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Summary
Numerous staple crops exhibit polyploidy and are difficult to genetically modify. However, recent

advances in genome sequencing and editing have enabled polyploid genome engineering. The

hexaploid black nightshade species Solanum nigrum has immense potential as a beneficial food

supplement. We assembled its genome at the scaffold level. After functional annotations, we

identified homoeologous gene sets, with similar sequence and expression profiles, based on

comparative analyses of orthologous genes with close diploid relatives Solanum americanum and

S. lycopersicum. Using CRISPR-Cas9-mediated mutagenesis, we generated various mutation

combinations in homoeologous genes. Multiple mutants showed quantitative phenotypic

changes based on the genotype, resulting in a broad-spectrum effect on the quantitative traits of

hexaploid S. nigrum. Furthermore, we successfully improved the fruit productivity of Boranong,

an orphan cultivar of S. nigrum suggesting that engineering homoeologous genes could be

useful for agricultural improvement of polyploid crops.

Introduction

Polyploidy is commonly observed in flowering plants and can

contribute to plant speciation (Leitch and Leitch, 2008; Wen-

del, 2000). Staple crops such as wheat, potatoes and rapeseed are

polyploid (Comai, 2005). Despite the disadvantages conferred by

chromosomal instabilities, the resulting gene dosage changes

provide gene redundancy and protect from deleterious mutations

(Comai, 2005). However, polyploid genome sequencing and

assembly is still challenging due to its genome size and the

presence of duplicated sequences. Improvements in current

sequencing technology and genome assembly tools make poly-

ploid genome analysis more feasible (Weeks, 2017). In addition,

using the Clustered Regularly Interspaced Short Palindromic

Repeats (CRISPR)-Cas9 system, we could perform targeted

mutagenesis, which also aids in the genome engineering of

polyploids.

Solanum nigrum is a naturally occurring hexaploid black

nightshade belonging to the Solanaceae family; its fruit

contains beneficial metabolites, including anthocyanins, and

has great potential as a human health supplement (Edmonds

and Chweya, 1997; Jabamalairaj et al., 2019). Solanum nigrum

is evolutionarily close to tomato (Solanum lycopersicum;

Edmonds and Chweya, 1997); indeed, it has small berry fruits

and can tolerate environmental stress, like ancient wild tomato

species (Blanca et al., 2015). As the genetic changes during

tomato domestication have been extensively studied, de novo

domestication to improve and optimize agricultural traits such

as fruit yield could be achieved by genetic modification of wild

species in the Solanaceae family (Zs€og€on et al., 2018). More-

over, specific genes involved in quantitative traits (QT)

regulation have been identified to improve tomatoes (Rodr�ı-

guez-Leal et al., 2017; Soyk et al., 2020). These genes can

generate genetic dosage effects that induce QTs through three
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possible mechanisms: (i) conventional dosage by the knockout

allele showing hybrid vigour in heterozygotes, (ii) expressional

dosage of the gene by promoter editing and (iii) functional

dosage by paralogous gene compensation. For example, SINGLE

FLOWER TRUSS (SFT) was the first identified single overdom-

inant gene, where the heterozygous loss-of-function alleles (sft/

+) increase fruit yield compared to the wild type or the sft

knockout mutant (Krieger et al., 2010). Additionally, heterozy-

gous COMPOUND INFLORESCENCE (S) gene (s/+) also results in

increased yield (Lippman et al., 2008; Park et al., 2012; Soyk

et al., 2017) and promoter editing of S and SELF PRUNING (SP)

generates diverse cis-regulatory alleles that provide beneficial

quantitative variation (Rodr�ıguez-Leal et al., 2017). Recently,

CLV3/EMBRYO-SURROUNDING REGION-RELATED 9 (CLE9), a

paralog of tomato CLAVATA3 (CLV3), was found to partially

compensate for the clv3 mutation in the reproductive organ

development, suggesting a possible QT contribution (Kwon

et al., 2022). In diploid species, it is difficult to generate a

broad spectrum of QT by single gene editing due to limited

genetic resources. However, in polyploid species, it is possible

given the increased copy numbers of QT-related genes as

homoeologous genes. We hypothesized we could generate a

fine-scale quantitative variation by modulating genetic dosages

through gene editing. Taking advantage of CRISPR-Cas9

system, we were able to fine-tune the genetic and/or functional

dosage of the target genes and select trait-optimized polyploid

plant lines.

To engineer a polyploid genome for crop improvement,

genomic information must be obtained. Although a molecular

analysis of the fruit metabolite regulation is performed based on

the transcriptome (Heo et al., 2022), the whole genome of

hexaploid S. nigrum was not previously defined. In this study, we

sequenced and assembled the S. nigrum genome. After func-

tional annotation of the genome information in comparison with

the diploid relatives Solanum americanum and S. lycopersicum,

we identified and analysed homoeologs in S. nigrum. Through

homoeologs editing, we validated the effects of genetic dosage

on QT and modified a regional crop cultivar of S. nigrum. Taken

together, this study provides a broadly applicable path for

engineering polyploid crops.

Results

Hexaploid S. nigrum and its closely related diploid
S. americanum

With respect to shoot architecture, the hexaploid S. nigrum and

diploid S. americanum (SP2273, Figure 1a) showed a similar

indeterminate (ID) growth pattern with the same sympodial index

(SI = 2). We intercrossed these species, and F1 hybrid plants

produced fertile reproductive organs (Figure S1). Additionally,

Figure 1 Evolutionary closeness between hexaploid Solanum nigrum and diploid Solanum americanum. (a) Sympodial shoot structures and ripe fruits

(inset) of S. nigrum (accession NIBRGR0000189638) and S. americanum (accession SP2273), respectively. Red arrowheads indicate inflorescence. Bracket

and number represent the interval between inflorescences and leaf numbers on each sympodial unit. ID, indeterminate growth. (b) Phylogenetic tree of

chloroplast cDNA sequences from various Solanaceae species. The black number denotes the bootstrap of each node. The red number indicates the

estimated divergence time (million years ago, myr). Oryza sativa was used as an outgroup control. (c) FisH karyotypes of S. americanum and S. nigrum. The

numbers above indicate the chromosome number. Green and red signals indicate sequence-specific barcode-probing regions based on the S. americanum

chromosome. Purple and blue signals indicate 5S rDNA and 45S rDNA, respectively. Scale bar, 10 lm. (d) Evolution tree constructed using synteny block

analysis in Solanaceae family. The black number denotes the bootstrap of each node, and the red number indicates the estimated divergence time (myr)

based on Ks values on the blocks. T means genome triplication event generating three genomic contents in S. nigrum.
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interspecific crossing of S. nigrum with another ecotype

S. americanum (SP2275) generated fertile F1 hybrids (Figure S1),

suggesting that the two species were sufficiently close. To further

confirm the evolutionary proximity, we constructed a phylogenetic

tree based on the chloroplast cDNA sequences of selected

Solanaceae species (Table S1). As shown in Figure 1b, S. nigrum

and S. americanumwere the closest relatives and are more distant

from tomato (S. lycopersicum) and potato (S. tuberosum).

Since the whole-genome sequencing of S. americanum was

completed at the chromosomal level (Lin et al., 2022), we

attempted to verify the chromosomal similarity using

chromosome-scale oligo-FisH (Fluorescence in situ Hybridization)

(Waminal et al., 2018). We designed barcode probes to identify

all 12 S. americanum chromosomes and performed FisH karyo-

typing of S. nigrum using these probes. FisH signals were spread

throughout the 72 chromosomes in S. nigrum and there were no

blank chromosomes (Figure 1c and Figure S2), indicating the

practical utility of S. americanum-derived chromosome barcode

libraries for S. nigrum. Eleven out of the 12 chromosome

segments of S. americanum appear to remain intact in at least

one set of S. nigrum chromosomes, and the remaining segments

showed some variation, possibly resulting from either genomic

rearrangement or with closely related ancestral species chromo-

somes during evolution (Figure 1c). The chromosome composi-

tions of the two species were calculated and counted, showing

three-fold differences, consistent with the ploidy level (Table S2).

Taken together, the hexaploid S. nigrum may have evolved from

its diploid ancestor, S. americanum acting as a suitable diploid

standard for the polyploid black nightshade species study.

Genome assembly and gene annotation in S. nigrum

To obtain genomic information of hexaploid S. nigrum (accession

NIBRGR0000189638), we generated a sequencing read assembly

of high-quality PacBio long reads (309) and Illumina short

reads (909; Table S3, Figure S3). To increase the contig size, the

initial genome was scaffolded using high-quality 109 Genomics

linked reads (499; Table S3). The final S. nigrum consists of

8292 scaffolds with an N50 of 2.8 Mb and a total size of 2.9

Gb (Table S4). To perform a comparative analysis between

S. americanum and S. nigrum, we re-annotated the

S. americanum gene using the same annotation pipeline with

S. nigrum. Combining gene evidence from ab initio predictions,

ESTs, transcripts, and protein alignments, a total of 36 920 and

101 945 gene models in S. americanum and S. nigrum, respec-

tively, were annotated with overall benchmarking universal single-

copy orthologs (BUSCO) completeness score of 91.9% and 95.9%

in S. americanum and S. nigrum, respectively (Table 1, Tables S5

and S6). The gene models were further validated using annotation

edit distance (AED). The cumulative AED plots of both species

showed high concordance between the gene prediction and

transcript/protein evidence (Figure S4). Repetitive sequences

comprised 79.1%and 80.0%of the S. americanum and S. nigrum

assembly with long terminal repeat (LTR) retrotransposons as the

most abundant class (Table S7).Moreover, 90%of thegenemodels

of both species were functionally annotated using representative

databases (Data S1). The complete process of genome sequencing,

assembly, and functional annotation of the hexaploid S. nigrum is

described in the supplementary information.

Genome evolution and triplication in S. nigrum

As we could not successfully establish the S. nigrum genome at

the chromosomal level without chromosome conformation

capture, it was difficult to identify structural variations between

the two species. Instead, we identified 225 synteny blocks from

S. nigrum scaffolds by comparing the genomic sequences of the

Solanaceae family to analyse the S. nigrum evolution. We

calculated Ks values of the genes in the identified synteny blocks

and estimated diversification timing (Figure 1d). We inferred that

the S. nigrum genome underwent genome triplication after the

diversification from potato and tomato (~13.95 Myr ago); possibly

before S. americanum speciation was completed (range 2.88–
6.96 Myr ago, Figure 1d and Table S8). We aligned all scaffolds of

S. nigrum to each chromosome of S. americanum and verified

that 1069 scaffolds of S. nigrum were aligned and covered most

of the S. americanum genome (Figure S5). The read coverage

depth of the aligned scaffolds on S. americanum chromosomes

was nearly 3.0 (Figure S6). Together with the FisH results in

Figure 1c, we can assume that most of the genome parts of

S. americanum are conserved and triplicated in S. nigrum with

some variation; thus, S. nigrum might have approximately three

homoeologous genes orthologous to the genes in S. americanum.

Identification and characterization of the orthologous
gene groups in S. americanum and S. nigrum

To characterize homoeologous genes in S. nigrum, we defined

orthologous gene groups using Ortholog MAtrix (OMA; Train

et al., 2017) based on the tomato genome. A total of 17 929

hierarchical orthologous gene groups (HOGs) were shared gene

groups among the three species, and 30 187 gene groups were

found between S. americanum and S. nigrum (Figure 2a).

Average gene numbers in HOGs were 1.1 and 2.8 in

S. americanum and S. nigrum, respectively, which is consistent

with the genome triplication of S. nigrum (Figure 2b and

Figure S7). To investigate how well these orthologous genes

were conserved, we analysed pairwise nucleotide sequence

polymorphisms in various Solanaceae species (Figure 2c). Single

nucleotide variations (SNVs) were mainly observed, and insertion

and deletion events were rarely observed in any of the tested

pairs. The number of polymorphic events was the lowest between

S. lycopersicum and S. pimpinellifolium, the closest ancestor of

tomato (Blanca et al., 2015), and the highest between

S. lycopersicum and C. annuum, which reflects the evolutionary

distance. As S. nigrum has orthologous gene triplicates, we

mainly focused on the triads in S. nigrum and classified them

into three homoeologous gene groups (Sn1, Sn2 and Sn3).

Sn1 showed the least polymorphisms in the orthologs of

S. americanum (Sa), implying that one set of homoeologous

genes in S. nigrum might have been derived from S. americanum

Table 1 Summary of genome assembly of Solanum americanum and

Solanum nigrum.

S. americanum S. nigrum

Number of scaffolds 100 8292

Total length of scaffolds 1.0 Gb 2.9 Gb

N50 of scaffolds 86.1 Mb 2.8 Mb

Longest/shortest scaffold length 110.3 Mb/5.0 Kb 14.9 Mb/1.1 Kb

GC content 36.2% 36.3%

Number of genes 36 920 101 945

Average/total gene length 3.8 Kb/44.6 Mb 3.7 Kb/120.0 Mb

Average exon/intron length 268 bp/746 bp 266 bp/747 bp

Total length of repetitive sequences 0.8 Gb (79.1%) 2.3 Gb (80.0%)
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(Figure 2c). To determine the nucleotide polymorphism effects,

we calculated the nonsynonymous substitutions (dN) rate in the

protein sequences of each orthologous/homoeologous pair.

Consistent with the polymorphism data, dN values were relatively

low in homoeologous pairs of S. nigrum compared to those in

inter-species pairs (Figure 2d). Although the dN/dS ratio could not

be calculated, as the dS values were very low (near zero), the dN

and dS plots further confirmed the evolutionary closeness of the

intra-species protein functions (Figure S8).

We then investigated whether the expression patterns of

orthologous genes were conserved. To test this hypothesis, we

performed mRNA-Seq using tissue samples from various stages of

S. americanum and S. nigrum. Despite differences in the actual

growth speed (Figure S9); the morphological phenotypes at the

sampling stages were similar (Figure 2e). The mRNA-Seq reads

were processed (Table S9) and validated using principal compo-

nent analysis (PCA; Figure S10). We then calculated the

correlation coefficients (r) of spatiotemporal expression profiles

of orthologous genes pairwise together with public tomato-gene

expression data (Lemmon et al., 2016; Sato et al., 2012). The

correlations of expression patterns in S. nigrum homoeologous

gene pairs were higher than any other orthologous pairs

(Figure 2f), suggesting that the expression regulation of

triplicated homoeologous genes was highly conserved within

the species. Interestingly, even though the number of poly-

morphisms in Sn1–3 homoeologous gene pairs was similar to that
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in Sa (Figure 2c,d), expression correlations were much higher in

Sn homoeologous genes. To test whether this was due to

algorithmic bias from high sequence similarity, we manually

analysed the RNA-seq results using uniquely mapped reads. The

expression profiles of the unique reads were comparable to the in

silico results (Figure S11), therefore, strong correlations among

homoeologous gene expression are characteristic of polyploid

gene expression, probably because of conserved promoter

sequences in the same plant (Figure S12). To further examine

the expression correlations of individual genes of interest, we

selected three orthologous genes to tomato S, SP and CLE9 which

exist as triads, and one orthologous to tomato CLV3 which is a

quartet in S. nigrum. Since these genes play essential roles in the

development and maintenance of shoot meristems in tomato

(Kwon et al., 2022; Park et al., 2014; Soyk et al., 2017), their

expression patterns are highly conserved in Solanum species

(Figure 2g). We validated the expression profiles of the genes of

interest using qRT-PCR, followed by targeted sequencing,

revealing similar expression patterns (Figure S11). The spatial

expression of S and SP orthologs in S. americanum was similar to

S. lycopersicum, as confirmed by RNA in situ hybridization

(Figure S13). Taken together, these results suggest that essential

genes involved in growth and development may be functionally

conserved. These findings led us to investigate characteristics of

highly correlated genes (r ≥ 0.8) and noncorrelated genes

(�0.2 < r < 0.2) through Gene Ontology (GO) analysis. GO

terms related to the cell cycle and reproduction were enriched

in highly correlated gene sets (Figure 2h), whereas no significant

enrichment of GO terms was observed in a relatively small

number of noncorrelated genes (Figure 2i).

CRISPR-Cas9-mediated gene editing enables
quantitative genetic variation in hexaploid genome

Based on the finding that the genome is triplicated and that most

of the orthologs exist as triads in hexaploids, we hypothesized

that if we engineer genes determining quantitative traits for

agricultural properties, we could generate more variable geno-

types showing a broader range of agricultural phenotypes in

hexaploids than in diploids. Given that S, SP, CLV3 and CLE9

genes are well characterized and are known to regulate fruit

development and yield in S. lycopersicum (Kwon et al., 2022;

Park et al., 2014; Soyk et al., 2017), we focused on these genes in

S. americanum and S. nigrum. According to the phylogenetic

trees of these gene products, the black nightshade ortholog

seemed to be diverse from the tomato orthologs, and one

S. nigrum ortholog was closely related to S. americanum while

the others were more diverged (Figure S14), further supporting

the genome triplication timing after diversification. We per-

formed CRISPR-Cas9-mediated mutagenesis using four sgRNAs

targeting each gene and analysed the generated mutations in the

T0 transgenic population. We thus observed more mutations in

hexaploid S. nigrum than in diploids because of the increased

ortholog (homoeologs), although the type of mutation was not

significantly altered (Figure S15). Visible phenotypes driven by

targeted mutagenesis were classified into three types: WT-like

type 1, moderate type 2 and null mutant-like type 3 in the T0
populations. Unlike the diploid mutants showing mostly either

type 1 or type 3 mutations, the hexaploid mutants predominantly

showed type 1 and 2 mutations (Figure S16). These data suggest

that polyploid plants have better compensatory mechanisms than

diploid plants because of their increased copy numbers of

functionally conserved orthologous genes. We also confirmed

that each one of S or SP genes in S. nigrum triads could

completely restore the triple knockout mutant phenotypes

through complementation analyses (Figure S17). Therefore, we

might be able to establish genetically optimized plants with

desired agricultural traits by exploiting the genetic redundancy of

polyploid crops.

A series of s mutants exhibit cumulative dosage effects
in hexaploid S. nigrum

To generate a series of mutants with varying numbers of

functional homoeologous genes, the selected CRISPR-Cas9-

mediated knockout mutant was backcrossed with the wild type.

We eliminated Cas9 transgenes, confirmed genotypes in hetero-

zygous F1 plants and obtained a series of mutants among the F2

and F3 segregants (Figure 3a). S gene encodes a

WUSCHEL-RELATED HOMEOBOX 9 (WOX9) transcription factor

that regulates inflorescence meristem maturation, and the s null

coding sequence mutant shows embryonic lethality in tomato

(Hendelman et al., 2021; Park et al., 2012). In addition, the

evergreen (evg/Phwox9) mutant developed vegetative meristems

Figure 2 Characterization of the orthologous genes in Solanum species. (a) Venn diagram describing hierarchical orthologous groups (HOGs) among

Solanum lycopersicum (Sl), S. americanum (Sa) and S. nigrum (Sn). (b) Average orthologous gene numbers included in common HOGs in S. americanum

and S. nigrum (mean + SD). Statistical significance was obtained using a two-tailed Mann–Whitney U test (***P < 0.001). (c) Pairwise comparison of

nucleotide polymorphisms among pepper (Ca, C. annuum), tomatoes (Sl, S. lycopersicum; Spi, S. pimpinellifolium; Spe, S. pennellii), S. americanum and

S. nigrum. Sn1, Sn2 and Sn3 refer to each orthologous gene existing as a triad in S. nigrum. Pepper and wild tomato species were used as inter-genus and

inter-species controls, respectively. n = 5257 HOGs. (d) Pairwise comparison of amino acid differences through nonsynonymous substitution rate (dN)

calculation among species used in (C). n = 7473 HOGs. (e) Tissue samples from leaves, shoot apical meristems, and fruits for transcriptome profiling in

S. americanum and S. nigrum. DAG, days after germination; FM, floral meristem; L, leaf; MF, mature fruit; SYM, sympodial shoot meristem; TF, transition

fruit; TM, transition meristem; VM, vegetative meristem; YF, young fruit. Dotted lines indicate excision sites in meristem samples. Scale bar, 1 cm (leaf and

fruits) and 100 lm (shoot apical meristems). (f) Pairwise analyses of Pearson’s correlation coefficients of gene expression patterns using eight tissue samples

among the three species in (e). For each box plot, the lower and upper bounds of the box indicate the first (Q1) and third (Q3) quartiles, respectively, and

the centre white line indicates the median. Outliers determined by Tukey’s HSD are not shown. Different letters indicate statistical significance obtained

using Kruskal–Wallis test with Dunn’s multiple comparisons. n = 7473 HOGs. (g) Heat map represents gene expression patterns of three selected individual

genes in three species. Numbers in parentheses indicate correlation coefficients compared to an expression pattern in S. americanum (green colour). Red

and black colours indicate genes from S. lycopersicum and S. nigrum, respectively. (h, i) Enriched GO terms of orthologous gene set with either highly

correlated expressions (H, r ≥ 0.8) or noncorrelated expressions (I, �0.2 < r < 0.2) from data in (f). Statistical significance for differences was obtained

using Fisher’s exact test with false discovery rate (FDR) <0.05. Numbers in parentheses indicate the numbers of genes in each set.
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instead of floral meristems and failed to generate flowers in

petunia (Rebocho et al., 2008). Similar to the evg mutant, we

frequently observed mutants showing vegetative inflorescence

phenotypes in T0 transgenic populations among the s mutants of

S. americanum (Figure 3b,c). Magnified inflorescence meristems

showed an over-proliferating meristem phenotype (Figure 3c),

similar to that of the tomato s promoter mutants found in a

previous report (Rodr�ıguez-Leal et al., 2017), although they still

could not develop any normal fertile flowers. To retain the s

mutant allele in S. americanum, we selected one with a lower

(~50%) mutation rate at T0 for backcrossing. In contrast,

hexaploid S. nigrum has three S genes, and we selected two
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different allele sets of the s1s2s3 triple mutant in the T1
generation (Figure 3b and Figure S18). Interestingly, we were

able to harvest normal seeds from fruits that developed in the

relatively weak evg-type S. nigrum. Severe s1s2s3 triple mutants,

in which all S protein homeodomains (HDs) were disrupted

(Figure S19) showed some bract-like organs in the inflorescences

(Figure 3c) but still developed normal flowers and fruits that

produced viable seeds.

As the heterozygote s/+ shows an intermediate inflorescence

branching phenotype, resulting in a moderately increased fruit

yield in tomato (Soyk et al., 2017), the number of functional S

gene copies might determine quantitative traits. Thus, we tested

whether the three S homoeologous genes in the S. nigrum

genome could have an advanced dosage effect with a broader

range of quantitative traits than in diploids. While the s mutant

showed extremely branched inflorescences, the heterozygote s/

+ plant showed only a few branched inflorescences in

S. americanum, resulting in slightly increased flower numbers

compared to the WT (Figure 3c,d). In S. nigrum, however, we

observed quantitative phenotypic variation between the WT and

the s1s2s3 triple mutant. Moderately increased branch numbers

(2–3 branches) in each inflorescence were observed in the double

mutants (e.g. s1s3), and further increases (3–5 branches) were

observed in the higher-order mutants (e.g. s1s2/+s3). With an

increase in inflorescence branches, flower numbers gradually

increased in multiple-order s mutants of S. nigrum (Figure 3c,d).

Since the flower number directly correlates with the number of

fruits, we measured the consequent fruit yield in the s mutants.

Under greenhouse conditions supplied with sufficient nutrients,

the fruit yield potentials of six multiple-order s mutants were

elevated as the flower numbers increased in S. nigrum (Figure 3e

and Figure S20). Among them, the s1s2/+s3 mutant was

selected as the best yield-optimized genotype, and the fruit yield

increased almost twice as much as that of the WT. The s1s2s3

mutant displayed extremely branched inflorescences and

increased flowers; however, we could harvest only a small

number of fruits due to the low fruit-setting ratio (Figure 3e).

We also measured fruit yields in the field, which were similar

but slightly different from the greenhouse results, where s1/

+s2s3 produced the highest fruit yield (Figure 3e). Despite the

increase in fruit quantity, the quality of fruits, such as 10-fruit

weight and Brix did not significantly change in the best

s mutants (Figure S21). These variations in phenotype and yield

performance were not successfully implemented in diploid

S. americanum because there was only a single S ortholog for

this trait (Figure 3d,e). In conclusion, we precisely generated

inbred fruit yield-optimized S. nigrum by editing homoeologous S

genes and screening for genotypes with varying functional S copy

numbers.

Mutagenesis in SP homoeologous genes results in
quantitative variation affecting fruit yield in hexaploid
S. nigrum

The tomato sp knockout mutant exhibits determinate sympodial

shoot growth (D) (Pnueli et al., 1998). The wild-type SP allele is

predominantly functional; thus, tomato sp/+ shows a WT-like

indeterminate (ID) phenotype in shoot structure, indicating

no dosage sensitivity under heterozygote mutant (Thouet

et al., 2008). To test whether this functional mechanism of the

SP gene is similarly implemented in black nightshade species, we

generated a variety of sp mutants in S. americanum and

S. nigrum using the CRISPR-Cas9 system with the same scheme

used to establish the s mutants (Figure 3a). All generated mutant

alleles had a large deletion between sgRNA targets 1 and 3,

possibly encoding nonfunctional SP proteins (Figure 4a and

Figure S22). The S. americanum sp and S. nigrum sp1sp2sp3

mutants displayed D-type shoot structures, and sp/+ heterozy-

gote showed a WT-like ID phenotype in S. americanum,

confirming the functional conservation of SP genes; these

phenotypes were not allele-specific (Figure 4b,c and

Figure S23). Intriguingly, however, we observed an intermediate

shoot growth phenotype between ID and D in the sp1sp2

double- and higher-order mutants of S. nigrum unlike in other

diploid species (Figure 4b,c). These plants exhibited notable

characteristics of shortened internode length, inhibited axillary

shoot elongation and inflorescence bundle emergence com-

posed of dense axillary buds; thus, we defined this intermediate

shoot growth pattern as the semi-indeterminate (SID) type

(Figure 4c). We carefully measured each characteristic of the SID

phenotypes in a series of sp mutants of S. nigrum and identified

a new scope for quantitative traits related to SP-mediated shoot

growth (Figure 4b). In summary, the internode lengths and first

internode lengths of the axillary shoots gradually decreased, and

the axillary buds in each inflorescence bundle gradually increased

as the functional SP gene copies decreased according to the

mutant combinations (Figure 4d). The sp1sp2 double mutant

and sp1sp2sp3/+ mutant showed the most severe phenotypic

effects, closest to D-like growth, suggesting that SP3 might be

the least functional among the three homoeologous genes.

Indeed, the expression level of SP3 was relatively low

Figure 3 Functional gene copy numbers of S homoeologous genes determine inflorescence branching and fruit yield in S. nigrum. (a) Schematic diagram

explaining CRISPR-Cas9-generated mutants by backcrossing in S. americanum and S. nigrum. OG, orthologous gene; HG, homoeologous gene. (b)

CRISPR-Cas9-generated mutations in S gene loci. S gene structure and four sgRNA targeting sites are depicted in the upper diagram. sgRNA-targeted

sequences are red-coloured, and each protospacer-adjacent motif (PAM) sequence is underlined. Parentheses number represents gap lengths between

sgRNAs. Each mutation is denoted in blue colour. (c) Inflorescence branching of the s mutants in S. americanum and S. nigrum. Red arrowheads indicate

branching points in the inflorescence. The magnified picture of emerging inflorescence in the s mutant shows meristem overproliferation phenotype. The

s1s2s3 triple mutant rarely develops mature black fruits from flowers. (d) Quantifications of inflorescence branching and flower numbers of the smutants in

S. americanum and S. nigrum. Each inflorescence branch number is counted and denoted using different colours in the stacked bar chart. Each

inflorescence flower number is measured and depicted in the box plot. n, number of inflorescences. Genotypes are ordered to show gradual phenotypic

effect changes. Open circles represent data values of outliers. (e) Estimated fruit yield potential of various s mutant combinations in S. americanum and

S. nigrum. Total yield potential is calculated based on the average weight of each inflorescence and the total number of maturating inflorescences in each

plant grown in the greenhouse (upper) or field (lower). n, number of plants. Open circles represent all data values. (d, e) Box plots show the 25th, 50th and

75th percentiles and different letters indicate statistically significant differences (ANOVA, Tukey’s HSD, P < 0.05).
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(Figure S11), and the finding that the highly conserved D residue

was changed to N specifically in SnSP3 (Figure S22), further

supporting our hypothesis. Other phenotypes, such as sympodial

indices and flowering time, were comparable to those of the WT

(Figure S24), suggesting that the SID plants undergo ID-like

growth.

To investigate whether this variety of SID phenotypes

influenced fruit yield, we measured the yield potential of sp

Figure 4 Mutant series possessing various copy numbers of functional SP homoeologous genes exhibits altered shoot growth patterns affecting fruit yield

in S. nigrum. (a) CRISPR-Cas9-generated mutations in SP gene loci. SP gene structure and four sgRNA targeting sites are depicted in the upper diagram.

sgRNA and PAM sequences are highlighted in red and bold underlined, respectively. Each mutation is denoted in blue colour. (b) Shoot structure of SID

(semi-indeterminate)-type S. nigrum spmutants. Black arrows indicate stem growth directions, and red arrows indicate emerging axillary inflorescences. ID,

indeterminate growth; D, determinate growth. (c) Shoot growth patterns (top) and axillary bud formations (bottom) of the sp mutants in S. americanum

and S. nigrum. Red arrowheads indicate main stem inflorescences, and orange arrowheads indicate axillary stem inflorescences. Yellow brackets indicate

elongated internode lengths of the axillary shoots. Sympodial indices are denoted with leaf numbers between two adjacent inflorescences. Axe. indicates

an emerged axillary branch. (d) Quantification of the shoot growth patterns and axillary bud formations of the spmutants in S. americanum and S. nigrum.

Internode lengths (left), axillary shoot elongations (middle) and numbers of emerged axillary inflorescences (right) were measured in each genotype.

Genotypes are ordered to show gradual changes in phenotypic effects. n, number of tested shoots. (e) Estimated fruit yield potential of various sp mutant

combinations in S. americanum and S. nigrum. Total yield potentials were calculated based on the average weight of each inflorescence and the total

numbers of maturating inflorescence in each plant. Genotype order is as same as (d). n, number of plants. (d, e) Box plots depict the 25th, 50th and 75th

percentiles and different letters indicate statistically significant differences (ANOVA, Tukey’s HSD, P < 0.05). Open circles represent outlier data values.
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mutants in the field. Fruit yields of the SID-type S. nigrum

sp mutants mostly increased compared to those of the WT and

were maximized in the sp1/+sp2sp3 and sp1sp2/+sp3 geno-

types (Figure 4e). The increase in fruit yield was mainly due to

the increase in inflorescence numbers due to structural changes

in each mutant, as plant height and fruit weights did not

change (Figure S25). Although the D-type sp1sp2sp3 mutant

displayed the most compact shoot structure and produced

larger fruits, fruit yield was largely reduced owing to the

early growth termination (Figure 4e and Figure S25). Thus,

we conclude that mutations in SP could also cause dosage

effects on plant compactness in hexaploid S. nigrum, and by

screening various genotypes, a yield-maximizing plant could be

obtained.

Figure 5 Dosage effects on paralogous compensation by functional CLE9 homoeologous genes in flower and fruit development in the clv3Q mutant of

S. nigrum. (a) CRISPR-Cas9-generated mutations in CLE9 homoeologous gene loci. CLE9 gene structure and four sgRNA targeting sites are depicted in the

upper diagram. sgRNA-targeted sequences in red, and each PAM sequence is underlined. Each mutation is denoted in blue colour. (b) Reproductive organ

phenotype of the cle9 mutants in S. nigrum. Morphology of flowers (upper) and cross-section of the immature fruit (lower) showing locule photographed.

White arrowheads indicate each fruit locules. The clv3Q cle9T septuple mutant shows severely fasciated flower that fails to develop as a fruit. Scale bar,

1 cm. (c) Petal number quantification in cle9 mutant flowers from S. nigrum. n, number of plants. (d) Locule number quantification of cle9 mutant fruits in

S. nigrum. n, number of plants. (e) Fruit weight quantification of the cle9mutants in S. nigrum. n, number of fruits. (c–e) Box plots depicting the 25th, 50th

and 75th percentiles and different letters indicate statistically significant differences (ANOVA, Tukey’s HSD, P < 0.05). Genotypes were ordered to show

gradual changes in phenotypic effects. Open circles represent outlier data values.
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Paralogous compensation regulations of CLV3-CLE9
determine the optimal fruit size of S. nigrum

CLV3 gene encodes a small peptide that inhibits stem cell

proliferation in the shoot apical meristem, and the conserved

WUS (WUSCHEL)-CLV3 negative feedback regulation plays a

central role in meristem maintenance in many plant species

(Somssich et al., 2016). Loss of tomato SlCLV3 results in enlarged

and fasciated meristematic organs, makes bigger fruits (Rodr�ı-

guez-Leal et al., 2017; Xu et al., 2015) and diverse paralogous

compensation mechanisms involving CLE9 have evolved in the

Solanaceae family and influenced phenotypic variations (Kwon

et al., 2022). To investigate CLV3-CLE9-related paralogous

compensation in hexaploid S. nigrum, we generated mutant

plants using CRISPR. Four homoeologous genes of CLV3 in

S. nigrum were simultaneously targeted by the CRISPR-Cas9

system, and a transgene-free clv3-quadruple (clv3Q) mutant was

obtained in the T2 generation (Figure S26). Unlike tomatoes

(Rodr�ıguez-Leal et al., 2017), the clv3Q mutant did not show

fasciated flowers or fruit organs, suggesting a paralogous

compensation mechanism in S. nigrum. Thus, we further edited

three CLE9 homoeologous genes in the clv3Q background,

isolated the clv3Q cle9T (cle9-triple) septuple mutant and crossed

it with the parental clv3Q mutant to generate mutants with

varying functional CLE9 homoeologous (CLE9H) gene copy

numbers (Figures 3a and 5a). The cle9h2 mutation showed

severe truncation even at the transcription start site, resulting in a

complete knockout allele, while cle9h1 and cle9h3 mutations

produced prematurely stopped proteins of each CLE9, which

were possibly nonfunctional (Figure S27). Similar to the tomato

clv3cle9 double mutant displaying severely fasciated stems and

defects in floral organ development (Kwon et al., 2022), the

clv3Qcle9T mutant developed fasciated flowers with significantly

increased petal numbers and failed to develop a normal fruit from

the primary inflorescence in S. nigrum (Figure 5b,c). Another

mutant with a different mutant allele showed a similar phenotype

(Figure S28).

Similar to S and SP, the functional gene number of CLE9 also

generated genetic dosage effects on the reproductive organ

development in S. nigrum. Quintuple mutants with only one

CLE9H functional gene (e.g. clv3Qcle9h1cle9h2) showed signif-

icantly increased petal and locule numbers, and higher-order

mutants (e.g. clv3Qcle9h1cle9h2cle9h3/+) displayed more

fascinated flowers and fruits with increased petals and locules

compared to WT, clv3Q or cle9T (Figure 5b–d). Consequently,
fruit weights increased in multiple mutants (Figure 5e), suggest-

ing that we could optimize fruit size by modulating functional

CLV3 and CLE9 genes. Therefore, engineering homoeologous

genes related to paralogous compensation can generate a

range of quantitative traits that can be optimized in polyploid

organisms.

Boranong, an orphan crop of S. nigrum, can be rapidly
improved in fruit yield through CRISPR-Cas9-mediated
mutagenesis

Boranong is a regional cultivar of S. nigrum generated by crossing

the Korean native cultivar Naju and the Chinese cultivar MPR-

0156 by Korean breeders (see Methods). Boranong is a large and

firm fruit with high anthocyanin levels, which can be a suitable

material for tinted cosmetics, in addition to its usage as a food

supplement with benefits in the harvest. To improve the

Boranong yield, we applied the same strategy to generate

genotype variations in s and sp mutants by CRISPR-Cas9-

mediated mutagenesis and subsequent backcrossing. The s

mutations had deletions in the sgRNA target-2 region of all three

S genes (Figure S29), and possibly null alleles. Similar to S. nigrum

data (Figure 3), the higher-order s mutants of Boranong,

including s1/+s2/+s3/+ showed increased inflorescence branches,

flower and fruit numbers in each inflorescence (Figure 6a,b). The

s1/+s2s3 mutant displayed grape-like fruits (Figure 6a) owing to

increased inflorescence branches, and, together with the s1s2s3/

+ mutant, the total fruit yield of these mutants was significantly

high (Figure 6c). Although fruit size decreased as inflorescence

branching increased (Figure 6c), the number of fruits alone

increased the yield potential of each plant. Despite the

tremendous number of flowers in the s1s2s3 triple mutant,

the low fruit-setting ratio and smaller fruit size caused low

productivity compared to the yield-maximized mutants.

The sp knockout mutants of Boranong showed distinct

features compared to S. nigrum (Figure 4). The sp1sp3 double

mutant also exhibited a D phenotype similar to that of sp1sp2sp3.

However, after the termination of the first flower pair, SID-like

side shoots developed, resulting in compact fruit bundles

(Figure S30). This caused sp1sp3 plants to produce more fruit

with a D-type structure. Additionally, we found the sp3a1

mutation, a weak mutant allele in the SP3 locus, with a 3-bp

Figure 6 Fruit yield improvement by polyploid mutagenesis in S. nigrum cv. Boranong. (a) Inflorescence phenotypes in selected s multiple mutants in

S. nigrum cv. Boranong. Scale bar, 2 cm. (b) Quantification of inflorescence branching and flower numbers of various s mutant combinations in Boranong.

Branch numbers in each inflorescence were counted and grouped using different colours in the stacked bar chart (left). Flower numbers of each

inflorescence measured (right). n, number of inflorescences. (c) Fruit yields of Boranong s mutants. The 10-fruit weight of each genotype was measured

using fully matured black fruits (upper). Total yield potentials were calculated based on the average weight of each inflorescence and the total number of

maturating inflorescences in each plant (lower). (d) CRISPR-Cas9-generated SP gene loci mutation in Boranong. sgRNA-targeted sequences are red-

coloured, and each PAM sequence is underlined. Each mutation is denoted in blue colour. (e) Proteins encoded by SP3 alleles. Single amino acid (H58)

deletion occurred by sp3a1 mutation, SP3a2 severely impaired due to the frameshift mutation. The asterisk indicates a premature stop. (f) Peptide sequence

alignment of SP proteins from various species. Histidine residue is conserved only in the TFL1 clade and missing in the SP3a1 of Boranong (yellow box). (g)

Sympodial shoot structures and fruit formations of the sp allele-specific mutants in Boranong. Red arrowheads indicate main stem inflorescence, and

orange arrowheads indicate axillary bud inflorescence. D, determinate growth; ID, indeterminate growth; Scale bar, 5 cm. (h) Quantification of shoot

branching and inflorescence development in axillary buds. Numbers of the long axillary branches (≥15 cm) measured in each plant (upper). Emerged

inflorescence numbers of each fruit bundle (lower). (i) Fruit yield of the sp allele-specific mutants in Boranong. The weight of fully matured black fruits are

measured in each plant at the same stage. Representative image of collected black fruits from a single plant (upper inbox; Scale bar, 5 cm). n, number of

plants. (b, c, h and i) Box plots depict the 25th, 50th and 75th percentiles and different letters indicate statistically significant differences (ANOVA, Tukey’s

HSD, P < 0.05). Open circles represent outlier data values.
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deletion which encodes 1-a.a.-deleted SP3 protein (Figure 6d,e).

SP is homologous to the Arabidopsis antiflorigen TERMINAL

FLOWER1 (TFL1) and antagonistic to the florigen FLOWERING

LOCUS T (FT). The H58 residue is conserved in the TFL1 proteins of

dicots, but not in FT proteins (Figure 6f), suggesting that this

residue might be an additional important amino acid for the

function of TFL1s, but not FTs. The sp1sp2sp3a1 mutant only

expresses SP3DH58 protein as a functional SP, resulting in

compact SID shoot structures (Figure 6g,h). As side shoot

elongation was strongly inhibited in the sp1sp2sp3a1, the

numbers of long side branches (≥15 cm) were greatly reduced

compared to WT, which produced large fruit bundles alongside

the main stems (Figure 6g,h). This is literally the ‘self-pruning’

effect, thus growing this mutant has the benefits of reducing

labour and dense greenhouse cultivation. In addition, similar to

other SID-type sp mutants of S. nigrum, the sp1sp2sp3a1 mutant

showed increased fruit yield under greenhouse conditions

(Figure 6I). As ID- or SID-type plants continue to produce new

fruits over time, we harvested fruits at the same time after

growing the plants with proper pruning. In summary, using gene

editing, we engineered SP homoeologous genes of Boranong and

sp1sp2sp3a1 mutants resulting in useful agricultural traits in a

relatively short period.

Discussion

In this study, we compared the hexaploid S. nigrum with its

diploid relatives S. americanum and S. lycopersicum using
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genome engineering and crop optimization. We assembled the

~3 Gb genome of hexaploid S. nigrum at the scaffold level with

2.8 Mb of N50 and defined homoeologous genes based on

comparisons of orthologs with tomato and S. americanum with

valid expression profiles. We generated a series of QT-related

gene mutants using the CRISPR-Cas9 system with various

molecular dosages of the target genes. Through phenotyping

of the mutants, we isolated yield-maximized black nightshade

plants in the hexaploid S. nigrum due to the broader spectrum

of phenotypic variations in the polyploid crop. Furthermore, we

applied our strategy to a black nightshade variety, Boranong,

and successfully produced genetically improved plants with a

dramatically increased fruit yield. Although the S. nigrum

genome is still at the scaffold level and the origins of each

chromosome have not been identified, we were able to define

and edit homoeologous genes to regulate agricultural traits.

Thus, our approach could be useful for engineering other

polyploid crop species for which genomic information has not

yet been established.

By taking advantage of the functional redundancy among

homoeologous genes in S. nigrum, we discovered 17 929 sets of

genes that could partially compensate for each other within a set.

We isolated a variety of mutant combinations that showed a broad

range of intermediate traits by editing homoeologous genes.

Specifically, we targeted S, SP CLV3, and CLE9 genes, which

resulted in improved plant structures. These observations provide

three considerations for engineering polyploid genomes. First, we

suggest that improving plant architecture by manipulating

functional redundancy among homoeologous genes could be

applied to other major crops. In hexaploid wheat, TaGW2

homoeologous genes affect grain weight and are generally

increased in mutants, especially in the lines lacking two homo-

eologous out of three (Zhang et al., 2018). Secondly,

homoeologous gene editing can improve and optimize disease

resistance in polyploid crops. This has been demonstrated to be

effective by knocking out three MLO homoeologous in wheat

(Wang et al., 2014), and by combining mutations in SHATTER-

PROOF1/2 homoeologous in Brassica napus (Zaman et al., 2021).

Thirdly, our approach can generate phenotypic diversity and

improve the metabolite content of useful fruits in polyploid crops.

For instance, in the hexaploid oilseed crop Camelina sativa,

combining different alleles of FAD2 generated a diverse range of

lipid profiles in the oil, allowing for an unbiased gene dosage

analysis and providing a source of plant breeding genetic variability

(Morineau et al., 2017).

Our study also provides an important strategy for manipulating

functional redundancy among paralogs to achieve desired crop

traits. Paralogs are genes that arise through duplication events

and have similar or overlapping functions, such as homoeologous

genes of polyploids. For example, it has been reported that

expression regulation or copy number variation of CLV3 and CLE9

quantitatively regulates the meristem size in the Solanaceae

family (Kwon et al., 2022). Here, we generated various mutant

combinations of paralogs and homoeologs according to floral

organ number development and optimized fruit size by modu-

lating the functional CLV3 and CLE9 genes. In flowering crops

such as tomato and rice, combining genetic variations in paralogs

of FT can induce flowering at an optimal time during a given

season and increase grain yield (Andr�es and Coupland, 2012). In

rice, Sc-j allele contains a pollen-essential gene, whereas the Sc-i

allele contains two or three tandem-duplicated ~28-kb segments.

Knocking out one or two of the three Sc-i copies rescued Sc-j

expression and male fertility (Shen et al., 2017). Moreover,

soybean, maize, and tobacco, which underwent diploidization

after genome duplication, possess redundant paralogs and are

crops that can be genetically applied to our technology. For

example, GmFT2a and GmFT2b redundantly act as florigens (Nan

et al., 2014), and mutant combinations or heterozygosity of the

Dt1 and Dt2 genes that regulate stem termination display

intermediate shoot growth patterns in soybean (Bernard, 1972).

Taken together, engineering of paralogs or homoeologs can be

extremely useful in discovering novel quantitative phenotypes

that have not been seen before by increasing phenotypic

diversity.

In this study, we verified the dosage effects of functional

homoeologous expression by editing coding sequences and

found that phenotypic variations of the mutants ranged from 0

(KO) to 100% (WT). To create dosage variations in gene

expression, researchers usually try to edit cis-elements of the

genes, especially promoters. In tomato, several ‘promoter-

bashing’ mutant lines have been characterized that exhibit

phenotypic variations according to the expression levels of the

target gene (Rodr�ıguez-Leal et al., 2017; Wang et al., 2021).

However, altered expression levels do not always correlate with

phenotypic consequences, possibly because unwanted spatio-

temporal expression changes make them unpredictable (Rodr�ı-

guez-Leal et al., 2017; Wang et al., 2021). Our approach of

editing homoeologous genes could exclude unwanted side

effects from the ectopic expression of the target gene generated

by editing the regulatory regions.

In addition to the knockout mutants, we obtained several weak

allele mutants by CRISPR-Cas9 mutagenesis. Since hexaploids

have more copies of homologous genes, the chances of finding

different mutation types were higher in S. nigrum than in

S. americanum (Figure S15). An interesting example is the SP3a1

allele of S. nigrum cv. Boranong (Figure 6). This gene encodes a

1-a.a.-deleted SP3 protein, which possibly possesses altered

protein activity according to the phenotypic effects in the

sp1sp2sp3a1 mutant; however, detailed biochemical analyses

should be performed. Weak allele mutants were rarely found in

diploid S. americanum, as phenotypic variations were much less

than in the hexaploids. Thus, using polyploid plants, we may have

more opportunities to identify additional weak mutations that

could be easily dismissed in diploids. This could expand our

knowledge of detailed protein functions.

The s1s2s3 triple mutants of S. nigrum and S. nigrum cv.

Boranong developed flowers and fruits with viable seeds, unlike

the smutants in diploids. This finding suggests that more complex

compensation mechanisms to restore S gene function deficiency

might have been adopted in black nightshade species during

polyploid evolution and genome triplication. One possible

explanation is that the neo-functionalization of other WOX family

genes by coding sequence mutations might functionally (perhaps

partially) complement the S gene. This type of genetic change can

occur more frequently in increased polyploid genomes to

overcome deleterious mutations (Comai, 2005).

Although our attempts were individually restricted to specific

genes that are functionally known and related to certain

phenotypes, expression analyses and validation results from

transcriptome data (Figure 2 and Figure S11) further suggest

that our approach could be generalized. Lower accumulation of

sequence divergence and highly conserved expression profiles in

homoeologous gene sets might give rise to functional redun-

dancy, which generates a genetic dosage affecting QT in the
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hexaploid S. nigrum. By editing these genes, QT can be precisely

controlled to improve the polyploid crops quality.

Furthermore, our strategy can be applied to synthetic polyploid

plants. Using techniques such as colchicine treatment, we

artificially generated auto- or allo-polyploid crops via self-

fertilization or crossing with closely related species, respectively.

By combining new polyploid speciation and engineering of

duplicated homoeologous genes, we can rapidly improve diploid

crops, such as tomato and rice, with optimized quantitative traits.

Methods

Permission

No specific permits were required to grow S. nigrum plants in the

greenhouse at Wonkwang University, Iksan, Republic of Korea.

Transgenic and engineered mutants were grown in an LMO

growth room (LML16-1201) permitted by the National Research

Safety Headquarters in the Republic of Korea. For field

experiments, we used the LMO quarantine space in Ochang

(LML16-750) permitted by the National Research Safety Head-

quarters of the Republic of Korea. All the methods complied with

relevant institutional, national, and international guidelines and

legislation for scientific research.

Plant materials and growth conditions

Solanum americanum (accession SP2273 and SP2275), S. nigrum

(accession NIBRGR0000189638 and cultivar Boranong) and

S. lycopersicum (cultivar M82) were used in this study. S. nigrum

cv. Boranong was generated by crossing a regional

S. nigrum cultivar Naju and a Chinese cultivar MPR-0156

(registered in the National Institute of Horticultural and Herbal

Science) by Korean breeders in the Republic of Korea and was

obtained from the Korea Seed and Variety Service (KSVS,

registration number 5804). Other plant species are in our stock.

Plants were grown in a greenhouse under natural long-day

conditions (14–16 h light, 26–28 °C/8–10 h dark, 18–20 °C;
40%–60% relative humidity) supplemented with artificial light

from 200 W halogen lamps. Seeds were directly sown in the soil

in 50-cell plastic flats and transferred to pots after 4 weeks. All

the plants were grown under drip irrigation and standard fertilizer

regimes. To test yield performance, plants were grown under

natural field conditions during summer in the Republic of Korea.

We used two field conditions: one in Iksan and the other in

Ochang. Field management, including irrigation, fertilizer appli-

cation and pest control, followed standard agricultural practices.

Genome information of S. nigrum

The whole process and results of genome sequencing, assembly,

functional annotation of hexaploid S. nigrum and comparative

analyses with other species, including fluorescence in situ

hybridization (FisH), are described in the Supplementary

Information.

CRISPR-mutagenesis and plant transformation

CRISPR-Cas9 mutagenesis in S. americanum and S. nigrum was

performed as described previously (Park et al., 2020). Briefly, four

gRNAs for each gene were designed using the CRISPRdirect web

tool (Naito et al., 2015) and cloned into the pAGM4723 binary

vector using Golden Gate cloning as previously described (Werner

et al., 2012). The CRISPR-Cas9 constructs on pAGM4723 were

inserted into S. americanum or S. nigrum seedlings by Agrobac-

terium tumefaciens (strain EHA105)-mediated transformation, as

previously described (Park et al., 2020). Briefly, excised cotyledon

explants from 10 days after germination (DAG) seedlings were

co-cultivated with Agrobacterium carrying the transgene for

2 days and incubated in shoot initiation media (2 mg/L zeatin,

0.2 mg/L IAA, 100 mg/L kanamycin, and 200 mg/L cefotaxime)

for 10 days, followed by incubation in shoot differentiation media

(1 mg/L zeatin and 0.1, mg/L IAA) for 2 weeks; then roots were

initiated in rooting media with 100 mg/L kanamycin. All gRNA

and primer sequences used for cloning are listed in Table S10.

Plant genotyping

The standard cetyl-trimethyl-ammonium bromide (CTAB) proto-

col was used to extract high-molecular-weight DNA (Doyle and

Doyle, 1987). T0 transgenic plants were genotyped to validate the

CRISPR-generated mutations using targeted deep sequencing as

described previously (Oh et al., 2020). Briefly, high-throughput

sequencing was performed using the MiniSeq platform (Illumina).

Mutations were analysed using the Cas-Analyser web tool (Park

et al., 2017) available from CRISPR RGEN Tools (http://www.

rgenome.net/). Indel frequency (%) was estimated by dividing the

number of sequencing reads containing mutations by the total

number of sequencing reads. For hexaploid S. nigrum, homo-

eologs in the sequencing reads were differentiated using

polymorphic markers, and the indel frequency was manually

calculated. T1 transgenic plants were sprayed with 400 mg/L

kanamycin to confirm the absence of the transgene as previously

reported (Kim et al., 2022). Nontransgenic plants were confirmed

and genotyped by PCR and Sanger sequencing. To genotype the

F2 segregants, we designed PCR primers for the derived cleaved

amplified polymorphic sequence (dCAPS) or CAPS markers (Neff

et al., 1998) and performed targeted Sanger sequencing. All

primer sequences used for genotyping are listed in Table S10.

Plant phenotyping and yield trials

To phenotype the smutants, at least 12 plants per genotype were

grown in a greenhouse. The branch and flower numbers of five to

six inflorescences on each plant were counted. For fruit yield for

the s mutants, at least seven plants were grown in the

greenhouse with pruning for each plant to have only the main

stem and the first sympodial stem or grown in the Ochang field

without pruning in the summer season in 2021 and 2022. To

phenotype the sp mutants, at least six plants per genotype were

grown in the Wonkwang field without pruning during the

summer season in 2021. Average internode lengths were

calculated by dividing stem length by inflorescence number,

and the lengths of the first internodes of the eighth and ninth

axillary shoots from the top and the number of emerging

inflorescences in the eighth and ninth axillary shoot branching

regions (within 1 cm) from the top were measured. The

sympodial index represents the number of leaf nodes per

sympodial unit, and the flowering time was calculated as the

number of true leaves per primary shoot. For SID plants of

Boranong, we defined an axillary shoot with ≥15 cm in length as

a long branch, counted, and then pruned them out. For the fruit

yield of the sp mutants, at least six plants per genotype were

grown in the Ochang field without pruning during the summer

season in 2021. To phenotype the cle9 mutants in the clv3Q

background, F2 segregants were grown in a greenhouse.

Although we obtained only two plants for clv3Q cle9h2 cle9h3

from the segregants, at least five plants were examined for other

genotypes. Sepal and locule numbers of the first floral organ of

each plant were counted, and the average fruit weight was
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calculated from five inflorescences by dividing the inflorescence

weight by the number of fruits.

Fruit yield potential was calculated by multiplying the total

inflorescence number by the average inflorescence weight of

each plant. Other yield-related traits, such as plant height, plant

weight (fresh weight, including fruits), 10-fruit weight, and Brix of

ripe fruits, were measured for each genotype. Damaged or

diseased plants were excluded from the analysis.
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