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            Abstract
Gene duplications are a hallmark of plant genome evolution and a foundation for genetic interactions that shape phenotypic diversity1,2,3,4,5. Compensation is a major form of paralogue interaction6,7,8 but how compensation relationships change as allelic variation accumulates is unknown. Here we leveraged genomics and genome editing across the Solanaceae family to capture the evolution of compensating paralogues. Mutations in the stem cell regulator CLV3 cause floral organs to overproliferate in many plants9,10,11. In tomato, this phenotype is partially suppressed by transcriptional upregulation of a closely related paralogue12. Tobacco lost this paralogue, resulting in no compensation and extreme clv3 phenotypes. Strikingly, the paralogues of petunia and groundcherry nearly completely suppress clv3, indicating a potent ancestral state of compensation. Cross-species transgenic complementation analyses show that this potent compensation partially degenerated in tomato due to a single amino acid change in the paralogue and cis-regulatory variation that limits its transcriptional upregulation. Our findings show how genetic interactions are remodelled following duplications and suggest that dynamic paralogue evolution is widespread over short time scales and impacts phenotypic variation from natural and engineered mutations.
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                    Fig. 1: Loss of the tobacco SlCLE9 orthologue abolished compensation.[image: ]


Fig. 2: Weak fasciation of phclv3 mutants in petunia indicates more potent compensation.[image: ]


Fig. 3: A highly conserved dodecapeptide amino acid is associated with potent compensation in groundcherry.[image: ]


Fig. 4: Variation in Solanaceae compensation is due to changes in both the SlCLE9 orthologue dodecapeptide and its expression.[image: ]
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                Data availability

              
              Raw data and information for CRISPR-generated alleles, all quantifications, synteny analysis and exact P values (one-way ANOVA and Tukey test) are in Supplementary Data 1â€“7. The raw Sanger sequence traces for edited sequences are in Supplementary Data 8. The groundcherry and petunia BioProject accession numbers are PRJNA704671 and PRJNA750419, respectively.
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Extended data

Extended Data Fig. 1 CRISPR-generated mutations of the tobacco NbCLV3a and NbCLV3b genes.
a, CRISPR-generated sequences of nbclv3a mutant alleles. b, CRISPR-generated sequences of nbclv3b mutant alleles. Guide RNA and PAM sequences are highlighted in red and bold underlined, respectively. Blue letters and dashes indicate insertions and deletions, respectively. Numbers in parentheses represent gap lengths. c, Shoots and inflorescences of nbclv3a/b T0 plants. Three strong lines (nbclv3a/bCR-3-T0, nbclv3a/bCR-4-T0 and nbclv3a/bCR-5-T0) show similar phenotypes compared to null nbclv3a/b mutants in Fig. 1g. Weak (nbclv3a/bCR-6-T0) and moderate (nbclv3a/bCR-7-T0) lines show regular shoot architecture but fasciated floral organs. White arrowheads indicate flowers. d, Sepal number of weak and moderate nbclv3a/b T0 plants. Box plots, 25th-75th percentile; centre line, median; whiskers, full data range. The letters indicate the significance groups at P < 0.01 (One-way ANOVA and Tukey test). Different letters between genotypes indicate significance (See Supplementary Data 7 for specific P values). The exact sample sizes (n) are shown as discrete numbers. At least twice experiments were repeated independently with similar results.


Extended Data Fig. 2 Conserved non-coding sequence (CNS) analysis of the promoter regions of SlCLV3 and SlCLE9 orthologues in the Solanaceae family.
a, Conservatory analysis of Solanaceae CLV3 and CLE9 promoters. Purple boxes define highly similar regions of each geneâ€™s orthologues in the indicated species, and dark purple boxes define highly similar regions of the paralogous gene (for example CLV3B or CLE9B) in the indicated species. Green boxes define Solanaceae CNSs. b, Multiple alignment and logo sequences of SlCLV3 dodecapeptide orthologues in the Solanaceae family. c, Multiple alignment and logo sequences of SlCLE9 dodecapeptide orthologues in the Solanaceae family.


Extended Data Fig. 3 CRISPR-generated mutations of groundcherry PgCLV3 and PgCLE9.
a, Gene structure and sequences of pgclv3 CRISPR mutants. b, Flowers and fruits of pgclv3. White arrowheads mark petals or locules. Percentages indicate the proportions of flower and fruit phenotypes. Scale bar, 1 cm. c, Gene structure and sequences of pgcle9 CRISPR mutants. The orange rectangles in the gene structures indicate the regions of the CLE dodecapeptides in a and c. Guide RNA and PAM sequences are highlighted in red and bold underlined, respectively, in a and c. Blue letters and dashes indicate insertions and deletions, respectively, in a and c. Numbers in parentheses represent gap lengths in a and c. d, Shoot and an extremely fasciated primary flower of the pgclv3 pgcle9 double mutant. e, Development of extra shoots (S) from the primary shoot and apex of a pgclv3 pgcle9 double mutant. L, leaf petioles. At least twice experiments were repeated independently with similar results.


Extended Data Fig. 4 Sequence alignments of CLV1 receptor homologues.
a, Alignment of the Solanaceae CLV1 protein sequences. Red letters indicate the two ultra-conserved amino acids involved in the physical binding of CLE dodecapeptides. b, Alignment of CLV1 homologues in angiosperms. All the sequences are from the Phytozome v12.1 database (phytozome.jgi.doe.gov). Yellow highlights mark the conserved Asp and Phe. Detailed sequence information is shown in Supplementary Data 10.


Extended Data Fig. 5 Groundcherry pgclv1 pgclv3 and petunia phclv1 phclv3 double mutants are severely fasciated like tomato slclv1 slclv3 double mutants.
a, Gene structure and sequences of two phclv1 CRISPR mutants. Guide RNA and PAM sequences are highlighted in red and bold underlined, respectively. Blue letters and dashes indicate insertions and deletions, respectively. Numbers in parentheses represent gap lengths. b, Flowers, fruits/pods, and meristems from pgclv1, phclv1, and slclv1 single mutants. White arrowheads mark petals or locules. 7L, 7th leaf primordium, 8L, 8th leaf primordium. 22L, 22th leaf primordium. C, Side and top-down views of a pgclv1 pgclv3 double mutant shoot, inflorescence/floral meristem, and primary inflorescence. 6L, 6th leaf primordium. D, Side and top-down views of a phclv1 phclv3 double mutant shoot and primary flower. E, Side and top-down views of a slclv1 slclv3 double mutant shoot, flower, vegetative meristem and primary inflorescence. Fasciated flowers and vegetative meristems are shown in insets of c and e. f, g, Petal (f) and locule (g) numbers of groundcherry WT, pgclv1, pgclv1 pgclv3, pgclv1 pgcle9, and petunia WT, phclv1, and tomato WT, slclv1, slclv1 slclv3, and slclv1 slcle9. Not that all three Solanaceae clv1 single mutant fasciation phenotypes are similarly weak. Box plots, 25th-75th percentile; centre line, median; whiskers, full data range in d and e. The letters indicate the significance groups at P < 0.01 (One-way ANOVA and Tukey test) in f and g. Different letters between genotypes indicate significance in f and g (See Supplementary Data 7 for specific P values). P values (two-tailed, two-sample t-test) in f and g. Exact sample sizes (n) are shown in f and g. At least twice experiments were repeated independently with similar results.


Extended Data Fig. 6 Transgenic complementation tests of tomato slclv3 single and slclv3 slcle9 double mutants.
a, b, Complementation tests of tomato slclv3 single mutants. Inflorescence images (a) and petal number quantifications (b) of WT and slclv3 compared to the T1 transgenic plants gSlCLV3SlCLV3, gPgCLE9PgCLE9, gSlCLE9PgCLE9, gSlCLV3PgCLE9, and gSlCLV3SlCLE9. c, Diagrams of the constructs used for complementation tests of slclv3 slcle9 double mutants. gSlCLV3SlCLV3 (SlCLV3 genomic DNA). gSlCLV3SlCLE9 (SlCLV3 genomic DNA including the sequence for SlCLE9 dodecapeptide). gSlCLE9SlCLE9 (SlCLE9 genomic DNA). gSlCLE9SlCLE9S6G (SlCLE9 genomic DNA including the sequence for PgCLE9 dodecapeptide). Black and orange rectangles mark the coding sequences and the dodecapeptide sequences, respectively. The numbers with minus (-) and plus (+) signs indicate the positions of the upstream sequences and the downstream sequences from the adenines of start codons, respectively. d, Carpel number quantifications of WT, slclv3, slclv3 slcle9 mutants compared to the T1 transgenic plants gSlCLV3SlCLV3-2, gSlCLV3SlCLE9-2, gSlCLE9SlCLE9-2, and gSlCLE9 SlCLE9S6G. Data are based on at least three independent transgenic lines for each construct. Box plots, 25th-75th percentile; centre line, median; whiskers, full data range in b and d. The letters indicate the significance groups at P < 0.01 (One-way ANOVA and Tukey test) in b and d. Different letters between genotypes indicate significance in b and d (See Supplementary Data 7 for specific P values). Exact sample sizes (n) are shown in b and d. At least twice experiments were repeated independently with similar results.
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