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Abstract

Quinoa (Chenopodium quinoa) is a nutritious and resilient crop that displays a high
genetic and phenotypic variation. As the popularity of this crop increases, there is a
growing need to integrate classic and modern breeding tools to favor its improvement.
We tested root restriction as a method to reduce plant size and enable high-throughput
phenotypic screening of large sets of quinoa plants under controlled conditions. We ver-
ified how increasing root restriction does not affect the prediction of field behavior with
respect to other standard greenhouse cultivation procedures. We then combined the
phenotypic information obtained with our root restriction system with whole-genome
re-sequencing data to characterize a quinoa diversity panel of 100 accessions and
showed that phenotypic data obtained from root-restricted plants provide real insights
into quinoa genetics. Finally, we carried out a genome-wide association study (GWAS)
and identified a previously described locus for betalain biosynthesis, as well as other
candidate loci linked to betalain biosynthesis and seed size. Overall, we showed that a
phenotyping system based on root restriction can aid the identification of genomic tar-
gets in quinoa, which can complement and inform field trials for certain traits. This work

supports further breeding and faster improvement of quinoa.

Considering its agricultural potential, various quinoa breeding

programs were initiated in Bolivia, Peru, Ecuador, and Chile in the

Domestication and improvement of orphan crops are currently explored
as an option to enrich and diversify the agricultural arsenal and to create
longer and tailored crop rotations (Stetter et al., 2017). One such crop,
quinoa (Chenopodium quinoa), was partially domesticated in South
America around 7,000 years ago. It displays a rich genetic and pheno-
typic diversity, which reflects its diffusion across drastically different
agroecological environments (Christensen et al, 2007; Fuentes
et al., 2009; Mason et al., 2005; Ruas et al., 1999). Quinoa is tolerant to
a wide array of environmental stresses, including salinity and drought,

and presents an exceptional nutritional profile (Ruiz et al., 2014).

1960s. Despite these efforts, quinoa can still be considered a partially
domesticated crop, with yields reported to oscillate between 1-3 tons
per hectare year (t/ha), depending on the setting and cultivation prac-
tices (Aguilar & Jacobsen, 2003; Pulvento et al, 2012; Rezzouk
et al., 2020; Shah et al., 2020). This is still very low compared to estab-
lished crops like wheat, which can reach 7-11t/ha (Asseng
et al., 2015; Bayliss-Smith & Wanmali, 1984).

To bring quinoa to the level of other conventional staples, it is
necessary to integrate modern tools into the breeding process. Efforts

in this direction have been initiated only recently. The first
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chromosome-level reference genome of quinoa was available in 2017
(Jarvis et al., 2017) and the first phenotyping standardized guidelines
were discussed between 2017 and 2022 (Sosa-Zuniga et al., 2017;
Stanschewski et al., 2021). The availability of these resources led to the
first studies aimed at dissecting the genetic basis of quinoa agronomic
traits in biparental crossing populations and diversity panels (Colque-
Little et al., 2021; Fondevilla et al., 2024; Maldonado-Taipe et al., 2022;
Mizuno et al., 2020; Nepal et al., 2023; Patiranage et al., 2022). How-
ever, despite the expansion of extensive collaboration networks
(Murphy et al., 2016), studies that explore the repertoire of plant
genetic diversity are extremely labor-intensive. Indeed, while modern
approaches such as remote sensing are being deployed to facilitate qui-
noa phenotyping in the field (Jaramillo Roman et al., 2021; Jiang
et al,, 2022), high throughput techniques generating phenotyping data
are under constant demand (Furbank & Tester, 2011; Mir et al., 2019).

To speed up the process of quinoa improvement, we sought to
evaluate the benefits of growing and screening quinoa plants under
controlled conditions, making use of root restriction. Root restriction is
a way to inhibit plant growth by raising plants in small containers. This
method has been widely employed in the model plant Arabidopsis thali-
ana and in horticulture and vertical farming (Eurasian Arabidopsis Stock
Centre (UNASC), 2023; Graham & Wheeler, 2016; van lersel, 1997;
NeSmith et al., 1992; Zhu et al., 2006).

In our experimental framework, controlled conditions provide a
standardized platform for phenotyping, also allowing to conduct year-
round research (Wang et al., 2021). The combination of controlled
conditions with root restriction, which dramatically reduces the
amount of space required, could potentially alleviate both the repeat-
ability and the scalability problem of screening studies. Indeed, some
studies have already used controlled conditions with various degrees
of root restriction (Patiranage et al., 2021; Tovar et al., 2020). How-
ever, while they focus on specific traits and environmental parame-
ters, our work aims to demonstrate the reliability of root restriction as
a method for high-throughput phenotyping under controlled condi-
tions. We achieve this by 1) comparing agronomical traits under con-
trolled root-restricted versus field conditions, 2) using the setup to
characterize a diversity panel comprised of 100 quinoa accessions and
carrying out a genome-wide association study (GWAS) focused on

6 traits of agronomic relevance.

2 | MATERIALS AND METHODS

21 | Plant material

All Chenopodium quinoa plant germplasm from South America was
obtained through IPK Gatersleben (https://www.ipk-gatersleben.de/).
Titicaca and Vikinga are the standard accessions routinely used in our
laboratory, and seeds were originally donated by Prof. Sven-Erik Jacob-
sen (Quinoa Quality ApS, Denmark). In order to increase the homogene-
ity of the accessions, we performed one and two rounds of selfing in
plants obtained by single seed descent from the original germplasm

library for the root restriction experiment and the GWAS, respectively.

2.2 | Growing conditions

Seeds for plants grown in the greenhouse were surface-sterilized by
soaking them in a bleaching solution containing 0.5% (w/v) calcium
hypochlorite [Ca(ClO),] and 0.001% (v/v) Tween-20 overnight at 4°C
and sown the next day.The temperature was kept between 18-25°C
during the day and 16-20°C during the night. For plants grown during
the summer, the temperature rose often above this threshold, as aera-
tion alone could not compensate for the greenhouse effect. The sub-
strate used was a peat standard mixture with slow-release fertilizer
(Grona Linien, Urnjord). Plants were irrigated with fertilizer until flow-
ering. Afterwards, normal tap water was used. Humidity was kept
between 60-70%.

Restricted plants were sown in Aratrays (Arasystems 28 wells,
volume 100 mL) in 8 replicates per accession. Standard plants were
sown in 2-liter containers with 4 replicates per accession. Replicate
samples were randomly distributed within the greenhouse to account
for possible variability.

For the root restriction experiment, artificial light was provided
by sodium lamps, yielding between 100-200 pumol m—2 s-1). Plants
were irradiated for 16 hours a day (long day) to reflect field growing
conditions at high latitudes.

For plants used in the GWAS, artificial light was provided by
full spectrum Horti LED Ilamps (Horti Lux) vyielding 200-

=251 while darkness was ensured by automatic curtains.

300 pumol m

For the open field setting, plants were sown in a plot at the
Experimental farm (University of Copenhagen, Denmark) in Taastrup
(Plot identifier: field 19). The soil was fertilized 2 weeks prior, using
organic fertilizer and the field was harrowed on the same day of sow-
ing. A volume of 5 mL of dry seeds per accession was directly sown in
3-m rows using a manual precision seeder at approximately 1-2 mm
depth, without previous surface-sterilization. Three weeks after ger-
mination, seedlings were trimmed down to 20-25 plants per acces-
sion, keeping a distance of 10 cm between plants and 50 cm between
rows. Due to space limitations, each accession was present in 1 block,
aside from the Danish line Titicaca, which was sown around the plot
and in 6 replicate blocks to test for homogeneity across the field
(Figure S1a). This served to account for environmental factors within
the plot and to create a buffer zone for pests and soil from adjacent
plots. The plot was irrigated only during germination. After maturity
and senescence, full plants were harvested and dried in a barn before
seed cleaning and scoring of post-harvest traits. The specific lines

used for each setting are reported in Table S1.

2.3 | Scoring of agronomic traits

Scored traits were weeks to flowering, dry plant biomass, seed diame-
ter, total weight of seeds per plant, hundred-kernel-weight and stem
pigmentation. Flowering time was scored weekly or bi-weekly accord-
ing to the quinoa BBCH scale (Sosa-Zuniga et al., 2017). Stem pigmen-
tation was scored after flowering using a scale of 1-5 (1: no

pigmentation, 2: faint traces of red, 3: clear interspersed red patches,
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4: majority of stem purple, 5: stem completely purple) and excluding
coloration of axils from the assessment. After harvesting and drying
the plants, individual plants were weighed to measure the dry bio-
mass. For each plant, seeds were harvested and cleaned separately
using an air seed thrasher. Afterwards, 100-300 seeds were poured
into flat containers with a blue-colored bottom and placed on top of a
scale (Ohaus Adventurer, max 3100 g, readability 0.01 g). Seeds were
imaged using a smartphone placed on a fixed support and the weight
was annotated. Using a custom-made macro script in Imagel, we
counted the seeds for each image and determined the average diame-
ter. The hundred-kernel-weight was calculated from the number of
seeds in the picture and the weight recorded on the scale at the time
of imaging (Figure S2). The total seed weight per plant was also
recorded on the scale.

24 | Genomic DNA extraction

Healthy leaf tissue samples were obtained from a first generation of
selfed plants (S1) for whole genome sequencing. DNA was extracted
using a version of the CTAB method, as explained previously (Trinh
et al., 2024). The eluted DNA was gently resuspended in 50 uL of
nuclease-free water and stored at —20°C.

2.5 | Genomic data processing

The data used for population structure and variant calling used in this
study were generated in a previous work, where all data processing
methods are also described (Trinh et al., 2024). Briefly, we used whole
genome re-sequencing data from 124 individual accessions, obtained
with NovaSeq lllumina with 150 bp paired-end reads, with 6X to 10X
coverage. Of these, 34 raw reads datasets were downloaded from the
NCBI Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra).
The accession IDs and SRA identifiers are found in Table S2. Read filter-
ing and trimming were performed using fastp (v0.23.4) (Chen
et al., 2018). Reads were mapped to the V1 quinoa reference genome
(CoGe ID: 33827) using minimap2 (v2.26) (H. Li, 2018). Read grouping
and duplicate removal were performed with GATK4 AddOrReplaceR-
eadGroups (Picard) and MarkDuplicates (Picard) tools (v4.4.0.0) (DePristo
et al., 2011; McKenna et al., 2010). Genotype likelihoods were calculated
using ANGSD (v0.940-stable) (Korneliussen et al., 2014). We used
PCAngsd (v1.2) (Meisner & Albrechtsen, 2018) to generate the eigenvec-
tors and eigenvalues. Variant calling was performed with bcftools (v1.8)
mpileup piped into bcftools call (Lefouili & Nam, 2022). Both bcftools
and vcftools (v0.1.16) (Danecek et al., 2011) were used for variant filter-
ing. For LD decay calculations, we used a SNP set obtained by using a
MAF of 0.01 as filtering parameter on the main set, after imputation. We
calculated the r? correlation coefficient between SNPs using the PopLD-
decay software (v3.42) with default settings (-MaxDist 300) (C. Zhang
et al,, 2019). The estimated LD decay was determined by setting the
threshold at r? = 0.2. For calculation of LD plots in selected regions, we
used the tool LDkit (v1.0) (Tang et al., 2020).
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For admixture analysis, NGSadmix (included in ANGSD) was run

using as input the genotype likelihood file for various k-values.

2.6 | Statistical analysis of phenotypes

All analyses were conducted in R (v4.3.0) within the RStudio
(2022.02.3 + 492) environment. To summarize overall phenotypic dif-
ferences across experimental settings, we performed principal compo-
nent analysis (PCA) of the phenotypes using the prcomp (v3.6.2)
package (https://www.rdocumentation.org/packages/stats/versions/
3.6.2). All the boxplots were produced in R using the ggplot2 (v3.4.1)
(https://github.com/tidyverse/ggplot2) and significant differences
were calculated using the t-test within the ggpubr (v0.6.0) package
(Kassambara, 2023). Scatterplots were generated in ggplot2 for each
comparison and Pearson correlation coefficients were calculated.
Broad sense heritability was calculated for all settings using the inti
(v0.6.3) package, which computes this statistic using Cullis and Piepho
methods, which are well-suited for studies with varying replication
numbers because they incorporate mixed-effects models that explic-
itly account for differences in replication across experimental units.
These models allow for the accurate partitioning of variance compo-
nents by estimating fixed and random effects separately (Lozano &
Kistner, 2023).

2.7 | GWAS analysis

The GWAS analysis was conducted by performing linear mixed model
analysis using the likelihood ratio test in GEMMA (v0.98.5)
(X. Zhou, 2017) and in GAPIT (a Genome Association and Predicted
Integrated Tool) (v3.4) (J. Wang & 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, to account for population stratification, we included 5 princi-
pal components from the PCAngsd output as covariates and the inter-
nally generated centered kinship matrix. For all quantitative traits, we
conducted the analysis using both raw and quantile-normalized pheno-
type distributions. To perform correction for multiple tests, we esti-
mated the actual number of tested variants using the Genetic Type |
error calculator and adjusted the suggestive and Bonferroni significance
thresholds accordingly (M.-X. Li et al., 2012). We also calculated the sig-
nificance threshold based on False Discovery Rate (FDR)-adjusted
p-values (van den Oord, 2008). We extracted regions upstream and
downstream of high-confidence SNPs in accordance with the calculated
LD decay. We annotated those regions using a custom database gener-
ated with the QQ74 reference genome V1 (v1.4, id33827), using SnpEff
43T 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 online tools DAVID
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(https://david.ncifcrf.gov/tools.jsp) and Plaza (https://bioinformatics.
psb.ugent.be/plaza) (Huang et al., 2009; Van Bel et al., 2022).

3 | RESULTS

31 |
behavior

Root restriction allows prediction of field

In the context of plant breeding and research, open field trials can yield
direct insights into the agronomic performance of plants, but they are
labor- and time-intensive. On the other hand, controlled conditions can
increase the repeatability of trials and control for specific factors, but the
screening size is constrained by the experimental facility (e.g. illumination,
space). In plants exhibiting shade-avoidant behavior, such as quinoa, this
limitation is exacerbated (Roig-Villanova et al, 2019), which requires
either high light intensity or a wide distance between plants. This makes
large indoor screenings impractical. We hypothesized that growing quinoa
using root restriction in a controlled environment would effectively
reduce plant size and provide a reproducible framework for screening
agronomic traits in a high-throughput fashion. To validate the reliability of
the system, we compared quinoa plants grown under controlled condi-
tions in the presence or absence of root restriction with plants grown in
an open-field setting. The number of accessions used for each setting
was variable and maximized based on space availability in order to have
better insight into the distributions of phenotypes. We maintained a mini-
mum overlap of 23 accessions between all settings, which was used for
one-to-one comparative analyses (Figure S1b).

Root-restricted plants were grown in a greenhouse in 100-mL
containers in two consecutive partially overlapping batches:
restricted-1 (winter 2021 with 69 accessions) and restricted-2 (sum-
mer 2022 with 48 accessions). This allowed us to check for repeatabil-
ity at different times of the year. As quinoa growth under controlled
conditions is often carried out in 1 to 5-L pots (Becker et al., 2017;
Bois et al., 2006; Peterson et al., 2015; Tovar et al., 2020), 73 acces-
sions were greenhouse-grown in a single batch in 2-L containers
(standard size in our facility) during winter 2021. We defined these
plants as grown under “standard conditions”. For the open field set-
ting, we selected 36 accessions, which were then planted in April
2022 and harvested in October 2022 (depictions of the experimental
settings are shown in Figure S3). To assess the plant performance dur-
ing development and at maturity, we focused on 4 traits of agronomic
interest: weeks to flowering, dry plant biomass, seed diameter, and
total seed weight per plant.

As expected, root restriction had a strong inhibitory effect on
plant growth (Figure 1a). To get an overview of the overall behavior
of plants in our different setups, we performed principal component
analysis (PCA) with combined data from all accessions, traits and con-
ditions. We observed that standard- and field-grown plants formed
two highly distinct clusters, while plants from restricted-1 and
restricted-2 largely overlapped (Figure 1b). This indicated that while
plants grown in the various settings are fundamentally different, root-

restricted plants behaved similarly between separate batches despite

the different growing season, showing the usefulness of controlled
conditions in reducing this source of variation.

The phenotype distributions for individual traits suggested that
flowering time and seed size are less sensitive to growth conditions,
while biomass and overall seed production are more affected by envi-
ronmental factors (Figure S4a-d). To quantify this effect, we com-
puted broad sense heritability (the proportion of a trait that is
genetically determined) using the subset of 23 accessions present in
all settings (Lourenco et al., 2017; Schmidt et al., 2019) and Cullis and
Piepho methods (Lozano & Kistner, 2023). Heritability calculated
across all conditions showed that flowering time (H2 = 0.89-0.93)
and seed diameter (H2 = 0.95-0.97) had a stronger genetic compo-
nent than biomass (H2 = 0.44-0.45) and seed weight per plant
(H2 = 0.34-0.35), confirming the results of the phenotypic analysis
(Figures 1c and S5; Table S3). This was also true when considering
setups in a pairwise fashion (Figure S4e-h).

To assess the robustness of root restriction, we performed one-
to-one comparisons of phenotypes from overlapping accessions grown
in different experimental settings. Besides measurements from
restricted-1 and restricted-2 plants taken individually, we calculated
average scores between the two (restricted-1/2) to compensate for the
variation between different batches. Overall, root-restricted plants per-
formed similarly to standard plants in predicting field behavior
(Figure 1d-g). In particular, positive correlations (Pearson coefficient R)
were observed for flowering time (R = 0.66-0.75, p-value <0.001) and
seed diameter (R = 0.73-0.81, p-value <0.001). Furthermore, it was
possible to see strong positive correlations for a trait with otherwise
low heritability, like biomass (R = 0.61-0.70, p-value <0.01-0.001).
Notably, correlations were similarly high regardless of the experimental
setting: restricted plants were just as effective in predicting behavior in
other restricted batches as in standard or open-field conditions. On the
other hand, total seed weight showed higher variation between the set-
tings (R = 0.17-0.42, non-significant). In this respect, it is important to
note that growth in larger containers did not provide any advantage
since correlations remained low for plants grown under standard condi-
tions. Interestingly, restricted-1/2 data seemed to be slightly better at
modelling field behavior than restricted-1, restricted-2, and standard
plants. This hints at the clear benefit of repeated trials in screening stud-
ies in reducing environmental bias, which in controlled conditions can
be facilitated by the smaller space constraints posed by plants under
root restriction. Overall, we showed that despite introducing drastic
morphological changes, root restriction is a robust strategy to increase
screening throughput under controlled conditions, as it allows proces-
sing a larger number of plants while predicting field behavior with a reli-

ability comparable to that of standard setups using larger containers.

3.2 | Screening of a root-restricted quinoa
diversity panel reveals underlying population structure
and selection patterns

After validating root restriction under controlled conditions as a pre-

dictor of field behavior, we aimed to further test the system for
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genomic studies by employing larger populations. For this, we
obtained whole genome re-sequencing data from a total of 124 acces-
sions (see materials and methods). Of this panel, we phenotypically
characterized 100 accessions in quadruplicates. To reduce the varia-
tion in traits with low heritability, we partially alleviated the root-
restriction conditions by using containers of 0.25 L in size.

In addition to the previous four agronomically relevant traits, we
included two other parameters of interest: stem pigmentation (related
to betalain content) and hundred-kernel-weight (all measurements are
reported in Table S4 and Figure Séa-f). Stem pigmentation in quinoa
is caused by the accumulation of betalains, anthocyanin-like com-
pounds synthesized and allocated in various quinoa tissues and con-
ferring them a coloration from yellow to purple (Gandia-Herrero &
Garcia-Carmona, 2013). We scored betalains produced in the stem of
plants for several reasons. Firstly, we observed clear differences
between individuals with different degrees of stem pigmentation,
making this a relatively straightforward trait to score. Secondly, beta-
lains have anti-oxidant properties and are useful in several food and
pharmaceutical sectors (Escribano et al., 2017). Betalain-rich lines
could potentially be reutilized as waste biomass after betalain extrac-
tion (Cai et al., 2005). Hundred-kernel weight is a measure of seed size
recorded as the weight of 100 seeds. This parameter is often used in
agricultural research and crop management to assess seed quality and
predict yield potential (Zhao & Su, 2019).

To get an overview of the genetic diversity within our panel, we
first looked at the genotype population structure using PCA. Besides
a main subdivision between highland and coastal backgrounds, several
putative ecotypes have been previously defined amongst highland
accessions. The main ones are altiplano/highland (high-altitude flats,
also including accessions from the area near Lake Titicaca), salar (salt
flats), yungas (tropical and humid regions), and inter-andean valleys
(variable climatic conditions at lower altitudes, higher humidity)
(Murphy et al., 2018). To investigate the presence of sub-populations
within our panel, we performed unsupervised clustering on the first
5 principal components using k-means, which yielded an optimal num-
ber of 6 groups (Figure S7a-c). The classification from k-means identi-
fied 5 putative sub-populations among highland accessions and
1 likely belonging to the coastal group (Figure 2a). Notably, the divi-
sion between highland and coastal lines was only visible in the distri-
bution by plotting the 3rd principal component, which explained
~17% of the variation. This was due to the low number of accessions
in our panel that appeared to belong to this group (5 accessions).

To get insights into the geographical origin of accessions, we first

retrieved the metadata on germplasm geographical origin registered

at the IPK Gatersleben Gene Bank (Figure S7d). This information is
incomplete and only refers to the place where seeds were acquired/
purchased and not necessarily their geographical origin. We recon-
structed the putative geographical origins by merging the result of the
clustering with the available annotation (Figure 2a,b). A total of
45 accessions seemed to belong to the area close to La Paz, near Lake
Titicaca, which is the domestication epicenter for all highland acces-
sions (Bazile et al., 2013). Most of these lake lines clustered closely
together. We also identified a cluster of 10 accessions possibly
belonging to the salar ecotype, as the only two germplasm samples
from Bolivia salt flats belonged to this group (Figure S7d). These were
found relatively near the lake group. Between these two, there was a
third cluster of 16 accessions, which was not clearly separated from
the others. The remaining accessions were subdivided into unspeci-
fied highland (33 accessions) and inter-andean valleys (14 accessions)
and clustered further away from the domestication origin.

While there were some clear separations between groups, there
also seemed to be a certain degree of admixture between them.
Indeed, the k-means average silhouette was 0.52 (Supplementary
figure S7¢), indicating a probable overlap between clusters. This inter-
section can be quantified at the genetic level using admixture analysis.
We used NGSadmix and input number of subpopulations of k = 2 and
k = 6, reflecting the subdivision between highland and coastal lines,
and between the 6 groups identified by k-means, respectively
(Figure 2c). We observed that with k = 2, no clear subdivision was
found between highland and coastal lines. This indicated that underly-
ing groups were indeed present within highland accessions and that a
certain degree of admixture could exist between our coastal and high-
land groups. On the other hand, when using k = 6, we observed a
strong match between the k-means predicted clusters and NGSadmix
sub-populations. As expected, lines from cluster 1 (lake) and 6 (coastal)
mainly comprised non-admixed individuals. Among the other groups,
group 3 (salar) was also separated from the others to some degree.
Group 2, on the other hand, was entirely comprised of accessions that
presented a genetic contribution from both lake and salar, indicating
that the k-means subdivision was indeed correct. As observed from
the clustering output, groups 4 (highland others) and 5 (inter-andean
valley) represented separate subpopulations, which had little shared
genetic background with all the other groups.

To investigate the relationships between subpopulations at the
phenotype level, we performed a PCA using the scores from the
6 selected phenotypic traits: weeks-to-flowering, dry biomass, beta-
lain content, total seed weight per plant, hundred-kernel weight and

seed diameter (Figure 2d). The first two PCs cumulatively explained

FIGURE 1

Impact of root restriction on plant phenotypes. (a) Danish line Titicaca grown in a standard 2-L container and a root-restriction

container. (b) Principal component analysis for combined overview of phenotype scores across experimental settings. Red circles: restricted-1,
pink circles: restricted-2, yellow squares: standard, blue crosses: field. (c) Broad sense heritability computed with Cullis (orange) Piepho (blue)
methods. Abbreviations: Weeks to flowering (WTF), dry biomass post-harvest (PB), total seed weight per plant (SW), seed diameter (SD). (d-g)
One-to-one comparison matrixes for the phenotypic scores between different settings. For each trait, scores histograms, scatter distributions,
Lowess polynomial regression and correlation eclipses are plotted. Significant Pearson (* p < 0.05, ** p < 0.01, *** p < 0.001) coefficients are
highlighted in colors (red >0.7, dark orange >0.4, light orange >0.2). Abbreviations: greenhouse restricted-1 (GRR1), restricted-2 (GRR2),

restricted-1/2 (GRR12) and standard (GS), open field (OF).
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52.5% of the variation. In this case, no clear clusters emerged. Inter-
estingly, lake accessions, which clustered very closely together in the
genotype-based PCA, showed high phenotypic heterogeneity and
increased overlap with other accessions. This shows that the genetic
diversity in quinoa is high, even for closely related accessions.

To assess to what extent phenotypic data from root-restricted
plants can describe underlying genetic relationships, we investigated
the phenotype distributions of single subpopulations from our popula-
tion structure analysis in relation to others. Firstly, we could observe
patterns of selection for flowering time (Figure 2e). In particular, lake
accessions had a wide distribution of flowering time, which is
expected for the origin of domestication and reflects the diversity of
environments and latitudes found in the region around Lake Titicaca.
On the other hand, salar and coastal lines flowered early, in line with
their adaptation to higher latitudes. Conversely, inter-andean valley
lines flowered the latest, reflecting their domestication history closer
to the equator. Similar patterns were observed for dry biomass
(Figure 2f), which was weakly positively correlated with flowering
time (Figure S8). We did not detect strong patterns for stem pigmen-
tation (Figure 2g), albeit plants from group 4 seemed to produce, on
average, more betalains in the stem. Coastal lines showed on average
a higher total seed weight per plant than other groups (Figure 2h).
Indeed, this group contained the Danish lines Vikinga and Titicaca, as
well as other high-latitude-adapted accessions, which were expected
to perform better under our experimental conditions. Interestingly,
there were differences among subpopulations for traits related to
seed size (hundred-kernel weight and seed diameter) (Figure 2i,). In
particular, lines belonging to the subpopulations more distant from
the domestication origin had significantly larger and heavier seeds.
We interpret this as evidence of selection for increasingly larger seeds
over the course of quinoa dispersion and domestication.

3.3 | GWAS analysis identified loci significantly
associated with key agronomic traits

Lastly, we combined the information from whole-genome variant call-
ing and phenotypes to investigate the genetic basis of the scored
traits. For this, we performed variant calling to carry out a GWAS
analysis. Our variants datasets contained 3,637,746 high-confidence

Single Nucleotide Polymorphisms (SNPs) (~2.6 SNPs/kb on average).

SNP density was variable within chromosome scaffolds but similar
between different chromosomes (Figure S9a). The global linkage dis-
equilibrium (LD) decay measured at r? = 0.2 was determined to be
around 40 kb (Figure S9b), which was consistent with previous find-
ings for a diversity panel of quinoa (Patiranage et al., 2022). The
Genetic type | error calculator outputted 933,620 (26%) true indepen-
dent tests out of 3,637,746 markers. The resulting Suggestive p-value
was 1.07E-6 [—log10(p) = 5.97], while the significant adjusted Bon-
ferroni p-value was 5.36E-8 [—log10(p) = 7.27]. For quantitative traits
(all traits except stem pigmentation), we performed the analysis using
both raw phenotype data and quantile-normalized data as input
(Table S4; Figure S10). We observed that 2 out of 6 traits presented
marker-trait associations (MTAs) above Bonferroni threshold. These
were stem pigmentation (47 SNPs in 15 loci) and seed diameter (raw:
5 SNPs in 3 loci, quantile-normalized: 16 SNPs in 3 loci).

Concerning stem pigmentation, some plants exhibited a strong
coloration of the stem, while, for others, the stem was almost entirely
green (Figure 3a). We identified 65 SNPs located in 15 loci above the
Bonferroni significance threshold (Table S5). However, we observed
an inflation of lower p-values compared to the expected distribution
(Figure 3b), so we decided to focus the analysis on 3 main peaks
above the Bonferroni threshold, located on chromosome 01, chromo-
some 03 and chromosome 14 (Figure 3c; Table Sé). Notably, the locus
in chromosome 01 was also found by BLINK and MLMM, while the
locus in chromosome 03 was identified with BLINK, MLMM and
FarmCPU (Figure S11a). Within these regions, we found a total of
29 annotated genes within +/— 40 kb of SNPs lying above the Bon-
ferroni threshold, including several close homologs of genes coding
for proteins belonging to families that can have roles in the betalain or
flavonoid biosynthetic pathway, such as an UDP-galactose/UDP-
glucose transporter, two MYBL2-like transcription factors, and the
sucrose transport protein SUC3 (Dubos et al., 2008; Hans et al., 2004;
Schmitz et al., 2002; Stracke et al., 2014; Winkler et al., 2024; Xie
et al., 2023; X. Zhang et al., 2022; J. Zhou et al., 2020). Gene variants
included 1 nonsense, 20 missense and 2 splice-site mutations, along
with 102 intron variants (Figure 3c; Tables S7 and S9). Among these
variants, we saw mostly dominant phenotype distribution patterns
(Figure S12).

Additionally, on chromosome 03, we identified a close homologue
of Beta vulgaris BvPDODA1 (AUR62012187), which is a key gene in the
betalain biosynthesis pathway (Bean et al., 2018). A BvDODA1

FIGURE 2 Characterization of a root-restricted quinoa diversity panel. (a) Genotype likelihood-based population structure, visualizing
principal components PC1, PC2 (left) and PC2, PC3 (right). Colors and shapes refer to 6 sub-population clusters identified by k-means. (b)
Suggested geographical origin of each germplasm subpopulation, based on k-means clustering and existing IPK annotation. Symbols and colors
match k-means clusters. Arrows show previously described domestication trajectories. (c) Admixture analysis using k = 2 (highland, coastal) and

k = 6 (k-means clusters), performed across all 124 accessions used to construct the population structure. Numbers indicate putative k-means
sub-populations, colors indicate NGSadmix groups. Abbreviations: Inter-andean valley (IAV) (d) PCA of combined phenotypic scores. Colors and
shapes match the k-means clusters. (e-j) For each trait: boxplots representing the distribution of phenotypes (y-axis) across individuals within each
k-means cluster (x-axis). Kruskal-Wallis significance scores are reported (NS: non-significant, * p < 0.05, ** p < 0.01, **** p < 0.0001).
Abbreviations: Weeks-to-flowering (WTF), Plant dry biomass after harvest (PB) expressed in g, Stem betalain content (BC) scored between 1-5
for individual replicates and normalized on a scale from O to 1, Seed weight per plant expressed in grams (SW), Hundred-kernel weight (HKW)

expressed in g, Seed diameter (SD) expressed in mm.

85U8017 SUOWLIOD 8AIEa1D) 8]qed!|dde 8y} Aq peusenob ae ssppiie YO ‘@SN J0Ss|ni 1oy AIq1T8UlUO A8]IM UO (SUORIPUO-PUR-SLLIBY WO A8 | 1M AfeIq U1 |UO//SAIY) SUOTIPUOD PUe SWB | 8L} 88S *[5202/60/50] U0 AkiqiTauluo A8 (1M ‘(101uN) (Iofe N IfePHO) WO EaueD ugeziuebio 950 Aq €220/ |dd/TTTT 0T/I0p/w0d A8 Afeq jpul|uo//:sdny woiy pepeojumod ‘2 ‘5202 ‘YS0E66ET



VISINTAINER ET AL.

logia Plantar

9 of 15

a  Stem pigmentation

0.0+ :
| Chr0132.0-32.6Mb || Chr03 79.1-79.7Mb || Chr14 55.9-56.5Mb |
I — 1 I

10 —

b " 8 -
a w o
= ""‘\6_
> 2,

S © =]

! o)
T~ e
> |
2 =~ 2
e

o -

o
[

T T 1T 17 17 171
012345867

1 23 45 6 7 8 11 13 15 17
Expected —logqo(p)

Chromosome

Seed diameter

T T T T T T T T

| Chr0146.2-46.8Mb || Chr066.2-6.8Mb || Chr1447.3-47.9Mb |
I I I

10
e
l. 8—
—_
=)
- ~_~
= i 6
g ° 3
[ o
o ¥ o 4
g |
g = 2
(@]
o —
T T T T T T 1 0 -

01234567
Expected —logqo(p)

1 2 3 4 5 6 7 810 12 15 17
Chromosome

FIGURE 3 Legend on next page.

85UB017 SUOLULIOD BAITER.D 3|1 [dde ) AG pausenob a.e SN YO (8N JO S3IN1 0 ARIqIT BUIUO A8|1M UO (SUORIPUOD-PUR-SWLISY WY B 1M Ae.q)1 U UO//SAIY) SUORIPUOD PUe Swe | U} 89S *[5202/60/50] uo Ariqriauliuo Aim ‘(un) (1ofe N elepyO) WO BAWD U9ezIUeBIO 98D Aq £220L 1dd/TTTT 0T/10p/L0D A3 ARIq1jBuIIUO//SANY WO} PoPeOjUMOQ Z ‘GZ0T ‘PSOE6ET



ia Plantarum.

VISINTAINER ET AL

100f15 | (-

homologue associated with betalain score was also identified in the
same region by Patiranage et al. (2022). A 5’ variant was significantly
associated with the phenotype (Figure $12), and the presence of this
gene further hinted at a betalain gene hub in this locus.

Concerning seed diameter, we observed a strong visible variation
in this trait across our biodiversity panel (Figure 3d). To assess these
differences in a quantitative fashion, seed diameter was measured by
imaging and analyzing hundreds of seeds per single replicate plant.
Similarly to stem pigmentation, the quantile-quantile plot indicated a
good match for low-scoring SNPs but presented a progressive infla-
tion of p-values above -log10(p-value) ~3 (Figure 3e). For this reason,
we only focused on the 3 main peaks above the Bonferroni threshold
found on chromosomes 01, 06, and 14 (Figure 3f; Table Sé). Interest-
ingly, the locus on chromosome 01 was also identified by FarmCPU
and BLINK methods (Figure S11b). Within these regions, we found
29 annotated genes within +/— 40 kb of SNPs lying above the
Bonferroni threshold, harboring a total of 3 nonsense, 39 missense
and 4 splice site mutations, along with 207 intron variants (Figure 3f;
Tables S8 and S9). Unlike stem pigmentation, we saw both strong
additive and dominant phenotype distribution patterns among these
variants (Figure S13). Notably, some of the annotated genes are
homologues of genes linked to seed size and development in other
plants, such as Arabidopsis PEX1 (AUR62024782) (Luan et al., 2022),
rice/wheat MGD A (AUR62024785) (Basnet et al., 2019; Du
et al., 2020), and Jatropha IAA9 (AUR62032874) (Sun et al., 2017; Ye
et al., 2014). We also identified several genes with unknown functions

that could possibly be associated with the trait.

4 | DISCUSSION

The screening of plant populations coming from biparental/
multiparental crosses, random mutagenesis, or diversity panels repre-
sents a technical and logistical challenge in plant science and plant
breeding. While the characterization of plants in different environ-
ments and times is extremely important, the resources for large
screening trials are often limited, especially when it comes to underu-
tilized crops such as quinoa. This study analyses the potential of root-
restricted plants as a tool to increase phenotyping throughput under
controlled conditions. In a breeding context, assessing plant behavior
under root restriction in greenhouses could help narrow down the
pool of candidate varieties used for detailed multi-environment field

trials. This approach could help select promising subsets of plants
from larger groups and optimize resources. Besides plant breeding,
such a method could be suitable for increasing sample size in research
setups, which are more often associated with controlled conditions.

Root restriction inhibits plant growth and reduces space con-
strains but it also affects plant architecture, chlorophyll content, and
photosynthetic activity, as well as uptake of water and nutrients
(Ismail & Davies, 1998; Kemble et al., 1994; NeSmith & Duval, 1998).
For this reason, while this method is useful for horticulture applica-
tions, it is unclear how robust it is when it comes to producing obser-
vations that are transferable to field contexts. In this work, we
phenotyped a panel of quinoa accessions for four key agronomical
traits and compared data from controlled settings (in presence or
absence of root restriction) with field-grown plants.

As expected, inhibition of plant growth under root restriction was
reflected in the reduced dry biomass measured after harvest. Plants
grown under standard conditions also accumulated lower biomass
than their field counterparts, which explains the low heritability of this
trait. Strong variations in the heritability estimates for biomass-related
parameters (height, dry weight) are found across previous studies,
with some reporting values of ~30-40% (De Santis et al., 2016;
Maldonado-Taipe et al, 2022), and others finding higher values
(> 70%) (Al-Naggar et al., 2017; Hafeez et al, 2022; Patiranage
et al., 2022). It is important to note that, in contrast to the bulkier and
bushier plant architecture observed in the field for several accessions,
both restricted and standard-grown plants presented an elongated
morphology with an apical panicle, with this phenotype being more
pronounced in restricted plants. This could explain the variation
observed for total seed yield between plants grown in field, standard,
or root-restricted conditions. In contrast, the two plant batches grown
in the same setting (restricted-1 and restricted-2) showed comparable
total seed weight per plant. This is in line with the high heritability
found for this trait across different field-grown batches in previous
studies (Al-Naggar et al., 2017; Maldonado-Taipe et al., 2022). Flower-
ing time and seed size were not strongly affected by the container
size. Indeed, it is known that both of these traits are mostly influenced
by photoperiod, while other factors such as biomass, humidity, tem-
perature or nutrient availability have an overall more modest impact
(Al-Naggar et al., 2017; Bertero et al., 1999; Christiansen et al., 2010;
De Santis et al., 2016; Maldonado-Taipe et al., 2022; Patiranage
et al,, 2022). While our data indicates that root restriction can be used
to predict field behavior for specific traits, there are clear limitations.

FIGURE 3 GWAS analysis by linear mixed model analysis using the likelihood ratio test in GEMMA. (a) Betalain content in stem (BC) was
scored by visually assessing stem pigmentation. (b) Quantile-quantile plot for stem pigmentation association analysis, comparing the distribution
of observed p-values against an expected normal distribution. (c) Manhattan plot for stem pigmentation association analysis depicting association
p-values as -log10(P) for all individual SNPs across the 18 chromosomes. Red and blue lines represent the Bonferroni and suggestive significance
thresholds, respectively, adjusted for the actual number of independent tests. Black line represents the significance threshold for False Discovery
Rate (FDR)-adjusted p-values. Local Manhattan plots of loci of interest are also shown. SNPs found within gene coding sequences are highlighted
as follows: nonsense (magenta), missense (yellow), splicing (purple). Among the SNPs lying upstream/downstream (black) or in introns (green), only
the ones above FDR significance threshold are shown. Linkage disequilibrium (LD) heatmaps for each region are included above the graphs, with
red representing higher LD. (d) Quinoa accessions showing contrasting seed diameter (SD). (e) Quantile-quantile plot for seed diameter
association analysis. (f) Manhattan plot for seed diameter association analysis.
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For instance, in the screening of architecture-related traits or traits
with a complex below-ground component (such as total seed weight
in our setup). However, such limitations are also present for standard-
grown plants under controlled conditions, which have the disadvan-
tage of requiring a larger space.

After showing the possibility of obtaining reliable phenotyping
data from root-restricted plants for certain relevant agronomical traits,
we set out to demonstrate how this could be used in a real screening
scenario. For this, we assessed the genetic and phenotypic variation
within a quinoa diversity panel. Concerning the genotype data, our
population structure results are in general agreement with the existing
literature (Patiranage et al., 2022). Interestingly, we identified a cluster
of accessions with a low degree of admixture that could belong to the
salar ecotype. This putative classification is strengthened by previous
evidence that found how salar accessions can be genetically separated
within highland accessions (Christensen et al., 2007). The group of
lake accessions was composed primarily of closely related samples.
However, they showed remarkable phenotypic diversity. This under-
scores the important difference between genetic relatedness and
genetic heterogeneity, showing how highland-lake accessions present
a rich hub of phenotypic diversity that can be easily accessed by
screening under severe root restriction. We also uncovered patterns
of selection for several traits, particularly for flowering time and seed
size/weight. Taken together, these results show how root restriction
makes it possible to screen large plant panels and can vyield reliable
and deep insights into quinoa heterogeneity, biology, and domestica-
tion history.

To further illustrate the possibilities of the root restriction system,
we combined whole-genome sequencing data with phenotypic scores
to identify candidate genetic loci for traits of interest. While we did
see SNPs above the suggestive threshold for all traits tested
(Figure S10), only betalain content and seed diameter presented
highly significant loci. We attribute the lack of strong signal across
other traits to the reduced size of our panel, which affected the power
of the analysis, as well as to the quantitative nature of these traits.
While seed diameter is also a quantitative trait, the segregation of
seed size in our panel was very marked, increasing the power of our
statistical tests and allowing us to pinpoint significant MTAs. A way to
strengthen the found associations for the other traits would be
to increase the number of accessions to screen. Another possible
approach could be to repeat the analysis with another reference
genome version. At the time when we carried out our analysis, only
the first version of the quinoa reference genome was available, while
a new updated version was later published (Rey et al., 2023, 2024).
The updated reference genome could yield more accurate results, as
more variants would be mapped correctly into the corresponding
chromosome blocks, and LD ambiguity arising from structural varia-
tion could be minimized.

Concerning stem pigmentation, a previous study identified a locus
on chromosome 1B (ChrO3 in our genome version) associated with
plant pigmentation and containing a homologue of betalain gene
BvDODA1 (Patiranage et al., 2022). We also identified several MTAs
in the same region, as well as significantly associated variants in the 5’

regulatory region of a BvDODA1 homologue. This showed the possi-
bility of reproducing results from existing studies by scoring plants in
restricted conditions. Notably, none of the 3 major loci found in our
studies completely explained the phenotype distribution, suggesting
other underlying contributions. This is in accordance with current
knowledge, as several genes contribute to betalain production
(Gandia-Herrero & Garcia-Carmona, 2013). Also, betalains biosynthe-
sis is strongly linked to abiotic stress responses, which implies that
replicate plants with the same genetic background can exhibit differ-
ent coloration patterns depending on the specific growing conditions
(Ain et al., 2023). Indeed, despite our study being performed under
controlled conditions, we observed high heterogeneity in stem pig-
mentation scores across positive accessions. Future work should
focus on the genes responsible for betalain synthesis across different
tissues as well as identifying possible master regulators for this bio-
synthetic pathway in quinoa.

Finally, we identified candidate loci for seed diameter. Grain yield
and grain size hold significant importance and represent crucial traits
to increase quinoa productivity and marketability (Bertero
et al., 2004). In our study, we were able to identify several variants
strongly associated with segregation in seed diameter. While the pop-
ulation structure analysis showed a stratification for this trait, we
accounted for this in our GWAS analysis to avoid biases. Interestingly,
no significant SNPs were found for hundred-kernel weight, even
though the trait was correlated with seed diameter (Figure S8). This
could be due to the fact that seed diameter was directly derived from
image data and averaged across tens to hundreds of seeds, while hun-
dred-kernel weight was calculated based on seed particles counted in
the same image and the corresponding recorded weight on a labora-
tory scale, cumulatively combining two sources of uncertainty.
Increasing the sample size or improving the imaging setup could help
reduce this variation. Our findings are relevant and promising for
future work on molecular targets to increase seed size in quinoa in an
agronomic context. In accordance with this, we did not observe a neg-
ative interaction between total seed weight and both seed diameter
and hundred-kernel weight (Figure S8). This points to the previously
suggested possibility of improving quinoa seed-related traits without
negatively affecting yield (Bertero et al., 2004).

5 | CONCLUSIONS

In plant science, field trials require time, an appropriate climate, large
cultivation spaces, and extensive manpower in order to succeed. The
advantages of using controlled conditions stretch from repeatability
to the possibility of controlling experimental parameters. Root restric-
tion allows the design of experimental strategies with a larger number
of plants. Root-restricted plants can be easily kept and propagated in
climate chambers, facilitating the overall workflow with plants of a
large size, such as quinoa. For suitable traits, pre-screening of large
plant variety libraries could be conducted under controlled conditions
before further characterizing and assessing a subgroup of plants in the

field. Using the method, we conducted a screening of a quinoa
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diversity panel. We were able to validate previously identified loci for
betalains biosynthesis while also identifying MTAs for betalain con-
tent and even for a quantitative trait such a seed diameter. In conclu-
sion, the root-restriction setup presented here could provide a useful
framework for phenotyping quinoa under controlled conditions and
substantially accelerate the improvement of this remarkable crop.
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