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frequency. Of the 54 annotated genes in this region (Supplementary 
Data 7), two are similar to genes previously shown to play a role in 
saponin biosynthesis. Specifically, AUR62017204 and AUR62017206 
are neighbouring genes annotated as basic helix–loop–helix (bHLH) 
transcription factors sharing homology (Extended Data Fig. 9a) with 
the class IVa bHLH genes that are known to regulate triterpenoid bio-
synthesis in Medicago trancatula39. In M. truncatula, overexpression of 
the triterpene saponin biosynthesis activating regulator 1 (TSAR1) and 
TSAR2 bHLH transcription factors was recently shown to increase the 
expression of genes in the triterpenoid biosynthetic pathway, result-
ing in increased accumulation of triterpene saponins39. TSAR1 and 
TSAR2 were also found to bind to the DNA motif 5′​-CACGHG-3′​ 
(where H can be A, C, or T)39. In quinoa, we found that AUR62017206 
(hereafter TSAR-like 2, TSARL2) was expressed in root tissue but 
not in flowers or immature seeds, whereas AUR62017204 (hereafter 

TSARL1) was almost exclusively expressed in seeds, with significantly 
lower expression levels in sweet lines (Supplementary Data 8). We 
identified the DNA motif bound by M. truncatula TSAR1 and TSAR2 
within 2 kb upstream of the start codon in several saponin biosynthetic 
pathway genes in quinoa (Fig. 4d). Expression levels of these genes  
and several other genes in the saponin biosynthetic pathway were  
significantly downregulated in sweet lines (Fig. 4d, Supplementary  
Data 8). Together, these results suggest that TSARL1 might be a functional  
TSAR orthologue, although whether this is due to shared ancestry or 
convergent evolution is unclear.

The TSARL1 transcript was alternatively spliced in the sweet prog-
eny of Kurmi and 0654. A SNP in the last position of exon 3 (G2078C) 
co-segregates with the presence of saponins in the Kurmi ×​ 0654 prog-
eny. The G2078C SNP alters the canonical intron/exon splice boundary 
(Fig. 4e), probably leading to the alternative splicing at an upstream 
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Figure 2 | Identification and 
characterization of quinoa 
sub-genomes. a, Blue lines and 
green lines connect regions of the 
C. pallidicaule and C. suecicum 
genomes, respectively, with their 
orthologous regions in the quinoa 
genome based on BLASTN. Quinoa 
scaffolds are arranged based on 
their positions in linkage groups, 
with blue- and green-coloured bars 
indicating sub-genome assignment 
based on mapped reads from the two 
diploid species. Scaffolds that could 
not be unambiguously assigned to a 
sub-genome based on read mapping 
are shown in white. Grey bars 
separate neighbouring scaffolds.  
b, Homoeologous gene pairs in the 
A (blue chromosomes) and B (green 
chromosomes) sub-genomes.  
c, Simplified representation of 
synteny between CqA12, CqB05, 
CqB03 and CqA10. Dotted lines 
connect large-scale syntenic regions 
between the A (blue) and B (green) 
sub-genomes. The scale bar indicates 
approximate positions defining 
the indicated syntenic blocks. For 
purposes of visualization, CqB05 and 
CqA10 were inverted. d, Syntenic 
relationships between B. vulgaris 
and the A and B sub-genomes of 
quinoa. Colours distinguish quinoa 
regions syntenic to each B. vulgaris 
chromosome. Blue and green quinoa 
chromosomes indicate the A and B 
sub-genomes, respectively.
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Figure 3 | Sub-genome gene loss and retention. a, The number of 
orthologous protein-coding gene clusters shared between or unique  
to quinoa, C. pallidicaule, C. suecicum and B. vulgaris. b, The number of 
gene sets for which each gene has been retained as a single copy in each 
genome/sub-genome (middle), or lost from the quinoa A (left) or  
B (right) sub-genome. c, Maximum likelihood tree of flowering locus 

T (FT) sequences, indicating the presence of two sets of orthologues 
in quinoa and B. vulgaris. The tree is rooted on the branch containing 
FT from A. thaliana. Branch values represent the percentage of 1,000 
bootstrap replicates that support the topology. Scale bar represents 
substitutions per site.
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