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Abstract

Magnesium (Mg) and calcium (Ca) are essential mineral nutrients poorly supplied in many human food systems. In grazing
livestock, Mg and Ca deficiencies are costly welfare issues. Here, we report a Brassica rapa loss-of-function schengen3 (sgn3)
mutant, braA.sgn3.a-1, which accumulates twice as much Mg and a third more Ca in its leaves. We mapped braA.sgn3.a to
a single recessive locus using a forward ionomic screen of chemically mutagenized lines with subsequent backcrossing and
linked-read sequencing of second back-crossed, second filial generation (BC,F,) segregants. Confocal imaging revealed a
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disrupted root endodermal diffusion barrier, consistent with SGN3 encoding a receptor-like kinase required for normal for-
mation of Casparian strips, as reported in thale cress (Arabidopsis thaliana). Analysis of the spatial distribution of elements
showed elevated extracellular Mg concentrations in leaves of braA.sgn3.a-1, hypothesized to result from preferential export
of excessive Mg from cells to ensure suitable cellular concentrations. This work confirms a conserved role of SGN3 in con-
trolling nutrient homeostasis in B. rapa, and reveals mechanisms by which plants are able to deal with perturbed shoot ele-
ment concentrations resulting from a “leaky” root endodermal barrier. Characterization of variation in leaf Mg and Ca ac-
cumulation across a mutagenized population of B. rapa shows promise for using such populations in breeding programs to
increase edible concentrations of essential human and animal nutrients.

Introduction

More than 2 billion people worldwide suffer from dietary
micronutrient deficiencies, in particular of iron, iodine, vita-
min A, and zinc (Godecke et al, 2018). This is linked to
~3% of the total global burden of disease and represents
more than 70 million disability adjusted life years lost annu-
ally (Stein, 2014). Less attention is focused on other essential
mineral nutrients of potential dietary concern such as mag-
nesium (Mg) and calcium (Ca; Kumssa et al,, 2015a, 2015b).
However, food supply data suggest that around half the
global human population is at risk of dietary Ca deficiency,
rising to more than 95% in 16 countries in Africa (Joy et al,
2014; Kumssa et al., 2015a).

Magnesium deficiency risks are reportedly greater in high-
income countries (HICs) than in low-income countries (LICs;
Kumssa et al, 2015b). For example, dietary intake surveys re-
port that ~9% of the combined USA and UK adult popula-
tions (Broadley and White, 2010), and 27% and 50% of UK
boys and girls, respectively, aged 11-18 years (Public Health
England, 2018), consume Mg at amounts below the Lower
Reference Nutrient Intake (LRNI). Low Mg intake in HICs
may be due to a high incidence of the consumption of
processed foods (Rosanoff and Kumssa, 2020). Low dietary
supply of Ca, especially in many LICs, is due to limited con-
sumption of animal source foods and leafy vegetables, and
high consumption of low-Ca starchy staples (Kumssa et al,
2015a). Dietary deficiencies of Mg (hypomagnesemia) and
Ca (hypocalcemia) are also a pressing welfare and economic
issue in many livestock food systems, especially in temperate
regions (Kumssa et al,, 2019; Friend et al, 2020). These can
result from insufficient dietary Mg and Ca as well as high
levels of dietary potassium (K), which can interfere with the
uptake of Mg and Ca in the gut. Deficiency of these
nutrients in livestock can lead to conditions including milk
fever, grass tetany, and staggers (Suttle, 2010; Schonewille,
2013; Friend et al, 2020), which can induce coma and death
of affected animals if not treated.

Biofortification of crop plants with Mg and Ca has been
proposed to improve dietary intakes in both human (White
and Broadley, 2009) and livestock (Kumssa et al, 2019
Penrose et al, 2020) food systems. For example, varieties of
pasture grasses containing 30%-50% greater leaf concentra-
tions of Mg and 10%-18% more Ca than typical varieties
were selectively bred in the 1970s and 1980s (Kumssa et al,,

2019; Penrose et al,, 2020). However, these have not yet been
widely adopted in production systems. In Brassica crops,
shoot Mg and Ca concentrations are highly heritable traits
(Broadley et al., 2008). Associated genetic loci and candidate
genes with allelic variation in thale cress (Arabidopsis thali-
ana) have previously been reported (Graham et al, 2014
Alcock et al, 2017). However, to date, direct evidence of a
causal link between gene and function in Mg and Ca accu-
mulation has not yet been reported for any crop species.

Here, we report the isolation of a mutant line of Brassica rapa
subsp. trilocularis (Roxb.) that accumulates more than twice as
much leaf Mg as wild-type (WT) plants on a concentration ba-
sis, as well as ~35% more Ca. These traits are associated with re-
duced leaf K concentration, but without apparent deleterious
effects on growth or development. We identified a single SNP
within a putative ortholog of A. thaliana SCHENGEN3 (SGN3) as
the causative mutation and demonstrate its effects on ionomic
and physiological traits, including disrupted root endodermal ex-
tracellular diffusion barrier function.

Results

EMS mutagenesis to generate ionomic variation in
B. rapa

To identify B. rapa mutant lines with elevated concentra-
tions of Mg and Ca, we characterized ionomic variation
across a population of 3,464 B. rapa subsp. trilocularis var.
R-0-18 M, lines previously subjected to ethyl methane sulfo-
nate (EMS) mutagenesis (Figure 1; Stephenson et al, 2010).
Similar approaches have successfully isolated ionome
mutants in closely related A. thaliana (Lahner et al, 2003;
Huang and Salt, 2016). Extensive variation in leaf Mg con-
centration was observed across the mutant population, with
maximum leaf concentrations more than twice as large in
mutants than in wild-type plants, on a dry weight (DW) ba-
sis (Figure 2A; Supplemental Table S1). Similar levels of varia-
tion were also observed for leaf Ca concentration across the
mutagenized population (Supplemental Table S1).

We selected self-fertilized M5 seed from these lines for fur-
ther study by identifying lines with leaf Mg concentrations
over three standard deviations above the mutant popula-
tion-wide mean (n =83 genotypes; leaf Mg concentrations
from 22.5 to 582 g kg-DW ). Seven of these genotypes
went on to set viable seed, one of which maintained the
high Mg phenotype beyond the M; generation
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Figure 1 Descent of B. rapa braA.sgn3.a-1 from EMS application to
M, seed, through two backcrosses to wild-type (WT) R-0-18, leading
to high and low Mg segregant groups and segregating F, populations.
Cell color represents Mg phenotype among sibling plants (where ana-
lyzed) where green = high Mg phenotype in all sibling plants, red =
low Mg phenotype in all sibling plants, and yellow = segregating sib-
ling plants. Specific analyses performed indicated next to relevant gen-
erations for reference. M = mutant generation. BC = back-cross. F =
filial generation.

(Supplemental Tables S2, S3). Male donor M, plants of this
mutant line were backcrossed to wild-type R-0-18 plants to
reduce background mutation load and to generate segregat-
ing wild-type plants (Figure 1). All plants of the backcrossed,
first filial generation (BC;F;) exhibited leaf Mg concentra-
tions that were statistically indistinguishable from R-o0-18
wild-type plants (t(22) = —0.73, P=0.473), indicating a re-
cessive mutation (Supplemental Table S4). This was further
demonstrated in BC,F,; progeny derived from self-fertilizing
four F, parents, each derived from one of two independent
backcross events, all presented segregating leaf Mg pheno-
types, with 32.6% of all BC;F, plants exhibiting the high leaf
Mg trait (n = 46; Supplemental Table S5).

High Mg lines were maintained by single-seed descent
through to BC,F5 (Figure 1). Figure 2B shows leaf concentra-
tions of elements present at greater than 0.1% DW (w/w;
Na, Mg, P, S, K, and Ca) in both high and low Mg BC,F; seg-
regants (typical of all generations). High and low Mg segre-
gants are labeled sgn3.a-1 and SGN3.a-WT, respectively,
corresponding to the causative mutation described in the
next section. Plants of SGN3.a-WT have similar concentra-
tions of each of Na, Mg, P, S, K, and Ca as wild-type R-0-18
plants, indicating loss of the mutation responsible for the
high Mg trait. Concentrations of Na, Mg P, Ca (all
P < 0.001; DF = 20) and S (t(20) = 3.24, p = 0.004) were all
greater in sgn3.a-1 than SGN3.a-WT. The greatest difference
was observed for Mg with a mean leaf concentration of
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30.5 g kg-DW " in sgn3.a-1 compared with 13.6 g kg-DW '
in SGN3.a-WT, corresponding to a 2.24-fold difference. The
second largest increase was observed for Ca concentration,
with a mean leaf concentration of 285 g kg-DW ' in
sgn3.a-1 compared with 214 g kg-DW ' in SGN3.a-WT
(33.2% increase). Conversely, leaf K concentration was 20.5%
lower in sgn3.a-1 than SGN3.a-WT (P < 0.001), with mean
concentrations of 41.8 and 52.6 g kg-DW ', respectively
(Figure 2B; Supplemental Table S6). Similar differences in ele-
ment concentrations between sgn3.a-1 and SGN3.a-WT were
observed in other leaf tissues, including leaves 1 and 8.
Larger Mg concentrations were also observed in cauline
leaves, flowers, mature pods, and root tissue of sgn3.a-1 than
SGN3.a-WT (Supplemental Figure S1 and Supplemental
Table S7). Complete ionomic profiles of BC;F; sgn3.a-1 and
SGN3.a-WT are represented via Z-scores in Figure 2C, where
more positive Z-scores indicate greater elemental concentra-
tions compared to R-0-18, and more negative Z-scores indi-
cate lower elemental concentrations compared to R-0-18.
Seed vyields of BC,F, plants were statistically indistinguishable
between high and low Mg segregants (t(65) = —0.87,
P =0.388; Supplemental Table S8).

Mutant ionomic perturbations are linked to the

loss-of-function of SCHENGENS3, a receptor-like

kinase responsible for Casparian strip formation

We identified the mutation controlling the high Mg mutant
phenotype through bulked-segregant analysis. A population
of 200 BG,F, plants was characterized for ionomic perturba-
tions (Supplemental Table S9). Linear discriminant analysis
based on concentrations of elements present at greater than
0.1% DW (w/w; Na, Mg, P, S, K, and Ca) revealed two dis-
tinct segregation groups (segregation ratio 56:144;
Supplemental Figure S2), with mean leaf Mg concentrations
of 286 and 11.7 g kg-DW ', respectively. These values
closely corresponded to mean leaf Mg concentrations in
BC,F4 high Mg reference (29.2 g kg-DW ") and wild-type R-
0-18 plants (11.0 g kg-DW'). Bulked segregant analysis
revealed a single, high confidence QTL associated with iono-
mic variation between the two segregant groups. This was
identified using locus-specific SNP Indices for each pooled
sample, i.e. the proportion of mapped reads that displayed
the alternative SNP call at each locus in each pool (Takagi
et al, 2013). The QTL was defined by a continuous region of
Delta SNP Indices (difference between SNP Indices in each
segregant group at a given locus) of greater than 0.6, from
position 5,758,675 to 8,187,360 on chromosome AOQ1
(Supplemental Table S10). This was linked to a region of ele-
vated SNP indices in the high Mg segregant pool (Figure 3A,
Track ii) and lower SNP indices in the low Mg segregant
pool (Figure 3A, Track iii). Delta SNP indices in this region
averaged 0.62 (Figure 3A, Track i), approximating the theo-
retically expected Delta SNP index of 0.67 at the causative
locus. Thirty SNPs were identified within the candidate QTL,
of which eight fell within coding regions. Four of these led
to no amino acid change, and two had a high Mg SNP
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indicated. B, Fourth leaf concentrations of elements present at greater than 0.1% DW (w/w) in BC;F; generation braA.sgn3.a-1 (sgn3.a-1), WT seg-
regants (SGN3.a-1) and un-mutagenized R-0-18 (all n=11). Boxes represent interquartile range with the median shown. Whiskers show entire
data range, with data points shown. Stars above boxes represent differences (two-tailed T tests) between braA.sgn3.a-1 and BraA.SGN3.a-WT at
*P < 0.01, and ***P < 0.001. C, Heatmap showing full ionomic profiles (Z-scores) of BC,F; and BC,F, mutant and WT plants as measured by ICP-
MS. lonome profiles of braA.sgn3.a-1 and BraA.SGN3.a-WT relative to WT R-0-18 shown for BC;F; (all n=11). lonome profiles of high (n = 56)
and low (n = 144) Mg segregants relative to R-0-18 (n = 10) shown for BC,F,, with sgn3.a-1 control plant (n = 10) ionomic profiles included for
reference.
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Figure 3 Genetic characterization of braA.sgn3.a-1. A, SNP Indices representing allelic depth of called, filtered SNPs in low (track iii; orange) and
high (track ii; green) magnesium (Mg) DNA pools with delta SNP index shown as high minus low Mg (blue) and low minus high Mg (red) SNP in-
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Twenty-five randomly selected reads shown for each pool; for all reads see Supplemental Figure S3). C, BraA.SGN3.a predicted exons and
BraA.SGN3.a protein domains (as predicted by ExPASy Prosite and TMHMM 2.0). Genomic location of braA.sgn3.a-1 mutation and candidate al-

ternative alleles shown, with predicted amino acid change.

Index of less than one, so were disregarded. One of the
remaining two candidate SNPs emerged as likely to be re-
sponsible for the observed ionomic perturbations, based on
predicted gene function. This was found at position
A01:6,186,092, with SNP indexes of 1.00 and 0.196 in high
and low Mg segregant pools, respectively (Figure 3B;
Supplemental Figure S3). This SNP corresponded to a muta-
tion in the gene A01p012600.1_BraROA, a putative ortholog
of A. thaliana SCHENGEN3 (At.SGN3; AT4G20140; CDS align-
ment E = 0) referred to here as BraA.SGN3.a.

In A. thaliana, SGN3 encodes a leucine-rich repeat recep-
tor-like kinase, localized to the endodermal plasma-mem-
brane precisely around the Casparian strip (Pfister et al,
2014). AtSGN3 is an essential receptor in the SCHENGEN
pathway, enabling the Casparian strip to fuse into a single
contiguous band (Fujita et al, 2020). At.SGN3 is activated
following binding of stele-expressed CIF (CASPARIAN STRIP
INTEGRITY FACTOR) ligands (Doblas et al, 2017a; Okuda
et al, 2020), after which SGN1, a kinase expressed exclusively
at the outer plasma membrane of the endodermis
(Alassimone et al., 2016), transduces the signal, leading to lo-
calized lignin accumulation (Fujita et al,, 2020). Once the en-
dodermal barrier is sealed, CIF ligands are contained within
the stele, and thus ClIF-activated SGN3 is unable to signal
through SGN1 (Doblas et al, 2017a). The system represents
a surveillance framework, enabling lignification of the
Casparian strip until complete closure or repair, mediated
through SGN3.

Mutant alleles of AtSGN3 possess discontinuous
Casparian strips resulting in a “leaky” extracellular diffusion
barrier. This causes bidirectional leaking of solutes across the
endodermis to and from the xylem, leading to increased Mg
and reduced K in leaves (Karley and White, 2009; Pfister
et al, 2014). BraA.SGN3.a has high sequence similarity to
At.SGN3 (85.1% shared CDS bases) and conserved predicted
protein topology (Figure 3C), presumably as a result of re-
cent species divergence (Wang et al, 2011). The candidate
SNP identified here results in a glycine to arginine amino
acid substitution within the kinase domain, toward the pro-
tein C-terminal end. This is in close proximity to a number
of amino acid substitutions previously identified in A. thali-
ana that lead to loss-of-function of At.SGN3 (Pfister et al.,
2014). This forms compelling evidence that the candidate
SNP at position A01:6,186,092 is responsible for the ionomic
perturbations observed in the mutant line described here,
which we name braA.sgn3.a-1.

Additional braA.sgn3.a alleles share the high shoot
Mg phenotype

Additional braA.sgn3.a alleles were sought by mining the
RevGen UK exome capture database of EMS-induced muta-
tions in B. rapa (Stephenson et al,, 2010). Eighteen of the de-
scribed mutant genotypes were also present in our forward
ionomic screen database. Three genotypes emerged as addi-
tional candidate mutant alleles, since at least one of the
screened plants of each genotype (presumed to be segregat-
ing) had leaf Mg concentrations >50% greater than wild-
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type concentrations. The leaf Mg concentration of each of
these is indicated in Figure 2A, and the genomic loci indi-
cated in Figure 3C. Two of the three additional candidate
alleles, here named braA.sgn3.a-2 and braA.sgn3.a-3, fell
within the protein kinase domain, close to the location of
braA.sgn3.a-1. This provides additional evidence that a mu-
tation in this region is responsible for the observed high Mg
and Ca phenotypes reported here.

braA.sgn3.a-1 shares both ionomic and root
anatomical perturbations with A. thaliana sgn3
including a disrupted endodermal barrier

The shoot ionome of braA.sgn3.a-1 has striking similarities
to Atsgn3 (Pfister et al, 2014). Notably, both mutant geno-
types have greater shoot Mg concentrations than wild-type
plants, and lower shoot K concentrations (Supplemental
Figure S4). Root anatomical perturbations are also highly
similar in sgn3 mutants of both species. In regions close to
the root tip, all root cell files were similarly visible between
braA.sgn3.a-1 and BraA.SGN3.a-WT seedlings following stain-
ing with the apoplastic tracer propidium iodide (Pl;
Supplemental Figure S5). In roots of braA.sgn3.a-1 however,
Pl was able to penetrate into the root stele in zones
expected to have undergone endodermal differentiation at
least to the stage of forming sealed Casparian strips (Doblas
et al, 2017b). This was evidenced by the visibility of xylem
vessels in such regions of Pl stained roots (Figure 4A), sug-
gesting that Casparian strips were not functioning as effec-
tive endodermal barriers. While Pl can generally be expected
to enter the root stele toward the developing root apex in
wild-type plants (Alassimone et al, 2010), Pl was detected
much further from the root tip in braAsgn3.a-1. In
BraA.SGN3.a-WT, Pl penetration to the stele was blocked af-
ter an average of 26 epidermal cells from the onset of elon-
gation (n=7), compared with an average of 139 epidermal
cells in braA.sgn3.a-1 (n=6; Figure 4B; Supplemental Table
S11).

We further confirmed the conserved role of B. rapa sgn3
in enabling the Casparian strip to fuse into a single contigu-
ous band, through visualizing lignin deposition. In At.sgn3
mutants, lignin staining previously revealed discontinuities in
endodermal lignification (Doblas et al, 2017a). Highly com-
parable results were observed here: in roots of BraA.SGN3a-
WT, lignin staining with Basic Fuchsin showed continuous
endodermal lignification, whereas roots of braA.sgn3.a-1
exhibited  characteristically ~ discontinuous lignification
(Figure 4C). In addition, roots of braA.sgn3.a-1 did not re-
spond to exogenous CIF2, a SGN3 ligand crucial for ensuring
proper Casparian strip development. In wild-type A. thali-
ana, application of 1 uM exogenous CIF2 peptide leads to
considerable ectopic lignin deposition, whilst no response
was observed in Atsgn3 mutants (Doblas et al, 2017a).
Application of 1 uM of exogenous AtCIF2 to BraA.SGN3.a-
WT similarly led to widespread ectopic lignin deposition
throughout the wild-type root endodermis (Figure 4D). The
enlarged, median view indicates that this ectopic lignin was
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concentrated on the outer half of the endodermis. This pre-
sumably corresponds to the outer endodermal localization
of SGN1, which transduces the CIF2 signal leading to local-
ized lignin accumulation (Fujita et al., 2020). Exogenous CIF2
peptide application to braA.sgn3.a-1 induced no observable
response (Figure 4D), further implying loss-of-function of
SGN3 in this genotype, leading to a lack of transduction of
the SGN3-dependent CIF2 signal.

braA.sgn3.a-1 preferentially accumulates multiple
elements in leaf epidermal cells and in the apoplast
We mapped the spatial distribution of elements in leaf and
seed tissue of braA.sgn3.a-1 and wild-type plants. Leaf Mg
was present at larger concentrations in braA.sgn3.a-1 than
wild-types in upper epidermal cells (t(5) = 4.95, P =0.004)
and across mesophyll tissue (t(5) = 8.08, P <0.001;
Figure 5A; Supplemental Figure S6). Concentrations of Ca
(t(5) = 4.90, P=0004) and S (t(5) = 5.44, P=0.003) were
also elevated in mesophyll tissue of braA.sgn3.a-1.
Concentrations of Na (t(5) = 3.41, P=10.019) and P (¢t(5) =
3.42, P=0.019) were elevated in upper leaf epidermal cells
in braA.sgn3.a-1, with Na additionally elevated in lower epi-
dermal cells (t(5) = 3.58, P=0.016). Leaf K concentrations
appeared to be lower across all leaf cell types in braA.sgn3.a-
1 compared to wild-types, particularly in leaf epidermal cells
(Figure 5A). However, this was accompanied by considerable
variation between replicates (Supplemental Figure S6 and
Supplemental Table S12). At an intracellular scale, large
quantities of Na, Mg, and P appear to be stored either in
upper epidermal cells or in the apoplast in braA.sgn3.a-1
(Figure 5B).

There were no obvious differences in elemental localiza-
tion between braAsgn3.a-1  and  wild-type seeds
(Supplemental Figure S7). The spatial distribution of ele-
ments within wild-type seeds of B. rapa has not been
reported previously. Notable observations are greater Ca and
Mg concentrations in the seed coat compared with the rest
of the seed, and greater concentrations of P and S across
seeds compared with leaves. Elevated concentrations of P in
seeds were previously observed in B. napus (Thomas et al,
2016). Elevated seed S was also observed in B. napus, though
this was largely limited to vegetable and fodder varieties
rather than in modern oilseed varieties (Thomas et al,
2016), where the latter have been subject to selection for
lower seed concentrations of S-containing glucosinolates
(Borpatragohain et al.,, 2016).

Magnesium concentrations in shoots of braA.sgn3.a-
1 are not limited by the flux saturation observed in
wild-type plants

Plants of braA.sgn3.a-1, BraA.SGN3.a-WT, and wild-type R-o-
18 were grown using the nutrient film technique (NFT) with
solution Mg concentrations ranging from 0.0075 to 3 mM.
A solution Mg concentration of 0.75 mM is routinely con-
sidered as optimum (Broadley et al., 2003; Neugebauer et al,,
2018). Leaf Mg concentrations of all genotypes were
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Figure 4 Characterization of root endodermal barrier anatomy. A, Confocal images of 5-d-old roots of R-0-18 WT and braA.sgn3.a-1 mutant
plants stained with Pl (shown in red). Images are centered approximately 10 mm from root tip. Regions of 1.55 x 0.78 mm shown on left side.
White boxes indicate position of enlarged regions shown to the right. Note visibility of xylem tissue in stele of braA.sgn3.a-1, indicating perturbed
endodermal barrier. B, Number of epidermal cells from the onset of elongation until the endodermal cells blocked the PI penetration to the stele
of roots of BraA.SGN3.a-WT (SGN3.a-WT) and braA.sgn3.a-1 (sgn3.a-1) mutant plants. Boxes represent interquartile range with the median shown.
Whiskers show entire data range, with data points shown. Stars represent difference (two-tailed T test) between braA.sgn3.a-1 and BraA.SGN3.a-
WT at P < 0.001. C, Confocal images of 4-d-old roots of BraA.SGN3.a-WT and braA.sgn3.a-1 stained with the lignin stain Basic Fuchsin (shown in
red). Roots were imaged at 40 cells after the onset of elongation. Maximum projection of Z-stack of endodermal cells and enlarged surface view of
the top of endodermal cells shown. Note non-contiguous lignin band in braA.sgn3.a-1, indicating a disrupted endodermal barrier. D, Confocal
images of 4-d-old roots of BraA.SGN3.a-WT and braA.sgn3.a-1 as in (C) but in the presence of exogenous AtCIF2 peptide. Basic Fuchsin shown in
red. Note ectopic lignin deposits in roots of BraA.SGN3.a-WT in the presence of AtCIF2, whereas braA.sgn3.a-1 fails to show a similar response.
Endodermal cell median view shown below, with additional Direct Yellow 96 staining shown in cyan to visualize cellulose/cell wall.

positively correlated with solution Mg concentration  greater in braAsgn3.a-1 (R> = 93.0) than in BraA.SGN3.a-
(Figure 6; Supplemental Table S13; Simple Linear Regression WT (R*> = 53.7) or wild-type R-0-18 (R* = 83.2). Leaf Mg
analysis, all P < 0.001). However, the response of shoot Mg  concentration was significantly greater in braA.sgn3.a-1 than
concentration to increasing solution Mg concentration was BraA.SGN3.a-WT plants at solution Mg concentrations of
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Figure 5 Leaf spatial distribution of elements. A, Quantified spatial distributions of sodium (Na) magnesium (Mg), phosphorus (P), sulphur (S),
potassium (K), and calcium (Ca) in representative first or second leaves of R-0-18, BraA.SGN3.a-WT (SGN3.a-WT) and braA.sgn3.a-1 (sgn3.a-1) as
analyzed by micro-particle induced X-ray emission ([LPIXE). Scale bar = 200 pum. B, Quantified spatial distributions of Na, Mg, and P in upper epi-
dermal and mesophyll cells of R-0-18, SGN3.a-WT and sgn3.a-1 as analyzed by X-ray fluorescence. Scale bar = 20 um. X-ray images in top panels

digitally colored to show localization of upper epidermis and mesophyll.

375 UM (t(4) = 401, P=0016), 750 uM (t(4) = 8.02,
P <0.001), 1.125 mM (t(4) = 5.38, P=0.030), and 3 mM
(t(4) = 831, P<0.001), with differences becoming more
marked as solution Mg concentration increased. The inset in
Figure 6 shows the Michaelis—Menten relationships between
shoot Mg concentration and solution Mg concentration for
each genotype, used here to demonstrate the rate of Mg
uptake based on exogenous concentration, and theoretical
maximum that could be accumulated. At the solution Mg
concentrations investigated here, both BraA.SGN3.a-WT and
wild-type R-0-18 genotypes are close to approaching their
Vinaw but braA.sgn3.a-1 is not. This indicates that, unlike
BraA.SGN3.a-WT and wild-type R-0-18, Mg accumulation in
the shoot of braA.sgn3.a-1 is not kinetically restricted at a
solution Mg concentration of 3 mM, which suggests a
greater apoplastic flux of Mg to the xylem of braA.sgn3.a-1.
This further supports the hypothesis that the ionomic per-
turbations observed here are the result of a defective root
endodermal barrier.

Discussion

This work has led to the isolation of a mutant line of B.
rapa, braA.sgn3.a-1, that accumulates twice as much leaf Mg
and a third more Ca than wild-types, as a result of loss-of-
function of SCHENGEN3 (SGN3). In A. thaliana, SGN3 enco-
des an essential receptor in the SCHENGEN pathway, re-
sponsible for fusing the ring-like structure surrounding root
endodermal cells into a contiguous, nonpermeable band
known as the Casparian strip (Fujita et al, 2020). The basis
for elevated concentrations of multiple elements in leaves of
braA.sgn3.a-1 is associated with disrupted formation of the
root extracellular endodermal diffusion barrier, which results
in a greater accumulation of elements from the external en-
vironment. We hypothesize that elevated concentrations of
affected elements can be maintained due to relatively small
concentration gradients between the xylem of braA.sgn3.a-1
and the external environment. The difference in accumula-
tion between elements, such as that between the divalent
cations Mg and Ca, could be linked to the magnitude of the
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Figure 6 Leaf Mg concentrations of BC;F5 plants grown under different exogenous Mg concentrations (indicated at top of each panel). Median
value plotted in each panel where whiskers represent range with data points shown (n =3 for each genotype for each treatment). braA.sgn3.a-1
abbreviated to sgn3.a-1, BraA.SGN3.a-WT abbreviated to SGN3.a-WT. Stars represent differences (two-tailed T tests) between braA.sgn3.a-1 and

BraA.SGN3.a-WT at *P < 0.05 and **P < 0.01. Figure inset shows Michaelis—Menten kinetics curves for each genotype with V., and K,

shown as dashed and dotted lines, respectively

concentration gradient between the apoplast and the endo-
dermis. The impacts of the mutation in braA.sgn3.a-1 on
shoot K concentrations may be linked to the high mobility
of K within the plant (Karley and White, 2009). While there
is also considerable recirculation of Mg, K is typically present
at greater concentrations than other nutrients in the shoot,
as well as in the xylem (Ahmad and Maathuis, 2014). An in-
effective endodermal barrier could conceivably permit K to
leak back into the apoplast, impacting maintenance of wild-
type shoot K concentrations. At a physiological level, this
work has also revealed insights into the effects of loss-of-
function of sgn3 on the plant ionome, particularly in terms
of inter- and intra-cellular distributions of elements.
Increased concentrations of Na, Mg, and P in the upper epi-
dermis or apoplast of leaf tissue of braA.sgn3.a-1 may be
due to preferential export of excess quantities of these ele-
ments from mesophyll cells to maintain nontoxic levels, as
observed across various hyperaccumulators (Leitenmaier and
Kupper, 2013).

Brassica rapa includes the crop types Chinese cabbage,
pak choi, turnip, and forage rape. Furthermore, B. rapa is a
close relative of both B. juncea (vegetable and forage/fodder
types) and B. napus (rapeseed/canola, swede/rutabaga, for-
age/fodder types; Wang et al, 2011). As allotetraploid spe-
cies comprising a full set of diploid chromosomes from B.
rapa, it is possible to introgress traits to both B. juncea and
B. napus from B. rapa through conventional breeding
(Wang et al,, 2017). Brassica crop varieties with altered levels
of the glucosinolate, glucoraphanin, have previously been de-
veloped and become commercially available (Faulkner et al,
1998; Traka et al, 2013). However, to our knowledge, a

lines

commercially viable Brassica cultivar with elevated mineral
nutrient concentrations, or a crop cultivar of any species
biofortified with Mg or Ca, has not previously been devel-
oped. Crossing braA.sgn3.a-1 with suitable cultivars could
potentially generate new varieties with the capacity to boost
human and animal dietary intakes of Mg and Ca. The re-
duced leaf K concentration trait in braA.sgn3.a-1 may be of
additional interest in livestock forage breeding, due to the
potential for K to interfere with Mg and Ca uptake in the
gut (Pelletier et al,, 2008). However, Casparian strip mutants
are known to have multiple impacts on the leaf ionome, as
well as water transport and transpiration traits (Huang and
Salt, 2016; Wang et al, 2019). It is also not currently known
how braA.sgn3.a-1 performs in low-K environments. Thus,
further detailed characterization of braA.sgn3.a-1 is required
before it is considered for introduction into commercial
Brassica cultivars.

Conclusions

From a forward ionomic screen, this study has identified
considerable variation in leaf Mg and Ca concentrations
across an EMS-mutagenized population of B. rapa. Notably,
the range of leaf concentrations of these elements is greater
in the EMS population than that available in natural popula-
tions of B. napus (Thomas et al, 2016), B. oleracea (Broadley
et al, 2008), or across many other species within the
Brassicaceae family (Neugebauer et al, 2018). Isolation of
braA.sgn3.a-1, which accumulates over twice as much Mg
and a third more Ca than wild-types without any apparent
impact on seed production, shows promise for using muta-
genized germplasm in breeding programs to increase edible
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concentrations of essential human nutrients. Of significance
to the usability of this germplasm for generating new culti-
vars is that it originates from a GMO-free background.
However, further work is required in order to evaluate po-
tential negative impacts of the induced mutations before it
is introduced into Brassica breeding programs.

Materials and methods

Forward ionomic screen

Seeds of 3,464 M, genotypes of the inbred line R-0-18 of yel-
low sarson (B. rapa subsp. trilocularis (Roxb.) Hanelt, 1986),
previously subjected to 03% (v/v) EMS mutagenesis
(Stephenson et al, 2010), were sown directly into fine-grade
compost-based growing media (Levington Seed & Modular
+ Sand -F2S; Everris Ltd, Ipswich, UK) in 1 L pots and estab-
lished in a single-skinned polytunnel (Visqueen Luminance
Skin, Northern Polytunnels, Colne, UK) at the Sutton
Bonington Campus of the University of Nottingham
(52°49'58.9" N, 1°14'59.2" W). Pots were arranged in a ran-
domized block design across three runs, with each mutant
genotype represented once per run (n=10,392) along with
100 R-0-18 wild-type plants per run (n= 300; Supplemental
Table S14). Plants were watered twice daily by hand, and af-
ter 3 weeks were supplemented by Vitafeed® 2-1-4 nutrient
solution (N-P-K:  16-8-32 4+ micronutrients; Vitax Ltd,
Coalville, Leicestershire, UK) at a rate of 3 g L. Plants were
covered with 380 x 900 mm microperforated pollination
bags (Focus Packaging & Design Ltd, Brigg, UK) once inflor-
escences began to show to prevent cross-pollination. Seeds
were harvested and stored at —10°C in a chilling cabinet.
Generations M;-M, and BC,F,-BC,F, were grown in a glass-
house with supplementary artificial lighting (12 h light d";
Philips Master GreenPower SON-T 400 W bulbs controlled
by Grasslin Uni 45 timer) and were otherwise treated as
above.

Three leaves were sampled from each M, plant at the ro-
sette stage (typically six to eight true-leaves showing). Leaf
samples were dried in individual paper bags at 50°C for 48
h and then hand crushed. Leaf sub-samples of between 0.05
and 0.1 g DW (exact weights recorded) were digested using
a microwave system as described previously (Thomas et al,
2016). External certified reference material (IAEA-359
Cabbage; LGC, Teddington, UK) was included in each diges-
tion run to validate digestion efficiency.

Inductively coupled plasma mass spectroscopy (ICP-MS;
Thermo Fisher Scientific iCAPQ, Thermo Fisher Scientific,
Bremen, Germany) was used to analyze the concentrations
of elements as described by Thomas et al. (2016). Of
10,692 potential samples, 2,713 were not analyzed due to
insufficient sample being available. Element-specific limits
of detection (LODs) were reported as three times the
standard deviation (SD) of the operational blank concen-
trations, assuming a notional starting DW of 0.100 g
Elements with mean concentrations less than or close to
the LOD were excluded from further analysis. Data were
retained for 13 elements (Na, Mg, K, Ca, Mn, Fe, Cu, Zn,
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Rb, Sr, Mo, Cs, and Ba). Individual values below element-
specific LODs elements were also removed from further
analysis (3,996 out of 103,727 values), as well as values
over five SDs above the arithmetic mean for each retained
element (285 values).

Isolation and descent of braA.sgn3.a-1

M, genotypes with leaf Mg concentrations over three SDs
above the population-wide mean Mg concentration were
considered as candidates for further study. This amounted
to 83 genotypes, of which 7 set seed. M3 and M, plants of
each of these lines were subsequently grown and leaf ele-
ment concentrations quantified as above. Plants of a geno-
type that retained the high Mg trait to M, were backcrossed
to wild-type R-0-18 plants via emasculation of wild-type
plants and hand-pollination with mutant pollen, to reduce
background mutation load. Resulting plants were main-
tained by single-seed descent from generations BC;F;—BC;Fs.
In each generation, leaf element concentrations of all plants
were quantified by ICP-MS to track the high Mg trait. The
BC,F, population was observed to be segregating for the
high Mg trait, so individual high and low Mg lines were de-
rived by self-fertilizing plants of contrasting phenotypes
(Figure 1).

Tissue-specific ionome profiling

Additional ionome profiling took place on BCF; plants. Six
plants of each of the high and low Mg segregants and wild-
type R-0-18 genotypes of this generation were sampled at
the rosette stage and roots were hand-washed in deionized
H,O and dried in an incubator (60°C; 24 h). Root samples
were grouped into three pools to attain adequate sample
weights for ICP-MS analysis. An additional six plants of each
genotype were grown to maturity and the first, eighth, and
cauline leaves, immature pods/flowers, mature pods, stem,
and mature seeds were sampled at appropriate points in
the plants’ life cycle. Each sample was microwave digested
and analyzed by ICP-MS as described above. Arabidopsis
thaliana sgn3 mutant ionome data were extracted from the
lonomics Hub (https://www.ionomicshub.org/; Baxter et al.,
2007).

Bulked-segregant analysis

Generating a segregating F, population

BC;F, mutant plants (Supplemental Table S15) were back-
crossed to female wild-type R-0-18 (Figure 1). Plants of the
resulting BC,F; population were grown in glasshouse condi-
tions as described above and self-fertilized by covering with
microperforated pollination bags. BG,F, seed from a single
sibling plant was harvested for use in bulked-segregant
analysis experiments. A total of 200 BC,F,, 10 wild-type R-o-
18, and 10 BC,F, high Mg reference seeds were sown directly
into homogenized, high nutrient compost (Levington M3)
in 2 L pots. These were distributed in the glasshouse in a
randomized blocked design generated in the R package
blocksdesign (version 3.8; Edmondson, 2019) with 10 blocks,
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each comprising 20 BG,F, plants, 1 wild-type R-0-18 plant,
and 1 BCyF; high Mg reference plant (Supplemental Table
S16). Twenty-one days after germination, third and fourth
leaves were taken from each plant, dried for 5 d at 50°C, mi-
crowave-digested, and analyzed by ICP-MS as described
above. Linear discriminant analysis of leaf concentrations of
Na, Mg, P, S, K, and Ca, BG,F, plants revealed two distinct
segregation groups (segregation ratio 56:144) with ionomic
profiles highly similar to either BC;F, high Mg reference or
wild-type R-0-18 plants (Supplemental Figure S2).

High molecular weight DNA extraction

First and second leaf tips from each segregant group and R-
0-18 wild-type control plants were sampled for high molecu-
lar weight (HMW) DNA extraction. DNA was extracted us-
ing a custom CTAB extraction protocol, with HMW
modifications. Wide-bore pipette tips were used throughout
to prevent DNA shearing, and centrifuge speeds did not ex-
ceed 5,000g. Samples were each subjected to RNase A
(Thermo Scientific EN0531) treatment, washed using equal
volumes of chloroform/isoamyl alcohol (24:1), and finally
resuspended in elution buffer (EB; 10-mM Tris—HCI, pH 8.5)
in 1.5-mL Eppendorf Protein LowBind® tubes (Eppendorf
30108116).

DNA concentrations were quantified using a Qubit 4
Fluorometer (Invitrogen) and dsDNA BR (Broad Range)
Assay Kit (ThermoFisher Q32850; Supplemental Table $17).
The 40 highest yielding samples of each of the high and
low Mg BG,F, segregant groups were then pooled into
separate, concentration-normalized samples. Remaining
samples were retained as back-ups. Twenty R-0-18 wild-
type control DNA samples were pooled into an additional
concentration-normalized sample. Samples were concen-
trated using Agencourt AMPure XP (Beckman Coulter
A63881) and size selected to remove fragments <15 kb.
Sage Blue Pippin was used with the 0.75% High Pass Plus
>15 kb Cassette and U1 marker (Sage; BPLUS10).
Resulting  products were concentrated again using
AmpureXP before elution in 15 pL of EB.

Linked-read sequencing

10x Genomics Chromium Genome Library kit and Gel Bead
Kit v2 (10x Genomics; 120258) were used with the
Chromium Genome Chip Kit v2 (10x Genomics; 120257)
the Chromium i7 Multiplex Kit (10x Genomics; 120262)
and the Chromium Controller (10x Genomics; 110203) to
generate linked-read libraries. The 10x  Genomics
Chromium Genome Library protocol was followed (https://
www.10xgenomics.com/resources/support-documentation/?

solution=genome&workflow-step=library-preparation) with
an input of 0.8 ng of genomic DNA and unique i7 barcode
pools used for each genotype. Sequencing was performed
on an lllumina NextSeq500 using a High Output 300 Cycle
(150 PE) kit with the following configuration: Read 1 — 150
bases; 17 — 8 bases; 15 — 0 bases; Read 2 — 150 bases. All
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sequence files are available in the European Nucleotide
Archive (ENA) under the accession PRJEB40556.

Bioinformatics

Raw [llumina NextSeq500 reads from the four lanes run
were demultiplexed using the longranger (version 2.2.2; 10x
Genomics, Pleasanton, CA, USA) mkfastq pipeline, which is
a wrapper around the bcl2fastq tool (version 2.19.0.316;
lllumina, Inc., San Diego, CA, USA), separating out reads into
the original libraries by presence of specific i7 barcodes. The
longranger wgs pipeline was then used to call genotypes for
the three libraries (R-0-18, Low Mg pool and High Mg pool)
using GATK (version 4.0.3.0; Van der Auwera et al, 2013)
against the reference B. rapa subsp. trilocularis R-0-18 (v2.2;
Whole Genome Shotgun project deposited at DDBJ/ENA/
GenBank under the accession JADBGQO000000000. The ver-
sion described in this paper is JADBGQ010000000. The NCBI
Assembly number is GCA_017639395.1). Fold coverage (read
depth) was 84.6x for the high Mg DNA pool, 75.8x for the
low Mg pool, and 88.1x for the R-0-18 wild-type pool. All
10x data handling was performed on a high-performance
compute node with 2x Intel Xeon Gold 6138 20C 2.0GHz
CPU and 192 Gb RAM.

To isolate SNPs presumed to have resulted from EMS mu-
tagenesis, raw variant call files were filtered, using grep
(GNU operating system), to only include Gto Aand Cto T
base changes that passed initial longranger/GATK filtering
(PASS). High and low Mg pooled sample sequence data
were then processed using the isec tool in bcftools (version
1.10, https://samtools.github.io/bcftools/) to identify sites
present in both samples. Resulting SNP calls were stripped
of SNPs also present in the R-0-18 DNA pool, using the isec
tool in bcftools, and filtered to remove SNP calls with QUAL
scores of less than 50, read depth of less than 20 and/or
with the label “10X_RESCUED_MOLECULE".

SNP index scores for each SNP in each pool were calcu-
lated using reference and alternate allelic depth scores fol-
lowing Takagi et al. (2013). Two-way delta SNP index scores
were then calculated at each SNP locus, by subtracting the
SNP index of the low Mg pool from that of the high Mg
pool, and vice versa. The SNP index in the high Mg pool
was expected to tend to 1 at the causative locus, meaning
all reads at that locus, and thus all plants in the pool, share
an alternative SNP call. In the low Mg pool, average SNP in-
dex was predicted to tend to 0.33, since approximately two-
thirds of BG,F, plants in the pool were expected to be het-
erozygous for the causative SNP. Delta SNP index of 0.67
was theoretically anticipated at the causative locus. A candi-
date QTL was identified by considering all SNPs for which
the moving average (9 SNPs) Delta SNP index was greater
than 0.60. DNA sequences of exons containing SNPs were
aligned to B. rapa version 1 coding sequences (Chiifu-401-
42; Wang et al,, 2011), to identify previously annotated gene
identities. Coding sequences of genes containing SNPs
within the candidate QTL were then aligned to the A.
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thaliana genome using BLAST functions in EnsemblPlants
(Howe et al., 2020) to predict function.

Root confocal imaging

Seeds of BC,F, high and low Mg segregant and R-0-18 lines
were surface sterilized, sown onto plates containing 0.5 MS
(Murashige and Skoog), pH 5.8 with 0.8%-1% agar (w/v),
stratified at 4°C in the dark for 24-48 h and grown vertically
in a growth chamber with 16-h  photoperiod
(150 umol m~?s™") set to 22°C during the day and 19°C at
night. After 5 d, whole seedlings were sampled and soaked
in Pl solution (10 pug-mL™"; Invitrogen) for 15 min in the
dark to stain living cell walls. Roots were rinsed twice in
deionized water, mounted on glass slides with water, and
covered with a coverslip. Roots were imaged using a Leica
SP8 (Leica Microsystems GmbH, Wetzlar, Germany) confocal
microscope. A 514-nm laser (intensity 19.9%) was used to
excite Pl fluorescence, which was detected using a photo-
multiplier tube at between 592 and 726 nm. Gains were op-
timized and kept consistent throughout the experiment.
Images were generated using Z-stack functions in LAS-X
Leica software. Images are the average of four frames per
pixel, with six Z-steps captured per region. Using a Leica
CTR5000 fluorescence microscope, 20X magnification, we
additionally quantified the number of epidermal cells from
the onset of elongation until the endodermal cells blocked
the PI penetration to the stele.

For CIF2 experiments, seedlings were grown in the pres-
ence or absence of 1-uM AtCIF2 peptide (DY(SO3H)
GHSSPKPKLVRPPFKLIPN; Cambridge Peptides Ltd) in the
growth media. Seedlings were sampled after 4 d, fixed with
4% paraformaldehyde for 120 min at 20°C, washed twice for
1 min with 1x phosphate-buffered saline, and transferred to
ClearSee solution for 24 h as described previously (Ursache
et al, 2017). Seedlings were then stained overnight in 0.2%
Basic Fuchsin (Fluka, Analytical) in ClearSee for lignin visuali-
zation. Basic Fuchsin solution was removed and the seed-
lings were washed three times for 120 min in ClearSee with
gentle shaking. Seedlings were then stained with 0.1% Direct
Yellow 96 (Sigma) in ClearSee for 1 h to stain cell walls. The
roots were washed three times for 120 min in ClearSee with
gentle shaking. Roots were carefully placed on a microscope
slide with ClearSee and covered with a coverslip. Roots were
imaged at 40 cells after the onset of elongation using a Leica
SP8 confocal microscope, 63x objective (NA = 1.2), by per-
forming a Z-stack on the top endodermal cells. Excitation at
594 nm (intensity 3%) and an emission band-path of 600-
650 nm were used for Basic Fuchsin, and excitation at 488
nm (intensity 1%) and an emission band-path of 500-540
nm was used for Direct yellow 96. Gains were optimized
and kept consistent for all experiments.

Mapping the spatial distribution of elements

BC,Fs seeds of high and low Mg segregant and R-0-18 lines
were sown directly onto homogenized, high nutrient com-
post (Levington M3) in 750 mL pots and grown in the glass-
house. Plants were arranged in a one-way randomized
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design generated in GenStat (17th Edition, VSN
International, Hemel Hempsted, UK). After 23 d, whole
plants were sampled. Compost was washed off by hand and
roots were wrapped in damp, 2-ply blue paper tissue. Whole
plants were placed into individual, polythene bags in a pro-
tected box and sent via DHL Express 12:00 to the University
of  Ljubljana,  Biotechnical  Faculty  (46°03'04.5"N
14°28'13.1”E). On arrival, sub-samples of first or second true-
leaves (1-2 cm from tip) were prepared immediately for
freezing as described previously (Vogel-Mikus et al, 2014).
Frozen samples were placed into a Leica CM3050 Cryostat
microtome (Leica, Bensheim, Germany) with chamber and
cutting head temperature set to —20°C and allowed to
warm to this temperature. Sixty and twenty-five micrometer
sections were then cut transversely from leaf samples.
Sections were freeze-dried in a Christ LDC-1M Alpha 2-4
freezedryer (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany) at —25°C and a pressure of
0.08 mbar for 3 d, then mounted onto custom aluminium
holders between two layers of Pioloform foil (approx. 400 nm
thickness; SPI supplies, West Chester, PA, USA).

Localization of elements within 60-pum leaf cross sections
was assessed by micro-PIXE (Pongrac et al,, 2013) at the nu-
clear microprobe in the tandetron accelerator laboratory at
the Jozef Stefan Institute (Ljubljana, Slovenia; Simicic et al,,
2002). The sample area ranged from 800 x 800 to 1200 X
1200 pum, at approximately 4 pum resolution. Na, Mg, P, S, K,
and Ca were detected by a silicon drift detector (e2v
SiriusSD®; High Wycombe, Buckinghamshire, UK). Proton
dose was measured using a rotating, in-beam chopper to en-
able element quantification (Vogel-Mikus et al, 2009). On-
off axis scanning transmission ion microscopy was per-
formed to determine beam exit energy from the sample
(Pallon et al, 2004 Vavpetic et al, 2013). The micro-PIXE
spectra were analyzed using GeoPIXE Il (Ryan, 2000). Seeds
were cut transversely by hand using platinum-coated stain-
less steel razor blades (Science Services, Germany), deposited
on a double-sided carbon tape (SPI Supplies, USA) and cov-
ered with a layer of Pioloform foil. Sections were then ana-
lyzed as described for leaves.

Cellular level spatial distribution of elements within 25-
pm cross-sections was determined using the TwinMic beam-
line at the Elettra Synchrotron (Trieste, Italy; Gianoncelli
et al, 2016). Beam energy was set to 2,319 eV, and a max
photon flux of 8 x 10" photons s~' mA™". For each sam-
ple, an 80 x 80 um region of the cross-section comprising
upper epidermal and palisade mesophyll cells was analyzed
in a vacuum (107 mbar) at a resolution of 12 um.
Elements mapped with low-energy X-ray fluorescence were
O, F, Na, Mg, Al, Si, P, Fe, and Ni. Resulting 2-D X-ray count
data were quantified through methods described previously
(Kump and Vogel-Mikus, 2017). Spatial distribution maps
were generated in PYMCA (version 5.2.2; Solé et al, 2007).

Response to exogenous Mg concentrations
Plants of the BC;F5 generation were grown under eight dif-
ferent Mg treatments using the NFT (Broadley et al, 2003).
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Seeds were established in 25 X 25 X 40 mm rockwool plugs
(Grodan, Roermond, The Netherlands) soaked with half
strength Hoagland’s solution (Hoagland’s No. 2 Basal Salt
Mixture; Sigma—Aldrich, Darmstadt, Germany) then trans-
ferred to eight, 4-m-long gullies, each with one of the follow-
ing concentrations of MgCl,: 0.0075, 0.0375, 0.075, 0.375,
0.75, 1.125, 1.5, and 3 mM. Solution concentrations of other
elements were as described by Broadley et al. (2003).
Nutrient solutions were buffered to pH 6. The position of
each of the eight Mg treatments was randomly distributed
by gully (Supplemental Table S18). Within each gully, three
plants per genotype were allocated based on a one-way,
blocked design generated in GenStat (Supplemental Table
S5). After 21 d of growth under NFT conditions, whole third
and fourth leaves were sampled and pooled from each
plant, dried, microwave digested, and analyzed by ICP-MS as
described above.

Additional figure generation and statistical analysis
Figure 2A was generated using Probability Distribution func-
tions in Genstat (20th edition). Figures 2B, 4B, 6 and
Supplemental Figures S1, S2B, S4, S6, and S7B were gener-
ated in GraphPad Prism 8 (San Diego, CA, USA). Figure 2C
was generated using heatmap.2 functions in R package
gplots v3.1.0. Figure 3A was generated using R package
OmicCircos (Hu and Yan, 2020). Supplemental Figure S2A
was generated in Genstat using linear discriminant analysis
functions. Tests of significant differences between genotypes
were carried out using one-way ANOVA, two-sided T tests
and F tests in Genstat, and two-sided Z tests calculated in
Microsoft Excel. Simple Linear Regression functions in
Genstat were used to detect trends in the response to exog-
enous Mg concentrations experiment.

Data availability

The genomic DNA data generated by 10x Genomics
Chromium/Illumina sequencing in this work are accessible
in the ENA (https://www.ebiac.uk/ena/browser/home) un-
der Project identifier PRIEB40556. Arabidopsis thaliana iono-
mics data used for comparison in Supplemental Figure S4
are freely available at https://www.ionomicshub.org/. Raw
data for all other figures are available in the supplemental
tables.

Availability of biological materials

M5 seed of all genotypes included in the initial ionomic
screen is available from the RevGen service at the John
Innes Centre, UK (http://revgenukjicacuk/). Seed from all
other generations is available on request to qualified
researchers, without undue reservation.

Accession numbers

Sequence data for the main genes from this article can be
found in the EMBL/TAIR data libraries under accession
numbers Bra013446 (B. rapa SGN3) and AT4G20140
(Arabidopsis thaliana SGN3).
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Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. BC1F3 tissue-specific element
concentrations.

Supplemental Figure S2. BG,F, segregant groupings.

Supplemental Figure S3. Reads aligned to BraA.SGN3.a
showing locations of SNP calls.

Supplemental Figure S4. braA.sgn3.a-1 leaf ionome com-
pared with A. thaliana sgn3-3

Supplemental Figure S5. braA.sgn3.a-1 and BraA.SGN3.a-
WT root tips stained with PI.

Supplemental Figure S6. BC,F tissue-specific micro-PIXE
element concentrations.

Supplemental Figure S7.
distribution.

Supplemental Table S1. M, forward ionomic screen leaf
Mg, K, and Ca concentration data following processing.

Supplemental Table S2. M; leaf mineral concentration
data following processing.

Supplemental Table S3. M, leaf mineral concentration
data following processing.

Supplemental Table S4. BC,F; leaf mineral concentration
data following processing,

Supplemental Table S5. BC,F, leaf mineral concentration
data following processing.

Supplemental Table S6. BC,F; fourth leaf mineral con-
centration data following processing,

Supplemental Table S7. BC,F; other tissue mineral con-
centration data following processing.

Supplemental Table S8. Seed yield of a subset of BC,F,
plants showing mutant and wild-type Mg concentrations.

Supplemental Table S9. BC,F, leaf mineral concentration
data following processing.

Supplemental Table S10. Variant call data representing G
to A and C to T SNP calls present in both high and low Mg
DNA pools.

Supplemental Table S11. Number of epidermal cells
from the onset of elongation until the endodermal cells
blocked Pl penetration into the stele of roots of
BraA.SGN3.a-WT and braA.sgn3.a-1 mutant plants.

Supplemental Table S12. Leaf cell specific concentra-
tions of Na, Mg, P, S, K, and Ca in first or second leaves
of R-0-18, BraA.SGN3.a-WT (SGN3.a-WT) and braA.sgn3.a-1
(sgn3.a-1).

Supplemental Table S$13. Magnesium response experi-
ment leaf mineral concentration data following processing.

Supplemental Table S14. Position of plants with polytun-
nel for all three runs in the initial M, generation forward
ionomic mineral screen.

Supplemental Table S15. BCF; leaf mineral concentra-
tion data following processing.

Supplemental Table S16. BC,F, segregating population
block design.

Supplemental Table S17. Qubit dsDNA concentrations
of segregating BC,F, population.

Seed element spatial
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Supplemental Table S18. Mg response experiment one-
way design in randomized blocks.
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