE[75] and visualized in FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/). Similarly, the 45S nrDNA of C. florida and C. kousa cultivars with five other Cornus species
were retrieved from NCBI GenBank, and the 45S nrDNA of Alangium barbatum (SRR7122029) was utilized as an outgroup.

2.4. Molecular marker development for cultivar identification of Cornus kousa

Insertions/deletions (InDels) and single nucleotide polymorphisms (SNPs) in the plastomes of Cherokee Daybreak, Doudou, Melanie,
Rutban, and Tom Wood were examined by aligning all the GLT and ALT sequences in MAFFT 7.52074. SNPs and InDels were manually
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curated following alignment. To develop molecular markers, two intergenic sequence sites and three specific genic sequences (matK,
rpoB, and ycf3) were utilized to design and generate primers for high-resolution melting (HRM) analysis and end-point PCR. Primers were
designed using Primer-BLAST[76]. The newly designed markers were applied to the same samples used for NGS to check their
intraspecific and interspecific polymorphisms.

The plastome-based HRM analysis was performed using a LightCycler 96 Real-time PCR Machine (Roche Applied Science, Indianapolis,
United States) under the following cycling program: pre-denaturation at 95℃ for 10 min; 45 cycles of 95℃ for 20 s, annealing at 58℃ for
20 s, extension at 72℃ for 20 s, and high-resolution melting at 95℃ for 1 min, 65℃ for 1 s. The reaction was conducted in 20-uL
reactions containing 1 unit of Taq DNA polymerase (Inclone Biotech Co, Yongin, Republic of Korea) or 0.2 uL of Inclone™ Taq polymerase
(5 U/uL), 1uL of DNA template (25 ng/uL), 2 uL of 10× Inclone Taq run buffer, 0.4 uL of dNTP mixture (each 10 mM), 0.2 uL of Inclone™
Taq polymerase (5 U/uL), 1 uL of syto9 (2.5 uM) (Invitrogen, Seoul, Republic of Korea).
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Figure 1

Chimeric plant materials, gene loci, sequence variations, and protein models between the plastomes of green (GLT) and albino leaf
tissues (ALT) of Cornus florida Cherokee Daybreak and two C. kousa cultivars, Melanie and Doudou. (A) Samples and representative
chimeric leaves of 1-C. florida Cherokee Daybreak, 2-C. kousa Melanie, 3-C. kousa Doudou, 4-C. kousa Rutban, 5-C. kousa Tom Wood; Inset
(top right): zoomed image of a single chimeric leaf; (B) Representative circular plastome map showing the specific location of matK (1,
orange), rpoB (2, light blue), and ycf3 (3, light red). Arrows indicate the location, color the type of sequence variations between GLT and
ALT in their plastome; SNP, single nucleotide polymorphism; InDel, Insertion/Deletion; (C) Partial DNA sequence alignment displaying
variation and corresponding amino acid alteration between GLT and ALT in matK, rpoB, and ycf3, respectively. The numbers and colors are
the same as in Fig. 1b; (D) C. florida Cherokee Daybreak matK amino acid sequence in GLT and (E) in ALT. A zoom of amino acid
sequences with emphasis on position 29, TYR = tyrosine and ASP = aspartic acid, and their altered structural conformation.
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Figure 2

Plastome and 45S nrDNA-based trees of genus Cornus. (A) Phylogenetic trees were generated based on complete plastomes and (B)
45S nrDNA sequences. The numbers on the nodes indicate bootstrap support values of 1000 replications. Red, newly assembled.

Figure 3

Page 13/14



Marker authentication and validation of Cornus cultivars.

(A) C_HRM1 marker using matK-rpo16 region; (B) C_HRM2 marker using psbZ-rps14 region; (C) CF_1 marker using matK gene; (D) CK_1
marker using rpoB gene; (E) CK_2 marker using ycf3 gene. A-D, normalized melting peaks of High-Resolution Melting (HRM) analysis; E,
gel-based end-point PCR. Note: CFC, C. florida Cherokee Daybreak; CFC-GLT, C. florida Cherokee Daybreak green leaf tissue; CFC-ALT, C.
florida Cherokee Daybreak albino leaf tissue; CK, all Cornus kousa cultivars; CKD, C. kousa Doudou; CKD-GLT, C. kousa Doudou green leaf
tissue; CKD-ALT C. kousa Doudou albino leaf tissue; CKM, C. kousa Melanie; CKM-GLT, C. kousa Melanie green leaf tissue; CKM-ALT, C.
kousa Melanie albino leaf tissue; CKT, C. kousa Tom Wood; CKR, C. kousa  Rutban.
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