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Summary

Climate change may result in a drier climate and increased salinization, threatening agricultural
productivity worldwide. Quinoa (Chenopodium quinoa) produces highly nutritious seeds and
tolerates abiotic stresses such as drought and high salinity, making it a promising future food
source. However, the presence of antinutritional saponins in their seeds is an undesirable trait.
We mapped genes controlling seed saponin content to a genomic region that includes TSARLT.
We isolated desired genetic variation in this gene by producing a large mutant library of a
commercial quinoa cultivar and screening the library for specific nucleotide substitutions using
droplet digital PCR. We were able to rapidly isolate two independent tsar/T mutants, which
retained saponins in the leaves and roots for defence, but saponins were undetectable in the
seed coat. We further could show that TSARL1 specifically controls seed saponin biosynthesis in
the committed step after 2,3-oxidosqualene. Our work provides new important knowledge on
the function of TSARL1T and represents a breakthrough for quinoa breeding.

screening.

Introduction

Global agriculture faces a major challenge: to attain food security
amidst continued human population growth, limited arable land
and water and the predicted effects of climate change, such as
increased salinization and aridity (FAO, 2021; Mukhopadhyay
et al., 2021; Negacz et al., 2022; Ruiz et al., 2014). Major crops,
including maize (Zea mays), rice (Oryza sativa), wheat (Triticum
aestivum) and soybean (Glycine max), are not resilient to abiotic
stresses such as extreme temperature, frost, drought, soil
salinization and flooding, which are increasing in frequency as a
result of rapid climate change (Jagermeyr et al., 2021). Therefore,
breeding novel crops that can tolerate harsh environmental
conditions is crucial (Lopez-Marqués et al., 2020; Luo et al.,
2022).

Quinoa (Chenopodium quinoa Willd.) is a tetraploid crop
indigenous to the Andes mountains, where it has been
domesticated since 5800-4400 BC (Pearsall, 2008). Quinoa is
adapted to the harsh climatic conditions in this region and

tolerates adverse abiotic factors (Hinojosa et al., 2018) such as
frost (Jacobsen et al., 2005, 2007), drought (Imamura et al.,
2020; Lin and Chao, 2021) and high salinity (Adolf et al., 2013;
Hariadi et al., 2011; Moog et al., 2022). In addition, quinoa seed
has a remarkably high nutritional value due to its exceptional
protein profile (accounting for ~15% of the dry weight and
containing a balanced set of essential amino acids), high-quality
oil content (6%-9% of the dry weight), containing oleic acid,
linolenic acid (belonging to the omega-3 fatty acid family), linoleic
acid (belonging to the omega-6 fatty acid family) and high
mineral content (e.g. zinc, potassium, copper, magnesium and
iron) (Lim, 2013; Sudrez-Estrella et al., 2018). Therefore, quinoa is
an excellent candidate crop for increasing food security and
supporting a transition to plant-based diets. However, there is still
substantial room for further genetic improvement in quinoa,
especially to adapt the crop to different environments. Relevant
breeding targets in quinoa are increased seed size (a character
appreciated by the consumer), downy mildew resistance, short
plant height (to facilitate mechanical harvesting), heat tolerance,

Please cite this article as: Trinh, M D L., Visintainer, D., Glnther, J., @sterberg, J.T., Fondevilla, R R da Fonseca, S., Moog, M.W., Luo, G., Nerrevang, A.F., Crocoll, C.,
Nielsen, P.V., Jacobsen, S.-E., Wendt, T., Bak, S., Lopez-Marqués, R.L. and Palmgren, M. (2024) Site-directed genotype screening for elimination of antinutritional
saponins in quinoa seeds identifies TSARL1 as a master controller of saponin biosynthesis selectively in seeds. Plant Biotechnol. J., https://doi.org/
10.1111/pbi.14340.

© 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd. 1
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.



2 Mai Duy Luu Trinh et al.

earliness, reduced seed shattering and pre-harvested sprouting
and reduced seed saponin content (Lopez-Marqués et al., 2020;
Zurita-Silva et al., 2014).

Although quinoa has been successfully transformed
(Komari, 1990; Xiao et al, 2022), regenerating the
transformed cells and tissues is a bottleneck in applying
CRISPR/Cas technology to quinoa. Recently, FIND-IT (fast identi-
fication of nucleotide variants by droplet digital PCR) technology
was developed as a sensitive non-GM approach for screening
variant populations (Knudsen et al., 2022). As the quinoa genome
is now fully sequenced, assembled and annotated (Jarvis
et al., 2017; Li and Lightfoot, 2021; Yasui et al., 2016; Zou
et al., 2017), we aimed to use this technique to precisely isolate
targeted mutations potentially resulting in desired traits in quinoa.

Saponins account for up to 4% of the dry mass of quinoa
seeds, accumulating mainly in the outer layers of the seed (Jarvis
et al., 2017) and leading to a bitter taste (Sudrez-Estrella et al.,
2018). Furthermore, saponins are antinutrients that interfere with
vitamin and mineral absorption, resulting in cytotoxicity and
haemolysis when overconsumed (Kuljanabhagavad et al., 2008;
Kuljanabhagavad and Wink, 2009; Satheesh and Fanta, 2018;
Sudrez-Estrella et al., 2018; Woldemichael and Wink, 2001) and
must, therefore, be removed from quinoa products before
consumption creating an environmentally problematic waste
product.  Saponins are  glycosylated  triterpenoid-  or
steroid-derived specialized metabolites widely distributed in the
plant kingdom (Vincken et al., 2007; Wink, 2004). Quinoa mainly
produces triterpenoid saponins (saponins), including various
derivatives of the four main aglycones: oleanolic acid, heder-
agenin, phytolaccagenic acid and serjanic acid (Kuljanabhagavad
et al., 2008; Madl et al., 2006; Mastebroek et al., 2000; Ruiz
et al., 2017; Woldemichael and Wink, 2001). At least 40
triterpenoid saponins have been isolated and structurally charac-
terized in the past 30 years (El Hazzam et al., 2020). Quinoa
ubiquitously accumulates saponins at different concentrations in
all plant tissues and organs examined, including roots, stems,
leaves, flowers, fruits and seeds (Fiallos-Jurado et al., 2016;
Kuljanabhagavad et al., 2008; Lim et al., 2020; Mastebroek
et al., 2000).

In this study, we carried out a genome-wide association study
(GWAS) involving 100 cultivars of quinoa and identified a
genomic region associated with seed saponin content including
TSARLT. Subsequently, we generated a large mutant library from
a commercial cultivar of quinoa and investigated whether
site-directed genotype screening could identify mutants of
potential agronomic interest in a population of this cultivar. By
screening the library developed, we identified mutants with
specific nucleotide substitutions in TSARL1. Strikingly, it was not

possible to detect saponins in the seeds of the mutant plants,
whereas the saponin content did not differ in other parts of the
plant compared with the wild type (WT). This provides a solution
for the environmentally problematic disposal of waste resulting
from dehulling quinoa seeds (Ruiz et al., 2017). Further, we found
that TSARL1 controls the expression of the genes encoding
B-amyrin synthase (BAS) and B-amyrin 28-oxidase, the activity of
which represents the committed steps in the saponin biosynthesis
pathway. These findings not only provide insights into the
functions of TSARL1 in quinoa saponin biosynthesis, but also
provide proof of concept that the mutant library developed is well
adapted for accelerating quinoa improvement.

Results

TSARL1 SNPs are associated with saponin content in
quinoa

To identify target genes controlling seed saponin content in
quinoa, we first performed next-generation genome sequencing
of 124 quinoa accessions and cultivars and obtained sequences
from an additional 34 accessions in public databases. The sequence
reads were mapped to the reference genome (ASM168347v1)
(Jarvis et al., 2017), and after removing duplicates, 20 million
unfiltered single-nucleotide polymorphisms (SNPs) were identified.
These SNPs were then filtered for quality, resulting in 3 637 746
high-confidence SNPs.

Saponin content was scored in 88 out of 124 accessions using
the afrosimetric method (Figure S1a,b). Linear mixed-model
analysis using the likelihood ratio test in GEMMA identified
significant SNPs (above Bonferroni threshold (—logq(P-value) =
7.27), red line in Figure 1a,c) associated with saponin content
localized on chromosome 16, with the most significant SNP
observed at position 68 622 294 bp (Figure 1; Figure Sic-e).
Within this region, there were 64 genes, 41 of which contained
140 SNPs above the suggestive threshold (—logio(P-
value) = 5.97) (Table S1). Among these genes, we identified
AUR62017204 (TSARLT) and AUR62017206 (TSARL2), encoding
bHLH transcription factors that have previously been reported to
be associated with saponin content (Jarvis et al., 2017;
Maldonado-Taipe et al., 2022; Patiranage et al., 2022). An
uncharacterized gene, AUR62017205, may also contribute to
controlling this trait in quinoa as it contained seven missense SNPs
associated with the trait (Table S1). Among the identified genes,
23 contained missense mutations and 4 contained splice site
mutations predicted to alter the expressed protein sequence
(Table S1). Among these genes, TSARL1, AUR62017213 (encod-
ing a putative lysine-specific demethylase 5D-like protein),
AUR62017198 (encoding a putative kinesin-like protein) and

Figure 1 Genome-wide association study (GWAS) to detect genomic regions related to saponin content in 100 quinoa accessions. (a) A —log;q(P-value)
genome-wide association plot (Manhattan plot) showing genomic regions associated with saponin content in quinoa. Significant threshold (red line) and
suggested threshold (blue line) correspond to adjusted Bonferroni (—logqo(P-value) = 7.27) and suggestive (—logio(P-value) = 5.97) thresholds,
respectively. The most significant SNP associated with the saponin content trait in quinoa is located at position Chr16:68622294. (b) Quantile—quantile (QQ)
plot of the data shown in the Manhattan plot. Most of the observed P-values for each SNP correspond to the expected values from a theoretical x2-
distribution excepting significant P-values of SNPs associated with the saponin content trait in quinoa. (c) Manhattan plot of the 900-kbp region including
the most significant SNPs on chromosome 16. Red dots mark SNPs within the TSARLT coding region. Linkage plot for the region is included below the
graph. Red and blue lines represent the adjusted Bonferroni and suggestive significance thresholds, respectively. Black line represents the significance
threshold for FDR-adjusted P-values (—log;q(P-value) = 5.22). (d) Haplotypes of TSARL1 associated with saponin content in quinoa. (e) Differences in
saponin content among four haplotypes of TSARLT. *P < 0.05, ****P < 0.0001 (Mann-Whitney non-parametric test).
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AUR62017191  (encoding a putative signal  peptide
endopeptidase-like protein) contained both missense and splice
site mutations (Table S1).

In TSARL2, a homoeolog of TSARLT (Figure S2 and S3) (Jarvis
et al., 2017; Suzuki et al., 2021), only one missense SNP was
identified, which was predicted to result in a conservative
substitution of Leu292 to Val (Figure S3, red arrow, red square)
within the C-terminal (ACT-like) domain. This substitution is not
specific to either bitter or sweet quinoa accessions as it was found
in six sweet (CHEN-125, —161, —183, —211, —262 and —345)
and five bitter (CHEN-115, —148, —218, —360 and —593)
accessions. Other identified SNPs in TSARL2 were in noncoding
regions (introns, upstream and downstream regions), and splice
site mutation events were not detected (Table S1).

Within the TSARLT gene region, we identified five significant
SNPs that segregated in our population (Figure 1d; Figure S4a), of
which two, C1707A and G2078C, localized to exon 3. C1707A is
a missense SNP, which is predicted to result in a conservative
substitution of Leu172 to Met (Figure S3, yellow arrow, yellow
square) within the bHLH domain. The SNP G2078C was reported
to cause alternative splicing, which results in truncated TSARL1
transcripts and a premature STOP codon in the coding sequence
(Jarvis et al., 2017). We also identified four major haplotypes of
TSARLT (TSARL1a, b, ¢ and d, Figure 1d), which were further
confirmed by Sanger sequencing of TSARL1 in six sweet and five
bitter quinoa accessions (Figure S4b). Quinoa accessions that
inherited TSARL7a produced sweet seeds, and those
that inherited TSARL 1d produced bitter seeds with a high saponin
content (Figure 1e).

Using site-directed genotype screening to isolate specific
mutations in quinoa

To generate a SNP library, we used seeds from the bitter
commercial quinoa cultivar Titicaca, which has been bred to
withstand North European conditions (Jacobsen, 2017; Jacobsen
et al., 1996; Taaime et al., 2023). In addition to being robust and
high yielding (De Bock et al., 2021; Thiam et al., 2021), a major
reason for this cultivar's success is that it is insensitive to
photoperiod (Patiranage et al., 2021). In our greenhouse
experiments, we found that quinoa cv. Titicaca plants exhibited
an earlier flowering time and seed maturation than low-saponin
(sweet) accessions and cultivars such as CHEN-125, CHEN-161,
CHEN-183, CHEN-211, CHEN-262, CHEN-345, Vikinga, Atlas and
Riobamba when grown under long-day conditions (Figure S5).
Therefore, seeds from quinoa cv. Titicaca were considered an
ideal primary material (Mg) to generate our SNP library.

Ethyl methanesulfonate (EMS) caused random point mutations
in the quinoa genome with mutation frequencies ranging from
0.5 to 16.6 mutations per Mb when concentrations increased
from 0.1 to 0.5% (v/v), respectively (Figure S6a,b). To avoid a
high level of background mutations, 0.1 and 0.2% (v/v) EMS
treatments were chosen for library generation (Figure S6¢).

Mutated seeds (M;) were planted and grown to maturity
under field conditions in Denmark during the 2019 and 2020
growth seasons. M, seeds from approximately 100 000 plants
were harvested and pooled (100 plants per pool; Figure S7a).
The procedure to extract mutants and validate identified
mutants is detailed in Materials and Methods (see Figure S7b
for a schematic explanation). In initial screens to determine
whether site-directed genotype screening can be employed
using this library, we identified 10 loss-of-function mutants for
10 genes of interest (Figure S6d; Table S2). Thus, the library had

broad coverage and was useful for identifying specific genetic
variation.

Isolation of tsar/T mutants

Employing the established EMS mutant library, we used
site-directed genotype screening (Knudsen et al., 2022) to
identify two heterozygous tsar/T mutants (M,): one mimicking
the previously described tsar/7-1 allele and the other in which
the fourth codon had been converted to a STOP codon (Figure 2a;
Figure S8b). The mutants were self-pollinated, and homozygous
mutants were identified by sequencing TSARLT genomic regions
isolated from the Ms progeny (Figure S8a). The two new
homozygous tsar/7 mutant alleles contained a G2079A substitu-
tion (tsar7-3) and a G12A substitution (tsar/7-4) (Figure 2a). The
tsarl1-4 substitution replaced a UGG codon encoding tryptophan
(W4) with a premature STOP codon (TGA), causing a predicted
complete loss of function of TSARL1 (Figure 2a). The G2079A
substitution in tsar/1-3 resulted in a truncated TSARLT transcript
(Figure 2b,c), presumably as a result of alternative splicing. The
cryptic splice site (G1875|G1876) was identified by sequencing
the TSARLT transcript from tsar/7-3 and was similar to that
identified in tsarl1-1 (Figure 2b,c; Figure S8b,c). The protein
encoded by tsar/7-1 and tsarl1-3 is predicted to be C-terminally
truncated (Figure 2c¢; Figures S9 and S10).

TSARLT1 loss of function abolishes saponin accumulation
in seeds

An afrosimetric assay (Koziol, 1991) was performed to estimate
the saponin content in seeds harvested from WT, tsar/1-3 and
tsarl-4 plants. Upon shaking seeds with water, seeds of the tsar/7-
3 and tsarl-4 mutants did not produce a stable foam layer above
the water, as was obtained with WT seeds (Figure S11). As the
mutant seeds were sweet according to definition (Koziol, 1991),
the tsarl1-3 and tsar/7-4 mutants were renamed sweet seed?
(sws7) and sws2, respectively.

We extracted total metabolites from plant material and the
extracts were analysed via a Dionex UltiMate 3000 Quaternary
Rapid Separation UHPLC" coupled to a Compact micrOTOF-Q mass
spectrometer equipped with an electrospray ion source operated in
negative ion mode (LC-gqToF-MS/MS), and principal component
analysis (PCA) was performed using samples of quinoa seeds,
leaves and roots (Figure 3a). Seed samples formed two separate
groups, indicating significant differences in metabolite composi-
tion. The total abundance of 38 previously identified saponins in
seeds was found to have decreased by more than 10-fold in the
mutant lines compared to the WT (Figure 3b). Base peak
chromatograms indicated the reduction of specific saponins in
swsT and sws2 compared to those of WT seeds (Figure 3¢). Among
39 detected seed saponins (numbered according to their retention
time; Table S3), five major saponins (i.e. CQ-15, CQ-17, CQ-22,
CQ-30 and CQ-X) accumulated to greater amounts in the WT
extracts (Figure 3c,d; Table S3). CQ-15, CQ-17, CQ-22 and CQ-30
have previously been characterized (Table S3) (Jarvis et al., 2017;
Tabatabaei et al., 2022), but the exact structure of CQ-X remains
elusive. In sws7 and sws2 seeds, the molar concentration of CQ-15
saponin was reduced to 15% of WT levels, CQ-17 was reduced to
trace amounts (~4% of WT), and CQ-22 (~0.2% of WT), CQ-30
(~0.02% of WT) and CQ-X (~0.001% of WT) saponins were even
further reduced (Figure 3d).

PCA of total metabolite features and base peak chromato-
grams indicated no visible difference in the relative density of
metabolites in leaves (Figure 3a; Figure S12a) and roots

© 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1-19

ASUIIT suowrwo)) dANea1) ajqeorjdde ayy Aq pauraAoS a1e sajonIe YO $asn Jo sa[NI 10§ AIeIqIT AUITUQ AJ[TA UO (SUONIPUOD-PUR-SULId)/W0d"AA1M" ATRIqI[auI[uo,//:sd)y) suonipuo)) pue suua I, 3yl S “[#707/$0/7Z] uo Areiqr auruQ Adipn “0S1108uoy] 190 Aq 0pet1°19d/1111°01/10p/woo KopimKreiqrjaurjuo//:sdny woij papeotumod ‘0 ‘7S9LLIYT



TSARL1 and quinoa seed saponins 5

(g)uinoa cv. FeaRkd 100 bp ®
Titicaca (WT) 1 I [ o WT sws1 sws2
EExon v Intron
GTTGCGCAGATAATGCA
G2079A

TSARL1
1183
979

tsarl1-3

swsT (mutant) ——] ]

\
GATGCATGATTAGCAGAATT
G12A (W4>STOP)

ATG...

(bp)

EF1a
(632 bp)

TSARL1 (CDS)
in bitter lines
c.1
_GAG| IATG...
e coo) N - I
in sweet lines

(CHEN-125,
-161, -183, -211,
-262, -345,

Vikinga,
and Atlas) and

sws1 mutants

c.682 c.886
l (or 9.1875)

*

-

3SATGG GGGGGTTTA
L':p Gy Lys Gy Va Sip

TGATGGAC

Figure 2 Identification of the two independent tsar/7 mutants (sws7 and sws2). (a) Genomic structure of TSARLT and its alleles. The sws7 and sws2
mutants contain homozygous tsar?-3 and tsarl1-4 alleles, respectively. tsar/7-3 contains a G2079A substitution (magenta arrow), resulting in a cryptic splice
site (G1875|G1876, blue arrowhead) and a truncated TSARLT transcript. tsar/1-4 contains a G12A substitution (green arrow), resulting in a premature stop
codon in the TSARLT transcript (W4=>STOP). (b) DNA electrophoresis of RT-PCR products. RT-PCR was performed to specifically amplify TSARLT transcripts
from quinoa flowers harvested from cv. Titicaca wild-type (WT), sws7 and sws2 plants. RT-PCR products amplified from transcripts of the elongation factor
Too (EF-Ta) gene were used as a positive control. The Thermo Scientific GeneRuler 1 kb Plus DNA ladder was used for sizing double-stranded DNA.

() Identification of the cryptic splice site shown in (a) using Sanger sequencing of TSARL1 coding sequences (CDSs) amplified from cDNA of bitter and
sweet quinoa lines. The red asterisk indicates the position of a premature STOP codon in the TSARLT coding sequence after alternative spicing. The typical
trace peaks were extracted from full sequencing data of TSARL1 coding sequences from tested sweet accessions/cultivars and sws7 mutants.

(Figure 3a; Figure S12b) between the WT and the two mutants.
Thus, TSARL1 appears to specifically influence saponin biosyn-
thesis in seeds but not in other tissues of quinoa.

TSARL1 controls saponin biosynthesis in the seed coat

To determine how TSARL1 is involved in saponin biosynthesis in
quinoa, we first performed RNA-seq analysis with total RNA

isolated from developing fruits (consisting of developing seeds
and fruit carpels) of WT, swsT and sws2 plants. More than 2600
and 1600 differentially expressed genes were identified in the
groups sws1 versus WT and sws2 versus WT, respectively
(Figure S13a). Among the 692 shared genes (Figure S13b), we
identified 22 genes encoding metabolic enzymes in the saponin
biosynthesis pathway that were consistently down-regulated in
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TSARL1 and quinoa seed saponins 7

Figure 3 Metabolite profiling of wild-type (WT), sws7 and sws2 seeds, leaves and roots. (a) Principal component analysis of total metabolite features of
leaf (green shade), root (brown shade), seed (orange and pink shade), harvested from WT and sws mutants, and quality control (grey shade) samples from 5
to 25 min retention time are shown. Groups were separated based on their tissue of origin. Seed samples from two separate groups highlighting different
metabolite accumulation in WT seeds in comparison to sws? and sws2 seeds. (b) Total relative saponin abundance in seeds from WT, sws7 and sws2.
Identified saponins were quantified, and total molar concentrations are shown to be dramatically decreased for sws7 (green) and sws2 (red) in comparison
to WT (blue) seeds. Six biological replicates were analysed for all seed tissues (n = 6). ****P < 0.0001 (one-way ANOVA followed by Tukey's test with a
95% Cl). ns, statistically not significant. (c) Base peak reverse-phase LC-qToF-MS/MS chromatograms of extracts from WT, sws7 and sws2 seeds.
Chromatograms were normalized to the signal intensity of sodium formate calibrant (blue shading). The extraction buffer with internal standard mix of the
internal standards (IS-1 and IS-2) was used as a relative retention time reference for bidesmosidic saponins (IS-1; 2 uM hederacoside C) and
monodesmosidic saponins (IS-2; 2 uM a-hederin). Five identified saponins CQ-15 (turquoise), CQ-17 (blue), CQ-22 (khaki), CQ-30 (red) and CQ-X (yellow),
and the internal standard (IS-2, green) are shown in colour. (d) Relative abundance of saponins in WT (top), sws? (middle) and sws2 (bottom) seeds.
Extracted representative chromatograms for each of the highly comparable biological replicate sample groups are shown (n = 6). Grey shading represents

the noise level relative to the maximum peak height of 5%.

both sws7 and sws2 mutants, except for a gene encoding a
squalene-synthase-like protein (LOC110718883), which was
up-regulated (Figure 4a; Table S4). In both sws? and sws2
mutants, two homologous genes encoding B-amyrin synthase
(BAS; LOC110687932 and LOC110726782) were strongly
down-regulated (Figure 4a; Table S4), consistent with data for
tsarl1-1 reported by Jarvis et al. (2017). LOC110726782/CqbAST
was previously described to contribute to saponin biosynthesis
(Fiallos-Jurado et al., 2016). The genes encoding CYP716A78 and
CYP716A79 (LOC110726788 and LOC110687936, respectively)
were also strongly down-regulated in both the sws7 and sws2
mutants. These two enzymes have previously been characterized
as B-amyrin 28-oxidases that, in quinoa, synthesize oleanolic acid
from B-amyrin (Fiallos-Jurado et al., 2016), a committed step in
the saponin biosynthesis pathway.

To confirm the transcriptomic data at the protein level, total
proteins were extracted and purified from developing fruits
harvested from sws mutants and WT plants and subjected to
proteomic analysis. Approximately 11 000 proteins were identi-
fied in all protein samples (Figure S14a). PCA of protein
abundance (Figure S14b) indicated that the sws mutants grouped
close together and distinct from the WT. Among the
down-regulated proteins, 30 were shared between the two
comparison groups (swsl versus WT and sws2 versus WT,
Figure 4b,c; Table S5; Figure S14c), 22 of which likely contribute
to saponin biosynthesis (Table 1). These 22 proteins included 10
enzymes that function in the triterpenoid biosynthetic pathway,
two putative cytochrome P450 monooxygenases, eight glycosyl-
transferases and two ABC-type xenobiotic transporters (Table 1),
and 20 of them were also identified in our transcriptomic data
(Figure 4a; Table S4). Among these enzymes, BAS (CqbAST,
encoded by LOC110726782) and B-amyrin 28-oxidase
(CYP716A78; encoded by LOC110726788) exhibited the stron-
gest decrease in protein levels in sws mutants (log, fold change
from —6.14 to —7.08; Table 1; Figure 4c; Table S5), suggesting
that they may play significant roles in controlling saponin
biosynthesis in quinoa seeds.

TSARL1 is expressed in reproductive tissues only and
localizes to the nucleus

We conducted reverse transcription-PCR (RT-PCR) to specifically
amplify TSARLT transcripts extracted from roots, stems, panicle
leaves, mature leaves, fruits, flowers, fruit coats and seeds of
quinoa cv. Titicaca. TSARLT transcripts could only be amplified
from fruits, flowers, fruit coats and seeds (Figure S15a). A
recombinant green fluorescent protein (GFP) fused with TSARL1

transiently  expressed in  Nicotiana benthamiana leaves
localized only to the nucleus of mesophyll cells, while free
GFP, the negative control, also localized to the cytosol
(Figure S15b).

Mutation of TSARL1T does not influence normal plant
growth and reproduction

We compared the growth and yield of the mutant plants with
those of the WT under both greenhouse and field conditions and
did not observe significant differences in shoot biomass (fresh
and dry weight, Figure 5a,b), shoot height (both inbred My
generation mutant lines and backcrossed BCF, generation)
(Figure 5¢,d; Figures S16a—c), flower morphology (Figure 5e) or
fruit maturation (Figure 5f) between the sws mutants and WT
plants. Both sws mutant lines and WT plants completed their life
cycles normally and produced seeds of similar size (Figure 5h;
Figure S16d) and weight (Figure 5i). Seed yield per plant was
scored after backcrossing sws mutants to quinoa cv. Titicaca
(WT). In the BCF, generation, seed production between individual
plants varied considerably, presumably due to inbreeding
depression; however, there was no significant difference in seed
production between groups of tested genotypes (tsar/7-3 or
tsarl1-4 homozygotes, tsarl/1-3 or tsarl1-4 heterozygotes, and
TSARLT homozygotes; Figure 5j). Furthermore, when plants were
treated with the generalist insect herbivore species Spodoptera
exigua, the development of caterpillars was comparable when
larvae were allowed to feed on foliage of the WT and sws
mutants (Figure 5k).

To test the performance of tsar/7 mutants in field conditions,
seeds harvested from BCF, plants were sown in the 2023 growth
season in Zealand, Denmark. The backcrossed line BCF3 tsarl1-
3/tsarl1-3 produced comparable seed yields to those produced by
the control line BCF3 TSARLT/TSARL1 (1) in both sector and bulk
harvested experiments (Figure 5I; Figure S16e). The BCF3 tsar/1-
4/tsarl1-4 line produced slightly less seeds than the control line
BCF3 TSARL1/TSARLT (2) in the sector experiments (Figure 5I);
however, the overall seed yield of the BCF3 tsar/1-4/tsarl1-4 line
showed an ~3-fold reduction in comparison to the control line in
the bulk harvested experiment (Figure S16e). Overall, the
consistency between the preliminary field trial and greenhouse
experiments with the tsar/7-3 mutant suggested that the sweet
mutant line may perform in the field as well as its parent, the
bitter quinoa cv. Titicaca. The negative performance observed in
the BCFs tsarl1-4/tsarl1-4 line may be due to unknown
environmental factors and further field trial experiments need
to be conducted with this line.
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TSARL1 and quinoa seed saponins 9

Figure 4 Differences in gene expression at transcript and protein levels in sws mutants compared to the wild-type (WT). (a) Differences in expression of
genes encoding enzymes in mevalonate pathway and saponin biosynthesis pathway. Gene names (with the prefix LOC) are indicated at the left side of each
panel. Rectangles next to the gene names are coloured according to their fold change in expression (log,) in sws7 and sws2 mutants compared to those in
WT plants. The experiment was performed with four biological replicates, and the fold changes in expression are all statistically significant with post hoc
adjusted P-value (P.q) < 0.05. Colour gradient bar showing fold change in expression (log,) is indicated in the figure. (b) and (c) Volcano plots comparing
protein abundance in developing fruits harvested from sws mutants and WT plants. Proteins that display a significantly reduced or increased expression in
sws mutants relative to the WT are highlighted in blue and red, respectively. Dashed lines indicate thresholds (—1 > log,FC (sws mutant/WT) > 1; —log;o(P-
value) for the protein with the highest significant post hoc adjusted P-value (P.g) below 0.05). (d) Differences in protein/enzyme abundance in mevalonate
pathway and saponin biosynthesis pathway. Protein names are indicated to the left of each rectangle, and the corresponding gene names (with the prefix
AUR) are indicated inside each rectangle. Rectangles next to the protein names are coloured according to their fold change in expression (log,) in sws7 and
sws2 mutants compared to those in WT plants. The experiment was performed with three biological replicates, and the fold changes in expression are all
statistically significant with post hoc adjusted P-value (P,q) < 0.05. Colour gradient bar showing fold change in expression (log,) is indicated in the figure.

The metabolic pathways were adapted from the terpenoid backbone biosynthesis pathway (cqi00900) and the sesquiterpenoid and triterpenoid
biosynthesis pathway (cqi00909) of the KEGG database (https://www.genome.jp/kegg/).

Discussion

In this work, we developed a very large quinoa mutant library that
allowed for the identification of specific nucleotide substitutions
in the quinoa genome. We used this method to identify mutants
in several genes of interest, among them two loss-of-function
mutants of TSARLT, which have an improved agronomical
trait, namely, the absence of antinutritional saponins in the
seed coat.

Loss of function of TSARL1 caused a dramatic decrease in the
expression of genes encoding CqbAS1 and B-amyrin 28-oxidases
(CYP716A78 and CYP716A79), which catalyse the committed
step of the saponin biosynthesis pathway post 2,3-oxidosqualene
((S)-squalene-2,3-epoxide; Figure 4). The downregulation of
genes in the mevalonate (MVA) pathway in sws mutants may
also be due to the disruption of TSARL1, as most of the identified
down-regulated genes are predicted to contain cis-elements
recognized by TSARL1 (Table S5).

Disruption of the MVA pathway in vegetative tissues severely
inhibits plant growth and reproduction, as observed in Arabi-
dopsis hmg! mutants (Suzuki et al., 2004). The observed
downregulation of the MVA pathway in sws mutants may thus
be specific for seeds, as we did not detect phenotypic changes in
the vegetative tissues of these plants.

Saponins have been reported to play a role in the defence
mechanisms of various plant species (Augustin et al., 2011, 2012;
Osbourn, 1996). Specifically, the monodesmosidic saponin, 3-
O-B-D-glucopyramosyl hederagenin, found in quinoa, exhibits
molluscicidal and fungicidal properties in the roots of Dolichos
kilmandscharicus (Kuljanabhagavad and Wink, 2009). Triterpe-
noid saponins from quinoa have been shown to be highly toxic to
cold-blooded animals (Joshi et al., 2008; San Martin et al., 2008).
While previous research has suggested a positive correlation
between seed saponin content and fitness parameters such as
viability and germination rate in other quinoa genotypes
(Granado-Rodriguez et al., 2021), our studies indicate that the
TSARL1 gene primarily regulates saponin content in seeds. Thus,
the loss of function of this gene should not significantly impact
resistance to pathogens and pests that primarily feed on plant
parts other than seeds. Indeed, our findings demonstrate that
downregulation of TSARL1-controlled saponin accumulation in
quinoa seeds does not affect resistance to the generalist insect
herbivore S. exigua when feeding on quinoa leaves (Figure 5k).
Furthermore, quinoa fitness remains unaffected in sws mutants
compared to the wild type under both greenhouse and field

conditions (Figure 5). Additionally, the successful cultivation of
sweet quinoa varieties worldwide suggests that the loss
of function of the TSARL1 gene may be advantageous for
obtaining saponin-free seeds without compromising yield
significantly.

In summary, we removed saponin, an important antinutrient,
from quinoa seeds of a commercial variety of quinoa. Plant
growth and reproduction appeared to be unaffected in sws7 and
sws2 mutants. Thus, using site-directed genotype screening, we
made a major step forward in improving quinoa seed quality
without compromising yield. The library, therefore, appears to be
a promising tool to accelerate quinoa breeding.

Methods
Plant materials

The Chenopodium quinoa Willd. (quinoa) cultivar Titicaca
(QuinoaQuality, Denmark) was used to generate a SNP library.
The commercial quinoa cultivars Vikinga (QuinoaQuality, Den-
mark), Atlas and Riobamba (Radicle, the Netherlands) were used
for phenotypic analysis. For the phenotypic and genome-wide
association study (GWAS), an additional 98 quinoa accessions
(Table S6) available from GenBank Information System of the IPK
Gatersleben (GBIS/I, https:/gbis.ipk-gatersleben.
de/gbis2i/faces/index.jsf) were used.

Generation of a SNP library in quinoa

A SNP library in quinoa was generated as described previously
(Knudsen et al., 2022) with some modifications. Quinoa Mg seeds
were soaked in either 0.1 or 0.2% (w/v) EMS solution for 16 h,
then air-dried in a fume hood for 24 h. The mutagenized M;
seeds were sown at a density of 6 kg ha~" and grown to maturity
under field conditions in Denmark during the 2019 and 2020 field
seasons. When all quinoa plants were mature, brown and dry, M,
seeds were harvested from pools of approximately 100 plants
(Figure S7a). The M, seeds were then screened to identify
targeted specific nucleotide substitutions (Figure S7b).

Determination of mutation load using (n)GBS/ddRAD
analysis

Normalized genotyping by sequencing/double digest restriction-
site associated DNA [(n)GBS/ddRAD] and subsequent analysis on
mutagenized quinoa plants was performed on samples of more
than 19 M, progeny plants of individual selfed M, parent plants
along with more than five M, plants from different individual
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Table 1 Proteins that show altered abundance in sws mutants

Log, difference P-value
Protein ID SwsT versus  sws2 versus  SwsT versus — sws2 versus
(UniProt) Gene ID/Name Protein description WT WT WT WT
Triterpenoid biosynthetic pathway
AOA1B2AS12 AUR62025699 B-Amyrin 28-oxidase —6.85 —7.08 4.04E-06 1.15E-06
(LOC110726788) (CYP716A78)
AOA803MOW7 AUR62025693 B-Amyrin synthase (CgbAST1) —6.14 —6.31 1.61E-06 7.23E-05
(LOC110726782)
AOA803NEO4 AUR62044351 HMG-CoA reductase (HMGR) —4.53 —4.71 7.82E-05 1.98E-05
(LOC110718708)
AOAB03L6F7 AUR62007446 Diphosphomevalonate decarboxylase -3.23 -3.14 4.32E-06 4.10E-06
(LOC110732714)
AOA803MCU5 AUR62027288 Diphosphomevalonate decarboxylase -2.78 -2.72 2.98E-06 3.41E-06
(LOC110692772)
AOA803N2J6 AUR62039349 Squalene epoxidase —2.74 —2.85 1.76E-05 3.94E-06
(LOC110732064)
AOA803KYC7 AUR62004036 Squalene epoxidase —2.39 —2.65 1.36E-05 2.09E-05
(LOC110682470)
AOA803MGM!1 AUR62029123 Acetyl-CoA acetyltransferase —2.23 —2.09 6.35E-05 1.60E-05
(LOC110730839)
AOA803LQT2 AUR62017311 HMG-CoA synthase —1.47 -1.49 1.41E-04 1.11E-04
(LOC110702521)
AOA803KP85 AUR62000841 Mevalonate kinase —1.08 -1.07 1.33E-05 8.43E-05
(LOC110736930)
Other cytochrome P450 monooxygenases
AOA803NE86 AUR62044433 CYP72A219-like —4.10 —-3.94 3.59E-05 1.04E-04
(LOC110719310 or
LOC110721253)
AOA803LB44 AUR62009083 CYP72A219-like —-3.98 -3.32 1.46E-04 5.88E-05
(LOC110705288)
UDP-glycosyltransferases
AOA803NET9 AUR62041447 Anthocyanin 3’-O-beta-glucosyltransferase-like —6.04 —6.20 3.26E-05 8.88E-06
(LOC110711362) (UGT73B-like)
AOA803LQI7 AUR62017216 Anthocyanidin 3-O-glucoside 2”-O- —4.65 —4.66 3.03E-05 9.91E-06
(LOC110702441) glucosyltransferase-like (UGT79B-like)
AOAB803N6T7 AUR62041445 Anthocyanin 3'-O-beta-glucosyltransferase-like —4.34 —4.47 4.12E-05 2.40E-05
(LOC110711361) (UGT73B-like)
AOAB03N886 AUR62042030 or/and Anthocyanin 3’-O-beta-glucosyltransferase-like -4.12 —4.57 2.83E-05 1.21E-05
AUR62041446 (UGT73-like)
(LOC110711361 or/and
LOC110738265)
AOAB03KVF7 AUR62003015 Scopoletin glucosyltransferase-like (UGT73B-like) —3.57 —2.88 1.12E-04 1.20E-04
(LOC110720877)
AOA803NB89 AUR62043317 UDP-glycosyltransferase 74E1-like (UGT74E-like) —2.57 —2.44 6.59E-05 4.34E-05
(LOC110719072)
AOA803LMF7 AUR62015468 Cellulose-synthase superfamily-derived —6.07 —5.94 9.60E-05 3.94E-05
(LOC110689329) glycosyltransferase
AOAB803KT98 AUR62002256 Cellulose-synthase superfamily-derived —4.99 —4.67 3.95E-05 2.50E-05
(LOC110717430) glycosyltransferase
Transporters
AOA803N6Z9 AUR62041507 ABC-type xenobiotic transporter —2.92 —2.65 5.20E-06 4.71E-06
(LOC110697519)
AOAB803NA49 AUR62042848 ABC-type xenobiotic transporter —2.51 -2.10 2.23E-04 1.47E-04
(LOC110694020)
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parent My plants for the same mutagenesis treatment. The (n)
GBS/ddRAD analysis, including DNA extraction, library construc-
tion, sequencing and initial bioinformatic analysis, was performed
at LGC Genomics GmbH (Germany) as described by Knudsen
et al. (2022).

After SNP identification, the following steps were used to
identify SNPs induced by the mutagenesis treatment: (1) removal
of loci having any neighbouring SNP loci within 50 bp, (2)
disregarding loci whose alternate fraction was lower than 35% in
a single sample, (3) removal of SNP loci occurring in more than
one group originating from different M plants, (4) removal of
SNP loci occurring only once in M, samples from the same M,
parent and (5) removal of outlier samples from the analysis based
on interquartile range. The estimated mutation density number
was based on the genomic coverage in individual (n)GBS/ddRAD
analyses.

Screening of quinoa libraries for specific nucleotide
substitutions

Genomic DNA (gDNA) was extracted from 25% of the seeds from
each seed pool, where each pool represented approximately 100
individual plants. First, all seed pools were screened for possible
specific nucleotide substitutions occurring in the My generation.
As described previously (Knudsen et al., 2022), gDNA extracted
from each pool was diluted, mixed with droplet digital PCR
(ddPCR) reagents and a master mixture of the TagMan probe
solution, then applied to 96-well PCR plates, where each well
represented one screened seed pool. The reaction mixture was
prepared on a QX200 AutoDG Droplet Digital PCR system (Bio-
Rad, USA). In the system, 20 pL of the reaction mixture was
separated and encapsulated into approximately 20 000 droplets;
therefore, each droplet encased approximately one genome
equivalent of gDNA. The droplets were dispensed into 96-well
plates and heat-sealed at 180 °C for 5 s with pierceable foil using
a PX1 PCR plate sealer (Bio-Rad, USA). The 96-well plates were
then inserted into a thermal cycler (Uno96, VWR, USA) for PCR
amplification using pre-set thermal cycles: 95 °C for 10 min,
followed by 40 cycles of 94 °C for 30 s and 55 °C for 1 min,
ending with 98 °C for 10 min. The 96-well plates were next
placed into a QX200 Droplet reader (Bio-Rad) to count positive
and negative droplets for each fluorophore, and the raw data
obtained were analysed using Bio-Rad QuantaSoft software (Bio-
Rad). Second, after detecting seed pools containing the targeted
specific nucleotide substitution events, approximately 1000 seeds
from the remaining 75% of the seeds were sown in soil. gDNA
was extracted from the first leaves of quinoa seedlings and
grouped into sub-pools containing gDNA from approximately 100
seedlings. These samples were diluted and subjected to the
ddPCR process and analysis as described above. If positive
amplification (fluorescence signals) was detected from a seedling
sub-pool, each gDNA sample from individual seedlings of that
sub-pool was subjected to ddPCR screening and analysis, as
described above, to detect seedlings (M,) having specific
nucleotide substitutions in their genomes. These specific nucle-
otide substitutions were further validated using specific PCR
amplification and Sanger sequencing of purified PCR products
(Eurofins Genomics, Germany). See Figure S7b for a schematic
explanation.

Isolation of tsar/7 mutants

Site-directed genotype screening was used to identify two quinoa
parent plants (M,): one having a heterozygous G2079A
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nucleotide substitution and the other one having a heterozygous
G12A nucleotide substitution in the TSARLT gene. These plants
were grown and selfed under greenhouse conditions (Carlsberg
Research Laboratory, Denmark), and dried Ms seeds were
collected from fully mature and dried plants. Ms seeds
were sterilized using ethanol (70% and 95%, v/v), placed on
agar containing half-strength MS medium and grown under long-
day conditions (8-h-dark (16 °C)/16-h-light (23 °C) cycle,
110 pmol photons m 2 s~ "). Small leaf cuttings from 2-week-
old seedlings were used for PCR amplification using a Phire®
Plant Direct Kit (FINNZYMES, Finland). CqTSARL1-G2079A-
F/CqQTSARL1-G2079A-R and CqTSARL1-W4Stop-F/CqTSARL1-
WA4Stop-R primer pairs (Table S7) were used for PCR amplification
and Sanger sequencing (Eurofins Genomics, Germany) to detect
G2079A and G12A nucleotide substitutions, respectively, in
the TSARLT gene in Ms quinoa plants. Homozygous tsar/1
mutants, containing G2079A or G12A nucleotide substitutions,
were identified and transferred to soil for growth and seed
production under greenhouse conditions (long-day conditions (8-
h-dark/16-h-light cycle), 200 umol photons m~—2 s~', University
of Copenhagen, Denmark). See Figure S8a for a schematic
explanation.

Genomic DNA extraction

DNA was extracted using a version of the cetyltrimethylammo-
nium bromide (CTAB) method. Plant tissue (50-100 mg) was
snap frozen. Adapters and 24x tissue lyser racks were stored at
—80 °C and prepared on dry ice. Frozen tubes were placed in
the cold racks, and a 4-mm metal sphere was added to each
tube. CTAB extraction buffer [3% w/v CTAB, 28% w/v NaCl, 4%
w/v EDTA pH 8, 10% w/v Tris=HCI pH 8, 3% w/v polyvinylpyr-
rolidone (PVP, 40 kDa), 0.2% w/ B-mercaptoethanol] was
prepared by mixing chemicals sequentially under a fume hood
and stored in a 60 °C water bath. Tissue disruption was carried
out in a Retsch-QIAGEN Tissuelyser Il at 25 Hz for 1 min,
followed by an additional 2 min on dry ice before another round
of shaking. Once processed, samples were kept on dry ice and
transported to the laboratory. Pre-warmed CTAB extraction
buffer (500 pl) was added to each sample, and the tubes were
mixed gently by inverting before being placed into a 60 °C bath
for 60 min. The homogenates were then centrifuged for 10 min
at 10 000 x g at room temperature. The supernatant of each
sample was transferred into a clean tube and 5 uL of RNase
(10 mg/mL in water) was added, which was incubated at room
temperature for 15 min. Subsequently, 500 pL of chloroform:
isoamyl alcohol (24:1, v/v) was added, and the tubes were gently
mixed by inverting before being centrifuged for 10 min at
14 000 x g at room temperature to separate the phases. The
upper phase was transferred to a clean tube (approximately 400—
500 ub), and 0.7 volume of isopropanol (for 450 uL, 315 plL
isopropanol) was mixed in and incubated at —20 °C for 15 min.
The mixture was then centrifuged for 10 min at 10 000 x g
4 °C. The supernatant was decanted, and the pellet was washed
using 500 mL ice-cold 70% (v/v) ethanol (stored in the freezer at
—20°C). After centrifuging for 5 min at 10 000 x g at 4 °C,
another ethanol wash was performed. Any remaining ethanol
was removed, and if the pellet obstructed this process, it was
centrifuged again. The pellet was then dried in a chemical fume
hood for approximately 30 min until it became white, making
sure not to overdry the DNA. Finally, the DNA was gently
resuspended in 50 uL of nuclease-free water and stored at
—20 °C.
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Figure 5 Phenotypic analysis of the wild-type (WT) and sws mutants. (a) Fresh shoot weight per plant. 48 days after sowing (DAS) plants were used. Data
are the mean £ SD (n = 6). (b) Dry shoot weight per plant. 48 DAS plants were used. Data are the mean £ SD (n = 6). (c) Height of plants 40 DAS. Data
are the mean + SD (n = 6). (d) 40-DAS WT, swsT and sws2 plants. Scale bar, 10 cm. (e) Flowers of WT, swsT and sws2. Scale bar, 2 mm. (f) Panicles of
WT, sws1 and sws2 plants at 91 DAS. Scale bar, 10 cm. (g) Dried seeds from WT, sws7 and sws2 plants. Scale bar, 10 mm. (h) Average seed diameter
(~64—-112 seeds per sample were measured). Data are the mean £ SD (n = 8). (i) Weight of 1000 seeds. Data are the mean £ SD (n = 8). *P < 0.05 (one-
way ANOVA followed by Tukey's test with a 95% Cl). ns, statistically not significant. (j) Total seed weight produced per plant. Seeds were harvested from
individual plants with different genotypes in the F, generation after backcrossing sws mutants to quinoa cv. Titicaca WT (BCF, generation). BCF, TSARLT/
TSARL1 (1) or (2) plants were the second progeny after backcrossing sws7 or sws2 mutants, respectively, to quinoa cv. Titicaca WT. Plants were grown
under greenhouse conditions (long-day [8-h-dark/16-h-light cycle] conditions, 200 umol photons m~2 s~"). Plants were irrigated with nutrient water once
a week in the first 2 weeks after sowing seeds. Data are the mean =+ SD. ns, statistically not significant. (k) Non-choice test for herbivore susceptibility.
Larvae of Spodoptera exigua were allowed to feed on young plants of the bitter quinoa cv. Titicaca WT and sws mutants. After 8 days, the larvae were
collected and their weight was scored. (I) Weight (g) of total quinoa seeds per sector harvested in the field. One plant sector included 25 individual plants.
Eight grams of BCF5 seeds were sown in the field (Zealand, Denmark) in April 2023 and harvested in September 2023. BCF3 TSARL1/TSARLT (1) or (2) plants
were the third progeny after backcrossing sws7 or sws2 mutants, respectively, to quinoa cv. Titicaca WT. Data are the mean = SD (n = 3). **P < 0.01

(Student’s t-test). ns, statistically not significant. All plants from (a) to (i) were grown under greenhouse conditions (long-day conditions [8-h-dark/16-h-light
cycle], 200 umol photons m~2 s7"). Plants were irrigated with nutrient water once a week until anthesis. *P < 0.05, ***P < 0.001 (one-way ANOVA

followed by Tukey’s test with a 95% Cl).

Genomic data processing

Genotypes were obtained from 124 individuals. Of these, 34
datasets were generated in a previous study (Patiranage
et al., 2022), and the raw data were downloaded from the NCBI
Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra).
Accession numbers and SRA identifiers are given in Table S6.
These samples were sequenced using the NovaSeq lllumina
platform with 150-bp paired-end reads, with 8x to 10x
coverage. The remaining 90 datasets were generated in this
study using the same technique to reduce bias. Sequencing was
performed at Novogene Europe (Novogene, China). Between 11
and 16 Gb of reads was generated per sample, aiming for a
coverage of 6-10x across the quinoa haploid genome (1.4 Gbp).
The raw fastq files were filtered and trimmed using fastp (Chen
et al., 2018) using the following parameters: base phred quality
(—q 20), maximum percentage of unqualified bases (—u 30), read
minimum length after trimming (—I 50), fixed trimming from 5’
end (=5 20), sliding window (-W 5), mean quality for sliding
window (—M 20) and low-quality trimming for 3’ end enabled
(—9). More than 94% of reads per sequenced sample passed the
filters, and the total number of reads per sample ranged from
71.5 to 104.2 million.

Generation of binary alignment map (BAM) files

After filtering and trimming, reads were mapped to the quinoa
reference genome V1 (Genome ID: 33827, v1.4; CoGe database,
https://genomevolution.org/coge/). This is a linkage-map-
anchored pseudomolecule assembly based on the unscaffolded
assembly in Genome id28667 (CoGe database). Minimap2 was
used for mapping, which has been shown to perform well with
bwa-mem on short (>100 bp), paired, non-spliced reads,
with higher speed (Li, 2018, 2021). Reads with mapping quality
above 30 were selected using SAMtools v1.8 (Danecek
et al.,, 2021). Processing of the resulting sorted BAM files was
performed using GATK4 (version 4.4.0.0) (Depristo et al., 2011;
McKenna et al., 2010). Individual reads from each file were then
assigned read group labels, based on the library, platform and
sample name, using the GATK4 AddOrReplaceReadGroups
(Picard) tool. Duplicate reads (PCR artefacts) were flagged within
BAM files using the GATK4 MarkDuplicates (Picard) tool. BAM
files belonging to the same samples but originating from different
lanes were later merged.

Variant calling and filtering

A subset of 100 accessions was used for calling variants by
running bcftools (version 1.8) mpileup piped into bcftools call
(Lefouili and Nam, 2022; Li and Barrett, 2011). Calling was
performed for each chromosome, filtering for read mapping
quality (MQ > 30) and base quality (BQ > 20). Each chromosome
variant call format (VCF) file was then examined in R (v4.3.0) by
extracting the statistics contained within the INFO field. Based on
these statistics, bcftools view (bcftools v.1.8) was then used to
perform a first round of filtering, using the following parameters:
total depth (500 < DP < 950), mapping quality (MQ > 40),
Mann-Whitney U test of Mapping Quality Bias (MQB), Base
Quality Bias (BQB), Read Position Bias (RPB) and Mapping Quality
versus Strand Bias (MQSB) all set to >0.05. This step produced a
main SNP dataset for each chromosome. This dataset was filtered
further by minimal allele frequency (MAF) and maximum fraction
of missing calls for each position (MISS) using vcftools (v0.1.16)
(Danecek et al.,, 2011). A preliminary SNP-based population
structure was computed from this filtered set using Tassel PCA
(Bradbury et al., 2007). MAF filtering was performed separately
on coastal (4 accessions, MAF >0.5) and highland (96 accessions,
MAF >0.04) accessions to avoid losing coastal-specific SNPs. Sets
from coastal and highland accessions were then merged. To
phase genotypes and infer missing calls, the tool Beagle (v5.0)
was used with default settings (Browning et al., 2018, 2021). At
this point, all chromosome VCF files were concatenated into a
genome-level high-confidence SNP set, which contained
3 637 746 SNPs.

Linkage disequilibrium (LD)

The LDkit (Tang et al., 2020) tool was used for calculating LD
plots in the selected region.

Population structure

Genotype likelihoods were calculated using ANGSD (v0.940-
stable) (Korneliussen et al., 2014), filtering by MAF >0.05,
mapping quality (—minMaQ 40) and base quality (—minQ 20).
The general syntax used is as follows:

angsd -b $bam_list -out $output_prefix -ref $ref_genome -
doMaf 1 -minMaf 0.05 -minQ 20 -minMapQ 40 -uniqueOnly 1
-remove_bads 1 -only_proper_pairs 1 -C 50 -doGIf 2 -
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doCounts 1 -doDepth 1 -minind 75 -GL 1 -SNP_pval 1e-6 -
doMajorMinor 1 -nThreads $num_threads >& $output_prefix.

log.

Next, PCAngsd (v1.2) (Meisner and Albrechtsen, 2018) was
used to generate eigenvectors and eigenvalues. Population
structure  was visualized in R using ggplot2 v4.3.1
(https://CRAN.R-project.org/package=ggplot2).

GWAS

GWAS was conducted by performing linear mixed-model analysis
using the likelihood ratio test in GEMMA (v0.98.5) (Zhou, 2017)
and in GAPIT (a Genome Association and Predicted Integrated
Tool) (v3.4) (Wang and Zhang, 2021). For GAPIT, the analysis was
run using GLM (‘general’ linear model), MLM (Mixed linear
model), MLMM (Multi-locus mixed-model), FarmCPU (Fixed and
random model Circulating Probability Unification) and BLINK
(Bayesian-information and Linkage disequilibrium Iteratively
Nested Keyway) methods. For both tools, five principal compo-
nents from the PCAngsd output were included as covariates and
in the internally generated centred kinship matrix to account for
the observed population stratification. To perform correction
for multiple tests, the actual number of tested variants was
estimated using the Genetic Type | error calculator, and the
suggestive and Bonferroni significance thresholds were adjusted
accordingly (Li et al., 2012). The significance threshold based on
false discovery rate (FDR)-adjusted P-values was also calculated.
This provides another conservative estimate that is more flexible
than Bonferroni, as it takes into account the distribution of actual
P-values. Regions around significant SNPs were annotated using a
custom database generated using the QQ74 reference genome,
using SnpEff 4.3 T in Galaxy(https://usegalaxy.org/) (Cingolani
et al, 2012; The Galaxy Community, 2022). SNPs were
categorized according to their position with respect to gene-
coding sequences. The putative functions of genes within the
regions were predicted using the online tools DAVID
(https://david.ncifcrf.gov/tools.jsp) (Huang et al., 2009) and Plaza
(https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v4_5_
dicots/) (Van Bel et al., 2022).

Afrosimetric assay to estimate saponin content in
quinoa seeds

Dried quinoa seeds were used for the afrosimetric assay. A
standard protocol was described previously (Koziol, 1991), in
which 0.5 g seeds was added to a test tube containing 5 mL of
distilled water, followed by shaking vigorously for 30 s. After a
30-min rest, the tube was shaken again for 30 min. This shaking-
and-resting step was repeated once more before letting the tube
rest for 5 min and then observing the height of the stable foam to
the nearest 0.1 cm. A positive control tube containing 0.2 g
saponins (Sigma, USA) in 5 mL of distilled water was included.
This standard protocol was used for post-harvest estimation of
bitterness or sweetness of quinoa seeds. According to
Koziol (1991), quinoa seeds that cannot produce a stable foam
layer in the afrosimetric assay have less than 0.11% (w/w)
saponins and can be considered sweet seeds.

Alternatively, a modified afrosimetric assay was used as
described previously (Otterbach et al., 2021). In this modified
afrosimetric assay, five quinoa seeds were added to a microtube
containing 0.5 mL of distilled water. This modified assay was
used to score saponin content in quinoa seeds from 88 quinoa
accessions used for GWAS. Scores were assigned by measuring

the height in millimetres of foam formed for each sample after
treatment. Measurements were carried out manually for each
sample using ImagelJ v1.53 (Schneider et al., 2012).

Total saponin extraction and metabolite analysis using
LC-gToF-MS/MS

Quinoa plants were grown in soil under greenhouse conditions
(long-day conditions (8-h-dark/16-h-light cycle), 200 pmol pho-
tons m 2 s '; University of Copenhagen, Denmark) until they
fully matured and produced seeds; these dried seeds were used
for saponin extraction and analysis. Quinoa plants were also
grown in a hydroponic system using air-supplied water-based
mineral nutrient solutions [containing approximately 0.2 mM
KH2PO4, 0.2 mM KzSO4, 0.3 mM MgSO47HZO, 0.1 mM NaCI,
KNOs, 50 uM  Fe(ll)-EDTA-Na, 1 uM MnCl;.4H,0, 0.7 uM
ZnSO,4, 0.8 pM CuS04.5H,0, 20 uM H3BO3 and 0.8 uM
Na,Mo04.2H,0; pH 5.5-6.5, adjusted using NaOH or HCI
solutions] under greenhouse conditions (long-day conditions; 8-
h-dark/16-h-light cycle; 200 pmol photons m=2 s~; University of
Copenhagen, Denmark) from 07/10/2022 to 29/11/2022; total
leaves and roots were harvested, freeze-dried, homogenized and
used for saponin extraction and analysis.

Approximately 0.1 g dried quinoa seed, leaf or root sample
was placed into a 2-ml microtube containing four 5-mm stainless
steel beads (Qiagen, Germany). All samples were homogenized
using a tissue lyser (Retsch®, Germany) to achieve fine powder.
Total saponins in homogenized tissue samples were extracted
with 1 mL of 80% (v/v) methanol solution containing a mix of
2 uM hederacoside C and 2 uM a-hederin (internal standards;
Sigma, USA), assisted by ultrasound in an ultrasonic bath
sonicator (Branson 5510, Branson Ultrasonics, USA) for 30 min,
as previously described (Gémez-Caravaca et al.,, 2011). Tissue
particles were pelleted using high-speed centrifugation
(18.407 x g, 15 min, 4 °C; Eppendorf centrifuge 5430/5430
R), and the liquid extracts were collected. The extracts were
stored at —20 °C overnight for further precipitation of proteins
and small particles, followed by high-speed centrifugation
(18.407 x g, 15 min, 4 °C). Extracts in supernatant fraction
were then collected. Samples were randomly numbered, diluted
with milli-Q water and filtered (mobile phase purification) for LC-
gqToF-MS/MS analysis.

To identify individual saponins, metabolite analysis by LC-qToF-
MS/MS was performed essentially as described (Giavalisco
et al, 2011; Jarvis et al., 2017; Tabatabaei et al., 2022). LC-
gToF-MS/MS was performed on a Dionex UltiMate 3000
Quaternary Rapid Separation UHPLC" focused system (Thermo
Fisher Scientific, Germering, Germany). Separation was achieved
on a Kinetex 1.7 um XB-C18 column (100 x 2.1 mm, 1.7 pm,
100 A, Phenomenex). For eluting 0.05% (v/v) formic acid in milli-
Q grade water and acetonitrile [supplied with 0.05% (v/v) formic
acid] were employed as mobile phases A and B, respectively.
Gradient conditions were as follows: 0.0-1.0 min 5% B; 1.0-
9.0 min 5%-20% B, 9.0-23.0 min 20%-75% B, 23.0-25.0 min
75%-100% B, 25.0-26.5 min 100% B, 26.5-27.0 min 100%-
5% B and 27.0-32.0 min 5% B. The flow rate of the mobile
phase was 300 pl/min. The column temperature was maintained
at 30 °C. The UHPLC was coupled to a Compact micrOTOF-Q
mass spectrometer (Bruker, Bremen, Germany) equipped with an
electrospray ion source (ESI) operated in negative ion mode. The
ion spray voltage was maintained at —3900 V in negative ion
mode. Dry temperature was set to 250 °C, and the dry gas flow
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was set to 8 L/min. Nitrogen was used as the dry gas, nebulizing
gas and collision gas. The nebulizing gas was set to 2.5 bar and
collision energy to 10 eV. MS spectra were acquired in an m/z
range from 50 to 1400 and MS/MS spectra in a range from 200
to 1400 m/z. Sampling rate was set to 3 Hz. Na-formate clusters
were used for mass calibration. All files were calibrated by
postprocessing.

Base peak chromatograms were normalized to the dried
weight of input materials (shoots, roots and seeds) and are
shown using the same scale in the figures (Figure 3¢; Figure S12).
Detected saponins are listed in Table S3 according to their
retention time (12-20 min) and specific m/z values determined
from previously published data (Jarvis et al., 2017; Tabatabaei
et al., 2022). Specific peaks of the major seed saponins detected
in the base peak chromatograms were coloured, as shown in
Figure 3c,d. Concentrations of these major saponins were
calculated by relative comparison of their peak areas to those
of the internal standards for which the concentration was known.
PCA of LC-qToF-MS/MS data of extracts from quinoa seeds,
leaves and roots were plotted using MZmine 3 (Schmid et al.,
2023).

RNA-seq analysis

Quinoa plants were grown on soil under greenhouse conditions
(long-day conditions (8-h-dark/16-h-light cycle), 200 pmol pho-
tons m~2s~"; University of Copenhagen, Denmark) from
07/07/2022 to 12/09/2022. Young fruits were used to extract
total RNA using SV Total RNA Isolation System (Promega, USA).
The integrity of total RNA extracts (2.7-15.5 pg) was tested using
the Agilent 2100 Bioanalyzer system (Agilent Technologies, USA)
and agarose gel electrophoresis. High-qualified total RNA samples
(total RNA amount >200 ng, RNA integrity number >4 (with flat
base line), no degradation and no contamination) were sent to
Novogene Europe (Novogene, China) for RNA-seq analysis.

Messenger RNA (MRNA) was purified from total RNA using
poly-T oligo-attached magnetic beads after fragmentation, and
the first-strand cDNA was synthesized using random hexamers,
followed by the second-strand cDNA synthesis. The library was
checked with Qubit (Invitrogen, USA) and real-time PCR for
quantification and biocanalyzer for size distribution detection.
Quantified libraries were pooled and sequenced on an lllumina
platform (Illumina®, USA). Raw data were stored in FASTQ format
files containing sequences of reads and corresponding base
quality.

Raw data were processed through fastq software to obtain clean
data (clean reads) after removing reads containing adapter, reads
containing poly-N and low-quality reads. Phred score (error rate,
Q20 and Q30) and GC content in the clean data were calculated.
Only clean data with high quality were processed to next steps.

The quinoa reference genome assembly ASM168347v1
(GCF_001683475.1 (58 754 genes, 49 138 protein-coding
genes)) was downloaded from GenBank (NCBI, https://www.
ncbi.nIm.nih.gov/). An index of the reference genome was built,
and paired-end clean reads were aligned to the reference
genome using Hisat2 v2.05 (Kim et al.,, 2015, 2019; Mortazavi
et al., 2008; Pertea et al., 2016).

FeatureCounts v1.5.0-p3 (Liao et al., 2014) was used to count
the reads mapped to each gene. For estimating gene expression
levels, fragments per kilobase of transcript sequence per millions
base pairs sequenced (FPKM) of each gene was calculated based
on the length of the gene and read counts mapped to this gene
(Mortazavi et al., 2008).
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Differential expression analysis of two groups (sws7 versus WT
or sws2 versus WT) was performed using the DESeq2 R package
v1.20.0 (Love et al., 2014). DESeq2 provides statistical routines
for determining differential expression in digital gene expression
data using a model based on the negative binomial distribution
(Love et al., 2014). The bigger the number of genes, the higher
the cumulative degree of false positives in the hypothesis test. The
resulting P-values were adjusted using the Benjamini and
Hochberg (BH) approach for controlling the FDR. Genes with an
adjusted P-value (P,g) < 0.05 found by DESeq were assigned as
differently expressed. A standard screening criterium for a
biologically meaningful threshold was applied with |
logy(FoldChange)] > 1 and P,q; <0.05 to identify significantly
regulated differential genes between two groups.

Proteomic analysis

Quinoa plants were grown on soil under greenhouse conditions
(long-day conditions (8-h-dark/16-h-light cycle), 200 pmol pho-
tons m~2s~"; University of Copenhagen, Denmark) from
18/01/2023 to 04/04/2023. Developing fruits (approximately
100-300 mg) were used to extract total protein according to
Wang et al. (Wang et al., 2006) Total protein pellets were sent
to the Proteomics Research Infrastructure (PRI, University of
Copenhagen, Denmark) for mass spectrometry (MS) analysis.
Protein samples were processed as previously described
(Wisniewski et al., 2009). Protein pellets were dissolved, diluted
in a digestion buffer containing 1 pg Trypsin/Lys-C Mix (Promega,
USA) and 0.01% ProtemaseMax™ surfactant (Trypsin enhancer,
Promega, USA), then incubated overnight at 37 °C. Tryptic
peptide mixtures were desalted using stage-tips containing
styrene divinylbenzene reverse-phase sulfonate material (SDB-
RPS, 3 M, USA). Desalted peptide mixtures were separated on 15-
c¢m columns packed with best-in-class ReproSil C18 1.9-um beads
(PepSep Columns, Bruker Daltonik GmbH, Germany) on a HPLC
device (Evosep One HPLC, Ecosep Biosystems, Denmark), then
injected into a timsTOF Pro mass spectrometer (Bruker Daltonik
GmbH, Germany) that was operated in Parallel Accumulation
Serial Fragmentation (PASEF) mode as previously described (Meier
et al, 2018). Raw MS data, obtained by data-independent
acquisition (DIA) and data-dependent acquisition (DDA) methods,
were analysed with MaxQuant v1.6.15.0 (Max Planck Institute of
Biochemistry, Germany) and Spectronaut® (BIOGNOSYS, Swit-
zerland). Peak lists were searched against the UniProt FASTA
database (UP000596660_63459.fasta (33 949 entries), May
2023). FDR was set to 5% for both peptides (minimum length
of seven amino acids) and proteins. Label-free quantification
(LFQ) was performed using Spectronaut® (BIOGNOSYS, Switzer-
land) using default manufacturer settings.

Statistical and bioinformatic analyses of MaxQuant v1.6.15.0
(Max Planck Institute of Biochemistry, Germany) and Spectronaut®
(BIOGNOSYS, Switzerland) outputs were performed in Perseus
v1.6.14.0 (Max Planck Institute of Biochemistry, Germany)
(Tyanova et al., 2016) and R v4.0.3. LFQ intensity values were
normalized by log, transformation, and proteins with less than two
valid values (two unigue peptides) in at least one group were
filtered out. The missing values were imputed with the MinProb
method (random draws from a Gaussian distribution; width = 0.3
and downshift = 1.8) (Lazar et al., 2016). Differentially regulated
proteins in each group comparison were identified by one-way
ANOVA test with Benjamini-Hochberg (BH) correction from
multiple hypotheses, followed by post hoc pairwise comparison
t-tests using the same parameters and BH correction. In the volcano
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plots, proteins that displayed a significantly reduced or increased
expression are highlighted in blue and red, respectively; dashed
lines indicate thresholds (—1 > log,FoldChange (sws mutant/WT)
> 1; —logo(P-value) for the protein with the highest significant
post hoc adjusted P-value (P,q) below 0.05).

Subcellular localization analysis using heterologous
transient expression of TSARL1 in Nicotiana
benthamiana

TSARL1 coding sequences (CDSs) were specifically amplified from a
cDNA library using the attB1-CqTSARL1-F/attB2-TSARL1-NoEnd_R
primer pair (Table S7) and PrimeSTAR® GXL DNA Polymerase
(Takara, Japan). The obtained TSARLT CDS fragments were cloned
into pGWB505 destination empty vector (Addgene, USA) (Naka-
gawa et al., 2009) via the Gateway cloning system using
pDONR/Zeo (Invitrogen, USA) as donor vectors to generate an in-
frame TSARL1-eGFP fusion construct. This fusion construct was
transfected into Agrobacterium C58C1 strain (Gold Biotechnol-
ogy, USA) via an electroporation method. Also, the pDGB3a2_35S:
P19:Tnos vector (Addgene, USA) (Sarrion-Perdigones et al., 2013)
was transfected into Agrobacterium C58C1 strain (Gold Biotech-
nology, USA) via an electroporation method. This transfected
Agrobacterium strain, containing recombinant pGWB505 (having
TSARL 1-eGFP fusion construct) or pDGB3a2_35S:P19:Tnos vectors
(Addgene, USA), was co-infiltrated to N. benthamiana to induce
transient expression of TSARL7-eGFP in leaf mesophyll and
epidermal cells. As a control, a transfected Agrobacterium
GV3101 strain, containing pGFPGUSPIlus vector (Addgene, USA)
(Vickers et al., 2007) expressing eGFP and GUS, and a transfected
Agrobacterium C58C1 strain, containing pDGB3a2_35S:P19:Tnos
vector expressing P19, were also co-infiltrated into N. benthamiana
leaves. eGFP fluorescence signals from mesophyll and epidermal
cells of infiltrated N. benthamiana plants were observed using a
confocal laser scanning microscope (Leica SP5-X system, Leica,
Germany) with a water 20x objective (NA 0.7) at an excitation
wavelength of 488 nm. Emission signals were recorded at 500—
525 nm (GFP) and 611-680 nm (autofluorescence).

Tissue-specific expression analysis using RT-PCR

Total RNA from quinoa roots, stems, leaves, flowers, fruits, fruit
coats (perianths) and young seeds, consisting of seed coat
(pericarp), curved embryo and perisperm, was extracted using an
RNeasy Kit (Qiagen, Germany). Fruit coats and young seeds were
manually dissected from young fruits using forceps and tweezers
under the microscope (Leica EZ4, Leica, Germany). cDNA libraries
were synthesized using an iScript cDNA Synthesis Kit (Bio-Rad,
USA). RT-PCR reactions to amplify full lengths (1183 bp) or
fragments (573 bp) of TSARLT CDS were performed using
PI_TSARL1_F1/ PI_TSARL1_R1 or CqTSARL1_CDS_F/CqT-
SARLT_CDS_R primer pairs (Table S7), respectively, and PrimeSTAR®
GXL DNA Polymerase (Takara, Japan). As a positive control, the CDS
of the AUR62027932 gene, a housekeeping gene encoding a putative
elongation factor 1o in quinoa, was amplified using Fp1_Cqe-
fla/Rp1_Cqefla primer pairs and PrimeSTAR® GXL DNA Polymerase
(Takara, Japan).

Phenotypic analysis of tsarlT mutants

Quinoa plants were grown on soil under greenhouse conditions
(short-day (16-h-dark/8-h-light cycle) or long-day (8-h-dark/16-h-
light cycle) conditions, 200 pmol photons m~2 s="). Plants were
irrigated with nutrient water once every week in the first 2 weeks
after sowing seeds or until anthesis. Plant development was

observed at 5, 12, 19, 25 and 40 days after sowing (DAS;
seedling). Shoot heights were measured at 25 and 40 DAS. Shoot
weights (fresh and dried weight) were measured at 48 DAS.
Flower morphology was observed using a Leica M205FA
stereomicroscope (Leica, Germany). Seeds were purified and
weighed from individual plants, and seed sizes were measured
using ImageJ (https://imagej.net/).

Non-choice test for herbivore susceptibility

Larvae of Spodoptera exigua were allowed to feed on young
plants of the bitter quinoa cv. Titicaca WT and sws mutants. After
8 days, the larvae were collected and their weight was scored.

Field trial experiments

Testing BCF, quinoa lines (8 g seed per line) were planted in
separate rows in the field at research station Flakkebjerg,
University of Aarhus, Zealand, Denmark, during the 2023 field
season. Seeds were sown in 1- to 2-cm depths in a prepared seed
bed just after frost in Denmark (the first month of spring, April)
with a soil temperature above 0 °C. The space between two seed
rows was kept around 25-50 cm so that hoeing could be used
for weed control. Manure was used to provide nitrogen (N) to
quinoa plants with a relative amount corresponding to 80-
120 kg N ha=". Disease and pest controls were applied, if
necessary, especially when the humidity was high (~85% RH)
with temperatures of 15-20 °C. Early harvest of quinoa occurred
yearly in September and was performed with a combine
harvester. In each testing quinoa line, we randomly selected
three sectors when 25 plants were sampled per sector. Total seed
weight per sector was measured, and the average seed weight
produced per sector was calculated.
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