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Salinity of the soil is highly detrimental to plant growth. Plants respond by a redistribution of root mass between main and lateral roots,
yet the genetic machinery underlying this process is still largely unknown. Here, we describe the natural variation among
347 Arabidopsis thaliana accessions in root system architecture (RSA) and identify the traits with highest natural variation in their
response to salt. Salt-induced changes in RSA were associated with 100 genetic loci using genome-wide association studies. Two
candidate loci associatedwith lateral root development were validated and further investigated. Changes inCYP79B2 expression in salt
stress positively correlated with lateral root development in accessions, and cyp79b2 cyp79b3 double mutants developed fewer and
shorter lateral roots under salt stress, but not in control conditions. By contrast, highHKT1 expression in the root repressed lateral root
development, which could be partially rescued by addition of potassium. The collected data and multivariate analysis of multiple RSA
traits, available through the Salt_NV_Root App, capture root responses to salinity. Together, our results provide a better understanding
of effective RSA remodeling responses, and the genetic components involved, for plant performance in stress conditions.

INTRODUCTION

Salt stress is amajor threat inmodernagriculture, affecting20%of
the cultivated area worldwide and half of the irrigated farmlands
(OECD/Food and Agriculture Organization of the United Nations,
2015). Plants can adopt multiple strategies to increase their sa-
linity tolerance, such as reduced growth rate, compartmentali-
zation of ions, or synthesis of compatible solutes (Munns and
Tester, 2008; Munns and Gilliham, 2015). One of the most robust
phenotypes used for screening salinity tolerance is accumulation
of sodium in shoot tissue. Exclusion of sodium from the shoot is
correlated with maintenance of high rates of photosynthesis,
growth, and yield (Munns and Tester, 2008). Allelic variation

affecting transcription of HKT1 and CIPK13 was previously es-
tablished to play a major role in sodium exclusion and, therefore,
salinity tolerance (Rus et al., 2006; Munns et al., 2012; Roy et al.,
2013). Another trait broadly used for identification of salt stress-
relatedmechanisms is elongation of themain root (Wuet al., 1996;
Ding and Zhu, 1997; Liu and Zhu, 1997). While main root elon-
gation is instrumental for seedling establishment, the distribution
of the rootmass betweenmain and lateral roots is also affected by
salt, yet the genetic machinery underlying this process as well as
its significance in salt stress tolerance are only now starting to be
unraveled (Duan et al., 2013; Geng et al., 2013; Julkowska et al.,
2014; Julkowska and Testerink, 2015; Kobayashi et al., 2016;
Kawa et al., 2016).
The root is the first plant organ exposed to salinity stress and

plays an important role in salt sensing (Galvan-Ampudia et al.,
2013; Robbins et al., 2014) as well as signal transduction to the
shoot tissue (Choi et al., 2014; Jiang et al., 2012). Salt stress
reduces the cell cycle activity at the root meristems, resulting in
growth reduction (West et al., 2004). Quiescence of lateral roots is
initiated by endodermal abscisic acid (ABA) signaling, which in-
terestingly is also involved in recovery of lateral root growth (Duan
et al., 2013). In the long term, salt stress reducesmain root growth
more severely than lateral root elongation in the Arabidopsis
thaliana accession Col-0 (Julkowska et al., 2014), causing
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remodeling of root system architecture (RSA) compared with
control conditions. Interestingly, other Arabidopsis accessions
show different RSA remodeling response to salt stress, indicating
natural variation that can be exploited for candidate gene iden-
tification by means of genome-wide association studies (GWAS).
Since the root system is important for efficient water uptake and
ion exclusion (Faiyue et al., 2010; Ristova and Busch, 2014),
changes inRSAare likely to contribute toplant performanceunder
salt stress conditions (Julkowska and Testerink, 2015).

In this study, we explore natural variation in RSA development
under control and salt stress conditions by screening 347 Arabi-
dopsis accessions of the HapMap population (Horton et al., 2012;
Li et al., 2010). Our results indicate increased phenotypic variation
in main and lateral root length in salt stress conditions compared
with control conditions. By performing GWAS, we identified
several candidate genetic loci to be associated with the remod-
eling of root architecture in response to salt. Further analysis of
HKT1 andCYP79B2/B3 candidate genes supports a role for them
in modulation of lateral root development under salt stress con-
ditions, increasing our understanding of root responses in con-
tributing to plant performance under stress. To optimally exploit
our complex RSA phenotyping data set beyond the analysis
described in this scientific publication, we also make our data
available through the Salt_NV_Root App (https://mmjulkowska.
github.io/Salt_NV_RootApp/). This tool will facilitate other re-
searchers in exploring our data set and finding new leads for
further research on RSA remodeling.

RESULTS

Salt-Induced Remodeling of RSA Relies on Altered Lateral
Root Development

To examine natural variation in root architecture under salt stress
conditions, 347 Arabidopsis accessions of the HapMap pop-
ulation (Weigel and Mott, 2009; Supplemental Data Set 1) were
grown on agar plates under control and two salt stress conditions
(75 and 125 mM NaCl). Using EZ-Rhizo software, 17 RSA traits
(Figure 1A; Supplemental Data Set 2) were extracted from the
images of 8-d-old plants grown under control condition and 12-d-
old plants for both salt stress conditions. Col-0 was used as the
reference accession across individual experimental batches,
validating the reproducibility of the experiment (Supplemental
Figure 1). Using ANOVA, we identified significant effects of me-
dium and genotype on all RSA traits except for lateral root pat-
terning (lateral root density per branched zone) (Supplemental
Data Set 2). Additionally, using two-way ANOVA, we identified
significant interactions between medium and genotype in root
angle traits (main root vector angle and straightness) and distri-
bution of mass between main and lateral root (for example lateral
root density per main root length) (Supplemental Data Set 2).

Substantial natural variation was observed for all recorded RSA
traits, and accessions identified as outliers differed among traits
and conditions (Figure 1B; Supplemental Figure 2). The variance
within the population differed between individual traits: straight-
ness showing the smallest, andmain root vector angle the largest,
variance (Figure 1C). Salt stress increased the observed variance

in traits related tomain and lateral root length, but not in lateral root
density, indicating that observed natural variation in response to
salt stress is mainly due to differences between accessions in
maintenance of main and lateral root growth rather than root
patterning.
Individual components of RSA were strongly correlated under

control conditions (Figures 2A and 2B; Supplemental Data Set 3).
Several of these correlations, including the number of lateral roots
with main root length, were significant across all conditions, in-
dicating again that salt does not alter lateral root patterning or that
the natural variation therein is limited (Supplemental Data Set 3).
However, a significant correlation between the length of the apical
zone and lateral root length was observed only under control
conditions (Figure 2A), indicating that salt stress increased the
variation in the distance from the root tip to the point at which
lateral roots start to emerge and elongate, which might be related
to different rates of lateral root emergence upon salt stress. The
correlationbetween lateral root lengthand lateral rootnumberwas
maintained in seedlingsgrownunder salt stress conditions (Figure
2B), although a decrease in correlation strength was observed.
Thus, lateral root emergence had a significant contribution to
lateral root size in all conditions despite the increased variability in
lateral root length (Figure 1C). The 17 RSA traits, together with the
length of the individual zones relative to themain root length, were
used for principal component analysis, reducing the data di-
mensionality to three principal components (PC1–3) (Figure 2C;
Supplemental Figure 3 and Supplemental Data Set 4). Traits
corresponding to lateral root development, such as number of
lateral roots per main root, lateral root length, and size of the
branchedzonesignificantlycontributed toPC1,explaining41%of
the variance. PC2, explaining 18.8% of the variance, corre-
sponded to the main root-related traits, such as main root path
length, vector length, and depth. The traits related to lateral root
elongation, such as average lateral root length, significantly
contributed to PC3, explaining 11.2% of the observed variance.
Thus, themajority of the natural variation in RSA is harbored in the
distribution of the root mass between main and lateral roots (PC1),
maintenance of main root growth (PC2), and lateral root emer-
gence andelongation (PC3). Summarizing theRSA results in three
PCsallowed identificationof theRSA traits exhibitingmost natural
variation and reveals phenotypic plasticity in response to salt
stress, as the differences between the accessions grown under
different conditions are evident even when the dimensionality of
the RSA is reduced to three PCs (Supplemental Figure 3).

GWAS Reveals HKT1 and CYP79B2 as Candidate Genes
Explaining Natural Variation in the Response of Lateral
Roots to Salt

Natural variation in 17 RSA traits and three PCs (Supplemental
Data Set 5) was used as an input for GWAS using the scan_GLS
algorithm (Kruijer et al., 2015). After applying correction for
population structure (Kang et al., 2008) and exclusion of traits with
low narrow heritability (h2 < 0.2; Supplemental Data Set 6) GWAS
identified 150, 132l and 254 significantly [–log10(P value) above
5.6] associated SNPs for RSA traits in 0, 75, and 125 mM NaCl,
respectively (Supplemental Data Set 7). Most SNPs were asso-
ciatedwith theaverage lateral root lengthpermain root length. The
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largest variation observed in the relative distribution of root mass
from main root length to lateral root length corresponds with the
high number of associations found for PC3 and average lateral
root length measured under salt stress conditions. Identified
associationswereexamined indetail considering their association

with multiple traits, using both individual replicates and average
value per accession. As the majority of the associations was
mapped using the SNP set with minor allele frequency (MAF)
above 0.01, we selected for the associations mapped with MAF
of at least 0.01 or with the –log10(P value) score above strict

Figure 1. Natural Variation Observed in RSA Plasticity in Response to Salt Stress.

The effect of salt stress onRSAwasexamined for 347Arabidopsis accessions (Supplemental DataSet 1) on 8- and 12-d-old seedlings grown in control and
salt stress conditions, respectively.
(A)Overview of RSA parameters obtained from EZ-Rhizo quantification. Additionally, lateral root length (LRL), average lateral root length (aLRL), as well as
the ratios betweenmain root (MRL), average lateral root length aLRL), and total root size (TRS)were calculated. All RSA traits are listed inSupplementalData
Set 2.
(B) Natural variation in total root size (TRS), main root length (MRL), and average lateral root length (aLRL) is presented with notched box plots. The
accessions representing outliers in individual traits are indicated. Box plots of all RSA traits are presented in Supplemental Figure 2.
(C) Coefficient of variation observed in all 17 RSA traits per salt stress condition for 347 Arabidopsis accessions studied. The significant differences in
variation between control and salt stress are indicated, *P value < 0.05 and **P value < 0.01, as calculated using f-tests.
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Bonferroni threshold, based on the collection of single nucleotide
polymorphisms (SNPs) including the rare alleles, corresponding to
thescoreof6.6.We further explored theassociations identifiedwith
multiple RSA traits and different conditions (Supplemental Figure 4
and Supplemental Data Sets 8 to 10). Our selection yielded
100 candidate loci for RSA traits under salt stress conditions, and
we subsequently compared their transcriptional changes in tissue-
specific expression in response to salt (Dinneny et al., 2008), re-
vealing 10 genes directly underlying the associated SNPs and
60 genes within the 10-kb window of the mapped SNPs to be
significantly altered in the cell-type-specific expression data set in
response to salt (Supplemental Data Set 11). The candidate genes
that were either directly underlying the associated SNP, or located
within the linkagedisequilibriumof the identifiedSNP,were found to
besignificantly enriched in thegeneswith tissuespecificalterations
in response to salt stress as tested per hypergeometric test. Since
natural variation in salt stress response was mostly found in traits
related to the relative distribution of root mass between lateral and
main roots, we selected six loci associatedwith average lateral root
length, average lateral root length per main root length, and PC3 in
saltstress (Figure3A;SupplementalDataSet12) for furtheranalysis.

To fine-map the selected loci, the RSA phenotypes were as-
sociated with the SNPs based on the whole-genome sequencing
data of the accessions (Alonso-Blanco et al., 2016), to identify

additional SNPs and increase the mapping resolution. We iden-
tified between 2 and 26 additional SNPs for loci 1, 2, 5, and
6 (Supplemental Data Set 13). For the chosen loci, the regions
surrounding the identified SNPs were further examined for se-
quence variation (Figures 3B and 3C; Supplemental Figures 5 to
8A). Genes located in the 10-kb window of the associated SNPs
were examined for natural variation in their expression in root
and shoot tissue under control and salt stress conditions using
48 accessions, chosen based on the SNP diversity of the can-
didate loci and the pronounced differences between their RSA
under all conditions studied (Supplemental Figures 5 to 7, 8B, 8C,
9A, and10; Supplemental DataSet 14). For four loci (1, 2, 3, and6),
we were not able to validate candidate genes due to lack of
available mutant lines and/or limited phenotypic changes in re-
sponse to salt in Col-0 background (Supplemental Figure 7E).
Nevertheless, the natural variation in the expression observed
among 48 accessions identified candidate background lines for
future studies on these loci and can be accessed in the supple-
mental data (Supplemental Data Set 14).
The genomic region surrounding the 4th locus, associated with

average lateral root length and the ratio of average lateral root
length and main root length at 75 mM NaCl (Figures 3A and 3B;
Supplemental Data Set 12), was found to contain only one gene,
At4g10310, also known as Arabidopsis HIGH AFFINITY K+

Figure 2. Salt Affects the Relationship between RSA Components, with Lateral Root Development Explaining the Majority of Observed Variation.

(A)and (B)Thecorrelationbetweenapical zonesizeand total lateral root length (LRL) (A)and lateral rootnumber (#LR)and total lateral root length (LRL) (B) for
plants grown under 0, 75, and 125mMNaCl are presentedwith red, green, and blue dots, respectively. The lines in corresponding color represent the linear
model fitting the correlation per condition. The Pearson correlation coefficients (R) are presented in the lower right corner of each correlation graph, with
**P value < 0.01 and *P value < 0.05.
(C)Principal component analysis revealed threePCs explaining 71.4%of variation. The contribution plots showhoweachRSA trait contributes to eachPC,
ranging from lowcontribution (dark-blue) to highcontribution (light-blue). Thecontributionof individual traits to eachPC is listed inSupplemental DataSet 4.
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TRANSPORTER1 (AtHKT1). This gene was previously identified for
its role in salinity tolerance (Rus et al., 2001; Munns et al., 2012),
although no role in the regulation of root system architecture was
noted. The genomic region around the associated SNP contained
a high number of SNPs and a number of insertions/deletions in the
promoter and intron regions of HKT1 (Figure 3B). We resequenced
the locusinsixaccessionsvaryinginHKT1expression(Supplemental
Figures 9B and 9C; Supplemental Data Sets 15 to 17) and identified
33cis-regulatoryelements (Higoetal.,1999) thatwerespecificfor two
accessions, N4 and Gr-5, showing high HKT1 expression. The lo-
cation of those cis-regulatory elements was widespread between
1330 to 3530 bp upstream of the HKT1 start codon (Supplemental
Data Sets 16). The coding regions of HKT1 were found to carry
11 polymorphisms compared with Col-0, of which five lead to
nonsynonymous mutations and none were located in the trans-
membrane domains (Supplemental Data Set 17).

Locus 5 contains six SNPs, spanning from the coding region of
At4g39940 up to the coding region of At4g39955 (Figure 3C;
Supplemental Data Sets 12 and 13). The SNPs were associated
with variation in average lateral root length in 125 mM of NaCl,
average lateral root length per main root length in both salt
stress conditions, and PC3 in 75 mM of NaCl. Interestingly, the

expression of At4g39950, also known as CYTOCHROME P450
FAMILY 79 SUBFAMILY B2 (CYP79B2), was reported to exhibit
zone-specific expression changes in response to salt (Dinneny
et al., 2008) (Supplemental Data Set 11). CYP79B2 is known to
convert tryptophan to indole-3-acetaldoxime (IAOx) in the bio-
synthesis pathway of camalexin, indole glucosinolates, and auxin
(Hull et al., 2000; Mikkelsen et al., 2000; Zhao et al., 2002;
Glawischniget al., 2004;Sugawaraetal., 2009), and itsexpression
was reported at the sites of lateral root development and in the
quiescent center, but no role for CYP79B2 in root development
has been reported (Ljung et al., 2005). The promoter region of
CYP79B2 showed extensive sequence divergence among the
accessions and three SNPs were mapped to the promoter of this
gene (Figure 3C), but the region was too diverse to conduct
haplotype analysis. No nonsynonymous SNPs were identified in
the protein coding sequence of CYP79B2.

Salt-Induced Changes in CYP79B2 Expression Correlate
with Maintenance of Lateral Root Development

We further investigated the natural variation in transcriptional
changes of CYP79B2, and other genes at the same locus, in

Figure 3. GWAS Identifies Loci with High and Low Allele Diversity.

(A)GWASwasperformedonaverage lateral root length (aLRL), ratio of average lateral andmain root length (aLRL/MRL), andprinciple component 3 (PC3) at
lowsalt stressconditions (75mMNaCl) andsignificant associationsaboveLOD5.6withMAF>0.01were identified. Thedotted line represents the threshold
of aLODof5.6. Thesix chosen loci (SupplementalDataSet12) aremarked.Thevalidated loci containingHKT1 (locus4) aremarkedwithgreenandCYP79B2
(locus 5) with purple.
(B) and (C)Genetic variation in locus 4 (B) and 5 (C)was studied in 147HapMap population accessions. The purple graphs represent the portion ofmissing
data, while the green graphs represent deletions present in accessions other thanCol-0. The blue graphs represent the sequence similarity compared with
Col-0. The open reading frames are aligned in the lowest panel. The location of the associated SNPs from 250k SNP set is represented with highlighted
dashed lines, while the SNPs mapped using the 4M SNP set are represented with gray dashed lines.
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response to salt stress. CYP79B2 expression significantly in-
creased upon salt stress in both root and shoot tissue in most of
the 48 accessions studied, but much variation was observed
(Figure 4A; Supplemental Data Set 14). A three-way ANOVA
showed that the response was the same in both tissues as no
interaction effect was found, although expression in the root was
significantly higher. While At4g39960 also showed significant
induction of expression in salt stress in both root and shoot, the
effect was more pronounced in the shoot. At4g39940 showed
reduced expression in the root and induced expression in the
shoot and At4g39955 showed no change upon salt stress
(Supplemental Figure 9 and Supplemental Data Set 14). For
At4g39952, only very recently transcripts were found, and it likely
has very low expression (Liu et al., 2016).We have thus decided to
focus on CYP79B2 for further analysis.

The effect of salt on CYP79B2 expression in the root showed
much variation between accessions. The log2 fold change in gene
expression in the root upon salt stress ranged from 22.2 in MNF-
Pot-4 to 7.2 in Brö1-6 (Supplemental Data Set 14). To investigate
whether the change inCYP79B2expression uponsalt stresswould
correspond with lateral root development, we examined the cor-
relations between the log2 fold change in expression of CYP79B2
andassociatedRSA traits. The average lateral root length at 75mM
of NaCl significantly correlated with the log2 fold change in
CYP79B2 expression upon salt stress (Figure 4B). In addition, the
log2 fold change showed a significant positive correlation with the
lateral root density in salt stress conditions (Figure 4C).

As the function of CYP79B2 is known to partially overlap with
that of CYP79B3 (Hull et al., 2000; Zhao et al., 2002; Glawischnig
et al., 2004), we investigated the root system architecture of
T-DNA insertion lines (Supplemental Figure 11A) for both genes
and the cyp79b2 cyp79b3 double mutant at different salt con-
centrations. The cyp79b2-1 and cyp79b2-2 lines and the double
mutant cyp79b2-2 cyp79b3-2 showed a slight, but significant,
longer main root independent of the conditions (Supplemental
Figure 11B), but no lateral root-related differences were observed
under control conditions. Interestingly, cyp79b2-2 cyp79b3-2
mutant seedlings grown on 125mMNaCl supplementedmedium
developed significantly fewer lateral roots per centimeter of main
rootat10daftergermination (Figure5A). This isconsistentwith the
observed positive correlation between fold change in CYP79B2
expression upon salt stress and lateral root density (Figure 4C).
Double mutant seedlings also developed shorter lateral roots at
12 d after germination, consistent with the mapped traits in the
GWAS (Figures 5B and 5C; Supplemental Figure 11B). In sum-
mary, our results show that loss of function ofCYP79B2, together
with the partially overlapping CYP79B3, leads to reduced de-
velopment of lateral root growth under salt stress, but not in
control conditions.

High HKT1 Expression Reduces Lateral Root Development
in Saline Conditions

Extensive natural variation in HKT1 expression in the set of
48 accessions was observed in the root tissue of seedlings ex-
posed to salt stress (Figure 6A; Supplemental Figure 9A), with
Gr-5, Hs-0, N4, Ga-2, and Jl-3 showing the highest and LDV-58,
CUR-3, and Tsu-0 the lowest expression. Although only few

Figure 4. Change in CYP79B2 Expression in Response to Salt Stress
Correlates with Lateral Root Development during Salt Stress.

Natural variation in genes in locus 5was studied in root and shoot tissue in
5-d-old seedlings treatedwithmockor 75mMNaCl for 24h. Theboxplot in
(A) represents the median and extent of natural variation in CYP79B2
expression as observed for population of 48 accessions. Box plots for the
other genes in the same locus can be found in Supplemental Figure 10,
together with heat plots of the expression per accession, while the nor-
malized expression of all studied genes is presented in Supplemental Data
Set 14. The relative log2 fold change in expression of CYP79B2 between
control and salt stress positively correlated to several root architecture
traits in the accessions, including average lateral root length per main root
length (aLRL/MRL) at 75 mM NaCl (B) and the lateral root density (LRD) at
75 mM NaCl (C). The Pearson correlation coefficients (R) are presented in
the lower right corner of each correlation graph, with **P value < 0.01 and
*P value < 0.05.
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accessions exhibited highHKT1 expression, all of these tended to
develop shorter lateral roots under salt stress conditions (Figure
6B). By contrast, T-DNA insertion lines with reduced HKT1 ex-
pression in theCol-0backgrounddidnot exhibit anydifferences in
RSA development compared with wild-type Col-0 (Supplemental
Figure 12), consistent with the natural variation expression data.
Since ubiquitous overexpression of HKT1 was previously ob-
served to have a detrimental effect on plant development (Møller
et al., 2009), we studied the phenotypes of two available lineswith
enhancedHKT1 expression at the native expression site, the root
pericycle (Mäseretal., 2002;Møller etal., 2009):E2586UAS-HKT1
in Col-0 background and J2731 UAS-HKT1 in C24 background
(Møller et al., 2009). No significant differences between the
background lines and lines with enhancedHKT1 expression were
observed under our control conditions. Interestingly though,
under salt stress conditions lineswith enhancedHKT1expression
developed fewer and shorter lateral roots in both Col-0 and C24
backgrounds (Figures6Cand6D),while thehighHKT1expression
causedseverereduction inmain root lengthonly inCol-0background

(E2586 UAS-HKT1) (Figures 6C and 6D). Thus, while low expression
levelsofHKT1,either inArabidopsisaccessionsorT-DNAlines,seem
tohavenoobviouseffectsonrootmorphology,enhancedexpression
can cause severe alterations in root architecture under salt stress,
possiblydue to toxiceffectsofhighNa+concentrationsorchanges in
osmotic potential of root cells.
To investigate whether the severe reduction of lateral root

development is caused by osmotic stress, the lines with and
without enhanced HKT1 expression in both backgrounds were
examined for their lateral root development when grown onmedia
supplementedwith 150mMmannitol. Nodifferences between the
background lines and lines with enhancedHKT1 expression were
observed (Figure 7A), indicating that the reduced lateral root
development is due to the ionic rather than the osmotic com-
ponent of salinity stress. Salt stress results in imbalance between
sodium and potassium ions, and phenotypes of some salt overly
sensitive mutants are known to be rescued by supplementing K+

(Zhu et al., 1998). Therefore, we examined the effect of additional
K+ on the UAS-HKT1 lines. For the background lines (E2586 and

Figure 5. Loss of Function of Both CYP79B2 and CYP79B3 Results in Reduced Lateral Root Development during Salt Stress.

(A) Four-day-old seedlings of Col-0, cyp79b2, cyp79b3, and cyp79b2 cyp79b3 lines were transferred to 0, 75, and 125 mM NaCl, and RSA of 10-d-old
seedlings was quantified. The bar plots represent the average lateral root density (LRD) of three experiments with each 20 replicates; error bars represent
pooled SE. A mixed linear model was used to determine significant differences and a significant interaction between treatment and genotype was found.
Letters represent significant differences (P < 0.05) following a manual-contrasts post-hoc comparison within treatment.
(B) Average lateral root length (aLRL/MRL) and average lateral root length (aLRL) for Col-0 and cyp79b2 cyp79b3 in 10-d-old seedlings treated with 0 mM
NaCl and 10- and 12-d-old seedlings treated with 125 mMNaCl. Other lateral root traits are presented in Supplemental Figure 11. Bar plots represent the
average trait value as observed in 20 replicates and error bars represent SE. All traits were analyzed using two-way ANOVA and significant interactionswere
found for shown traits. Letters represent significant differences (P < 0.05) following a manual-contrasts post-hoc comparison within treatment.
(C) Pictures of representative seedlings of Col-0 and the cyp79b2 cyp79b3 double mutant at 125 mM NaCl 12-d-old seedlings.
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J2731), extra K+ further reduced lateral root development under
salt stress conditions (Figures 7B and 7C; Supplemental Figure
13). However, for the UAS-HKT1 lines, addition of potassium to
the salt containing medium resulted in partial rescue of lateral
root development. In conditions in which 75 mM NaCl was

supplemented by30mMKCl, the average lateral root length of the
UAS-HKT1 lines was comparable to that of the background lines
(Figure 7B), while lateral root emergence was partially rescued
(Supplemental Figure 13). Reduction of main root length in the
Col-0UAS-HKT1 linewasnotaffectedbyadditionalpotassium.These

Figure 6. High HKT1 Expression Reduces LR Development in Salt Stress Conditions.

(A)Natural variation in theHKT1 expressionwas studied in root and shoot tissue in 5-d-old seedlings treatedwithmock (C) or 75mMNaCl (S) conditions for
24 h. The boxplots represent the median and extent of natural variation as observed for population of 48 accessions (Supplemental Figure 11A and
Supplemental Data Set 14).
(B) A trend between HKT1 expression and average lateral root length (aLRL) was observed, with accessions with high HKT1 expression developing short
lateral roots.
(C) Pictures of representative 12-d-old seedlings of UAS-HKT1 lines grown with 75 mM NaCl.
(D)UAS-HKT1 lines, with enhancedHKT1 expression in the root pericycle in Col-0 (E2586) and C24 (J2731) backgrounds, were examined for salt induced
changes in RSA. Four-day-old seedlings were transferred to 0 and 75 mM NaCl and the RSA of 8- and 12-d-old seedlings was quantified. The bar plots
represent the average trait value as observed in 16 replicates and error bars represent SE. Different letters are used to indicate the significant differences
between the genotypes per condition as calculated using one-way ANOVA with Tukey’s post-hoc test with significance levels of 0.05.
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results indicate that potassium supplementation alleviates the
effect of enhanced HKT1 expression on lateral root growth spe-
cifically in salt stress conditions, suggesting that reduced lateral
root growth observed in Arabidopsis accessions and UAS-HKT1
lines with high HKT1 expression might be due to an imbalance
between sodium and potassium ions.

High HKT1 Expression Reduces Salt Tolerance of Col-0
during Early Development

Interestingly, UAS-HKT1 lines were previously described to ex-
hibit enhanced salt stress tolerance in hydroponic cultures (Møller
et al., 2009), but the salt stress was applied at a different de-
velopmental stage than in our study. To examine the role of UAS-
HKT1 expression mediated altered RSA in salt stress tolerance
under more natural conditions, UAS-HKT1 and their background
lines were grown in soil and were stressed at 1, 2, or 3 weeks after
germination by watering with 75 mM NaCl (Figure 8). The UAS-
HKT1 line in Col-0 background (E2586 UAS-HKT1) was observed
to develop smaller rosettes than its background line (E2586)when
plants were stressed 1 week after germination (Figure 8B). This
difference between the Col-0 and UAS-HKT1 lines was less
pronounced when plants were treated 2 weeks after germination
or later. Consistent with a previous report (Møller et al., 2009), the
UAS-HKT1 line in C24 background developed larger rosettes than
the background line (J2731) independent of the timing of stress

treatment. Interestingly, the rosettes of C24 background line
plants grown in control conditions showed no significant differ-
ence with plants stressed for 3 or 4 weeks with salt (Figure 8B).
Two-way ANOVA analysis (Supplemental Figure 14) showed
a background-specific effect, where enhanced HKT1 expression
is detrimental for plant development in Col-0 background but not
in C24 background when salt stress is applied shortly after ger-
mination. Therefore, the correlation between high HKT1 expres-
sionandsalinity tolerance isdependent ongenotypebyenvironment
(GxE) effects and the developmental stage at which plants are ex-
posed to salinity stress.

DISCUSSION

Salt stress not only reduces the development and growth of roots
(West et al., 2004; Liu and Zhu, 1997; Kobayashi et al., 2016;
Shelden et al., 2013; Tu et al., 2014), but also causes re-
programming and redistribution of the root mass between main
and lateral roots (Julkowska et al., 2014). By studying natural
variation for root architecture inArabidopsis, weobserved that the
natural variation inRSAresponses tosalt stress isexhibitedmainly
through the emergence and elongation, rather than patterning, of
lateral roots. The variance observed in traits related to root mass
distribution between main and lateral root increased with salt
stress exposure (Figure 1D), while the correlations between main
root length and number of lateral roots remained unaltered by salt

Figure 7. Reduction in Lateral Root Development in UAS-HKT1 Lines Is Due to the Ionic Component of Salt Stress.

(A) and (B)Lineswith enhancedHKT1 in root pericycle inCol-0 (E2586) andC24 (J2731) backgroundswere studied for theirmain root length (MRL), average
lateral root length (aLRL), andnumberof lateral roots (#LR) incontrol andosmoticstresscondition (150mMmannitol) (A)aswell asmediasupplementedwith
30mMKCl in addition to 75mMNaCl (B). The RSAwas quantified on 10-d-old seedlings and the relative decrease in average lateral root length (aLRL) and
lateral root number (# LR)wascalculated relative to0mMNaCl (75mMNaCl) and30mMKCl (75mMNaCl+30mMKCl). Thebar plots represent theaverage
value as observed in 16 replicates. The error bars represent SE. Different letters are used to indicate the significant differences between the genotypes per
condition as calculated using one-way ANOVA (in [A]) and two-way ANOVA (in [B]) with Tukey’s post-hoc test with significance levels of 0.05.
(C) Pictures of representative 12-d-old seedlings of UAS-HKT1 lines grown on 30 mM KCl + 75 mM NaCl.
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stress (Supplemental Data Set 3). Those trends are in agreement
with the data on dynamic changes in RSA performed on a smaller
number of Arabidopsis accessions (Julkowska et al., 2014) and
with the reduction of lateral root development under salt stress
conditions observed in an earlier study (Kawa et al., 2016). In this
study, we describe the traits with the most pronounced pheno-
typic plasticity in response to salt stress to be related tomain root
length, numberof lateral roots, sizeof theapical zone, andaverage
lateral root length, as they make most significant contributions
to principal components describing natural variation observed
(Supplemental Data Set 4) and are subjected to GxE interactions
(Supplemental Data Set 2). Collecting multitrait phenotypes and
performing multivariate analysis, as presented in this work, will
improve our understanding of how plant development affects
performance under stress conditions. The data presented in this
study are available through the Salt_NV_Root App for the user to
explore in more detail, compare individual accessions, and per-
form cluster analysis on the RSA traits of interest. This tool can
thus provide additional insight for further exploration of natural
variation in complex RSA traits and their relationship to plant
performance.
While many GWAS studies published to date focus on single

traits, such as ion accumulation, main root growth, or compatible
solute accumulation (Strauch et al., 2015; Baxter et al., 2010;
Lachowiec et al., 2015; Slovak et al., 2014; Verslues et al., 2014),
there is an increasing focus on multitrait response phenotypes,
including RSA response to stress (Rosas et al., 2013; Kawa et al.,
2016). An advantage of performing GWAS on multitrait pheno-
types, alsoapparent in our study, is that additional confidencecan
be gained when the same candidate loci are mapped using dif-
ferent traits and/or different stress conditions or when the mul-
titrait phenotypes are reduced to principle components that map
to the overlapping loci (Figure 3A). Interestingly, 100 candidate
loci identified by GWAS in this study contain genes involved
in ethylene and ABA signaling, such as EIN2 and SnRK2.7
(Supplemental Data Set 11), indicating natural variation in hor-
monal control pathways thatwereearlier described toplaya role in
RSA responses to salt stress (Duan et al., 2013; Geng et al., 2013).
The significant overlap between the identified candidate genes
and salt stress-induced changes in gene expression (Dinneny
et al., 2008; Supplemental Data Set 11) implies that the allelic
variation might accumulate in the regions important for tran-
scriptional regulation of genes involved in root remodeling in re-
sponse to salt. Also, a meta-analysis on genetic architecture of
abiotic and biotic stress responses, which included a selection of
our salt stress response data, implied genetic correlations with
other abiotic stress responses (Thoen et al., 2017).
Our genetic and physiological data confirm two identified

candidate genes, CYP79B2 and HKT1, to be involved in lateral
rootdevelopmentunder salinity stress,whichsuggests thatgenes
identified inourGWASare indeed involved in reshapingRSAunder
salt stress conditions. Significant correlations were found be-
tween salt-induced expression of CYP79B2 and lateral root de-
velopment under salinity stress (Figure 4). Further analysis of
CYP79B2 and CYP79B3, which are known to have partially
overlapping functions, showed that these genes are required for
the maintenance of lateral root growth under salt stress con-
ditions, but not in control conditions (Figure 5). As bothCYP79B2

Figure8. TheEffectofEnhancedHKT1ExpressiononSalinityTolerance Is
Developmental Stage and Genetic Background Dependent.

(A) E2586, E2586 UAS-HKT1, J2731, and J2731 UAS-HKT1 lines were
germinated in soil under short-dayconditionsandwatered fromabovewith
75 mM NaCl 1, 2, or 3 weeks after germination. The pictures represent
6-week-old plants and the scheme in the upper left panel shows the
distribution of the genotypes in soil pots.
(B) Fresh weight of the rosette was determined 6 weeks after germination.
The bars represent average fresh weight observed over 15 biological
replicates and error bars represent SE. Different letters are used to indicate
groups that are significantly different from each other as determined with
two-way ANOVA using pairwise post-hoc Tukey’s test with significance
levels of 0.05.
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andCYP79B3 convert tryptophan to IAOx, these data suggest the
involvementof the IAOxpathway inshifting investments frommain
to lateral roots during salt stress. Both CYP79B2 and CYP79B3
were previously observed to be expressed at the site of newly
developing lateral roots (Ljung et al., 2005). The IAOx pathway is
Brassica specific and can produce three types of active com-
pounds: camalexin, indole glucosinolates, and indole-3-acetic
acid (Hull et al., 2000; Zhao et al., 2002; Mikkelsen et al., 2000;
Glawischnig et al., 2004; Sugawara et al., 2009). Both camalexin
and indole glucosinolates act as defense compounds induced in
both shoot and root upon pathogen attack (Glawischnig, 2007;
Halkier and Gershenzon, 2006; Brown et al., 2003; Lemarié et al.,
2015), but no clear link to root development has been found. The
IAOx pathway has been shown to contribute to auxin production
under heat stress conditions (Zhao et al., 2002). NITRILASE1
(NIT1), proposed to catalyze the last step of the IAOx pathway
leading to auxin biosynthesis, was previously described to be
involved in maintenance of lateral root development (Lehmann
et al., 2017), and the expression ofNIT1 andNIT2wasobserved to
be upregulated in response to salt stress (Bao and Li, 2002). We
propose that the natural variation in promoter region of CYP79B2
results in altered expression induction by salt stress and that the
IAOx pathway is necessary for maintenance of lateral root de-
velopment under salt stress, most likely through production of
auxin, although a role for other IAOx pathway generated com-
pounds cannot be excluded.

The association found in the promoter region ofHKT1 provides
a linkbetween ionsequestrationand lateral rootdevelopment.Our
results suggest that some accessions with highHKT1 expression
develop shorter lateral roots under salt stress conditions (Figure
6B).Using transgenic lineswith enhancedexpression at the native
root expression site (UAS-HKT1 lines), we confirmed that high
HKT1 expression indeed reduces lateral root formation under salt
stress in Col-0 and C24 background (Figures 6C and 6D). Po-
tassium uptake was previously described to repress lateral root
formation under control and drought conditions, as kup268 and
gork mutants showed enhanced root development (Osakabe
et al., 2013). Our results suggest that the effect of potassium is
stress dependent, as additional potassium enhanced lateral root
development only in lines with enhanced HKT1 expression, but
not in the background lines (Figures 7B and 7C). Although sodium
accumulation in the root stele is important for ion exclusion from
shoot tissue (Møller et al., 2009; Kotula et al., 2015; Munns et al.,
2012), in the young seedlings thehigh stelar sodiumaccumulation
could potentially result in ABA-dependent lateral root quiescence
(Duan et al., 2013) or even damage to the lateral root primordia.
The exact mechanisms underlying the reduced lateral root de-
velopment in lines overexpressing HKT1 remain to be verified in
future studies.

The salinity tolerance of the C24 UAS-HKT1 line was reported
before to be enhanced when 3-week-old plants were exposed to
salinity (Møller et al., 2009), and high HKT1 expression was pre-
viously found to cause sodium exclusion from leaf tissue and
thereforehigher salt stress tolerance (Rusetal., 2006;Baxter et al.,
2010; Munns et al., 2012). Previously, natural accessions that
exhibited reduced lateral root emergence were associated with
increased sensitivity to salt stress, while those with many, but
shorter, later roots showed better maintenance of Na+/K+ ratio

under salt stress (Julkowska et al., 2014). Here, we found that
enhanced HKT1 expression reduced RSA development when
4-d-old seedlings were exposed to salt on agar plates and while
also negatively affecting salinity tolerance in the Col-0 back-
groundwhen these plantswere exposed to salt in soil early in their
development (Figure 8), whichmight be ascribed to differences in
sodium storage capacity of 4-d-old roots versus 3-week-old
roots. On the other hand, enhanced stelar expression of HKT1 in
theC24 linewasassociatedwith increasedsalinity tolerance insoil
independent of the developmental stage at the application of salt
stress (Figure 8), in agreement with previously published hydro-
ponics data (Møller et al., 2009). These results imply that the
benefit of tissue-specific sodium compartmentalization depends
on maintenance of the ion balance between sodium and potas-
sium aswell as genetic background and the developmental stage
at which plants are exposed to salinity.
The allelic variation responsible for high HKT1 expression was

widespread across the promoter region, with 33 predicted cis-
regulatory elements shared between accessions with high HKT1
expression (Supplemental Figure 9 andSupplemental DataSet 16).
The33predicted cis-regulatory elementsdidnotoverlapwith either
the minimal promoter of HKT1 (Mäser et al., 2002) or ABI4 binding
sites (Shkolnik-Inbar et al., 2013). Identificationofapromoter region
responsible for enhanced HKT1 expression will require identifica-
tion of transcription factors regulating HKT1 expression and their
binding sites, rather than examining extensive and widespread
allelic variation. Although high HKT1 expression was earlier asso-
ciated with increased salt stress tolerance (Møller et al., 2009;
Munns et al., 2012), the plants used in those studies were much
furtheralong intheirdevelopmentat the timeofsaltstressexposure.
Our results suggest that this strategy is not advantageous when
plants are exposed to salinity early in their development (Figure 8),
in accordance with several coastal accessions carrying a low-
expressionHKT1allele (Baxter et al., 2010). Thecomplex relationship
between high HKT1 expression and plant tolerance to salinity
shown in this study provides a rationale for high variation of the
HKT1promoter region innatural accessionsofArabidopsis aswell
as other plant species (Munnset al., 2012;Negrão et al., 2013) and
fine-tuning of HKT1 expression levels depending on local soil
conditions and timing of exposure to salt stress. Correlations
between RSA and plant survival (Katori et al., 2010) and sodium
exclusion (Baxter et al., 2010) are very weak (Supplemental Figure
15), which might be partially due to different experimental setups
used. Additionally, the relationship between RSA and salt toler-
ance depends on the developmental and the genetic context, as
we have shown in this study using UAS-HKT1 lines. Further in-
vestigation of the other candidate genes identified in this study
and examining their contribution to RSA development and salt
stress tolerance inauniformgeneticbackgroundwill providemore
insight in how salt stress affects root morphology and how those
changes would increase salt stress tolerance of crops.

METHODS

Plant Material and Growth Conditions

The Arabidopsis thaliana HapMap collection (Weigel and Mott, 2009) was
obtained from the ABRC (www.abrc.osu.edu). The 360 accessions were
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propagated under long-day conditions (21°C, 70% humidity, 16/8-h light/
dark cycle, 125 mmol/m2/s, Sylvania Britegrow F58W 1084 lamps), with
8weeks vernalization (between4 and8°C, 70%humidity, 16/8-h light/dark
cycle) startingat the3rdweekaftergermination toensurefloweringofall the
accessions. Accessions that failed to germinate or flower were excluded
fromthescreen, resulting in347accessions in total (SupplementalDataSet
1). Seeds used for the experimentswere between 2months and 1 year old.

Seeds were surface sterilized in a desiccator of 1.6 liters volume using
20 mL household bleach and 600 mL 40% HCl for 3 h and were put in the
laminar flow for 1.5 h to remove toxic vapors. The seeds were stratified in
0.1% agar at 4°C in the dark for 72 h and sown on square Petri dishes (123

12 cm) containing 50 mL of control growth medium consisting of 0.53
MurashigeandSkoogmedium,0.5%sucrose,0.1%MESmonohydrate,and
1% Daishin agar, pH 5.8 (KOH), dried for 1 h in a laminar flow. Plates were
placed vertically at a 70° angle under long-day conditions (21°C, 70% hu-
midity, 16/8-h light/dark cycle). Four-day-old seedlings were transferred to
square Petri dishes containing basic medium supplemented with 0, 75, or
125 mM NaCl. Each plate contained four seedlings of two genotypes (two
seedlingspergenotype).Plateswereplaced in thegrowthchamber following
a random design. The plates were scanned with Epson perfection V700
scannerat 200dpi everyotherdayuntil the8thdayafter transfer. The8-d-old
seedlings grown in 0 mMNaCl were used for phenotyping of RSA in control
conditions while for both salt stress conditions (75 and 125 mM NaCl)
phenotypes of 12-d-old seedlings were scored. The pictures were analyzed
with EZ-Rhizo software (Armengaud et al., 2009). The entire population of
347 accessions was screened over six individual experiments with Col-0 as
internal reference (SupplementalFigure1). TheRSAphenotypesof individual
accessions were calculated from four biological replicates, except for Nd-1,
Tommegap, and Tottarp, where the RSA phenotype in control conditions
was measured only for two biological replicates.

Analysis of Natural Variation in RSA Phenotypes

The collected data on RSA phenotypes were cleared of outliers by re-
moving the accessions of which the SDwithin the genotypewas larger than
the SD within the HapMap population, and RSA phenotyping was repeated
for theseaccessions in thenext experimental batch. Thenatural variation in
the studied population was further explored using average values per
accessions as an input for notched boxplots and calculating coefficient of
variance per condition studied. The correlations amongdifferentRSA traits
at different conditions are presented in Supplemental Data Set 3. Seventeen
RSA parameters and three additional parameters consisting of the length of
apical, branched, and basal zone represented as the portion of main root
length (apical/MRL, branched/MRL, and basal/MRL respectively) were re-
duced to three PC by performingPCA (Supplemental Figures 2Cand 3). The
raw data were first normalized per trait by applying Z-score normalization in
individual phenotypes. The principal components were calculated usingMat
Lab. The importance of individual RSA traits for each PC is presented in
Supplemental Data Set 4. Individual PCs and the raw phenotypic data were
used as input for GWAS (Supplemental Data Set 5).

The entire data set and the multivariate analysis were integrated into
Shiny App based “Salt_NV_Root App,” available at https://mmjulkowska.
github.io/Salt_NV_RootApp/.

GWAS on RSA Phenotypes

The RSA phenotypes were linked to published genomic data on acces-
sions froma250kSNPchipwith averageSNPdensity of oneSNP in500bp
(Horton et al., 2012). The narrow sense heritability of individual traits at
different conditionswas determined (Supplemental DataSet 6). Apart from
one trait (excluded from further analysis), the estimated heritability for all
traitswasabove0.2.WeperformedGWASusing the entireSNPdata set as
well as excluding the SNPs with minor allele frequency of 0.01, 0.05, and

0.10 to avoid misleading associations. The associations between each
SNP and individual RSA phenotypes were tested using a scan_GLS
program (Kruijer et al., 2015), based on EMMA-X (Kang et al., 2008). The
method implements Gao and Bonferroni corrections for multiple testing to
minimize the false discovery rates. Both methods were applied on phe-
notypic valuesper accessionwithaof 0.01and0.05andMAFof 0.00, 0.01,
0.05, and 0.10. We used 5.6 as the threshold value, as there were around
20,000SNPswithMAF>0.01and the thresholdwas therefore2log10(0.05/
20000) = 5.6. The overview of numbers of associated loci identified with
individual traits with LOD > 5.6, including all rare alleles is presented in
Supplemental Data Set 7.

The list of putative loci was selected using metrics considering the
association when the individual values of each replica were mapped and
when average values per genotypewere used for GWAS. Furthermore, we
selected for the associations mapped using only the SNP subset with
MAF > 0.01, as the majority of the associations were identified with this
SNP set, while excluding the rare alleles, represented by less than three
accessions, that could skew the associations found. For the loci that were
mapped with a SNP set including rare alleles, we used the more stringent
Bonferroni threshold for further selection of associations, based on all
SNPs used (including the rare SNPs), determined as log10(0.05/200 000) =
6.6 (Supplemental Data Sets 8 to 10). We selected the SNPs that were
mapped with both average and individual replica trait values and
–log10(P value) above the Bonferroni threshold or mapped with the SNP
subset of MAF > 0.01 (Supplemental Figure 4). Our selection yielded
49 associations with traits measured under control conditions and 154
associations specific to RSA traits measured under salt stress conditions
(Supplemental Figure 4 and Supplemental Data Sets 8 to 10). The can-
didates from all conditions studied were compared and the associations
overlapping between individual traits and conditions were identified.

The enrichment analysis of the 100 candidate loci identified under salt
stress conditions was performed with the hypergeometric test, using the
phyper() function in R. We used 27,655 protein-coding genes as the
“population size” parameter, with 1632 genes identified by Dinneny et al.
(2008) as responsive to salt stress. For testing thegenesdirectly underlying
the associated SNP, we used 10 genes that we identified to be altered in
their expression, among 100 possible genes. For testing the genes in
linkage disequilibrium with the identified SNP, we calculated the average
number of genes per 10 kb upstream and downstream from identifiedSNP
(27,655 genes per 119,146,348 bp resulting in 0.0002321095 gene per bp,
and 4.64219 genes per 20 to 10kb upstream and 10 kb downstream from
the identified SNP). Subsequently, we used the average gene density to
determine the number of possible candidate genes for 100 identified loci,
ending up with 464,219 possible candidate genes. Therefore, the hyper-
geometric test for the neighboring candidate genes was run with 70 genes
that we identified to be altered in their expression among 464,219 possible
genes.

The associations with average lateral root length and the ratio between
average lateral root length were studied in greater detail (Supplemental
Data Set 12). To further fine-map the chosen loci, the RSA phenotypes
were linked to the genotypic databased on whole-genome sequencing
data of the different accessions (Alonso-Blanco et al., 2016) and covered
4,000,000 SNPs. For the accessions that were not sequenced, genome
information was imputed based on the 250k SNP chip data (Horton et al.,
2012). Those imputations are known to have negligible effect on theGWAS
outcomes (Caoet al., 2011). TheGWASwasperformedon the average trait
value per genotype and the SNPs corresponding to the six loci that we
identified (Supplemental Data Set 12) are presented in Supplemental Data
Set 13.

For the selected associations (Supplemental Data Set 12), sequence
information of 147 accessions belonging to the HapMap population was
downloaded from the 1001 genomes project website (1001genomes.org)
and aligned with ClustalO as described by Julkowska et al. (2016).
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Expression Analysis of Accessions

Forty-eight Arabidopsis accessions were selected based on different hap-
lotypes of selected candidate loci as determined from SNP data and the
pronounced differences between their RSA under all conditions studied
(SupplementalDataSet14). Theaccessionswereused for studying thenatural
variation in theexpressionofcandidategenes (SupplementalDataSet14). The
4-d-old seedlings of 48 different accessions were transferred to plates sup-
plemented with 0 or 75 mM NaCl. After 24 h, the seedlings were harvested,
snap-frozen in liquid nitrogen, and divided into root and shoot fraction. RNA
extraction was performed with TRI reagents (Sigma-Aldrich) with additional
chloroformcleaning step, followedbyTURBODNase treatment (Ambion). The
RNA was checked for the integrity on 2% agarose gel. The cDNA was syn-
thesized from 1 mg total RNA using reverse transcriptase (Fermentas). The
cDNAwasdilutedto;10ng/mL.ThedilutedcDNAwasusedinaspecifictarget
amplification reaction and subjected to PCR on a Biomark genetic analysis
system on a 96 3 96 Dynamic array, according to the manufacturer’s in-
structions (Fluidigm).TheprimersequenceforqPCRwasdesignedfocusingon
the3ʹendand targeting theconservedsiteswith no/little natural variation in the
sequence as found out in 1001 sequence browser. The sequences of the
primers used can be found in Supplemental Data Set 18. For the loci 1, 2, 3, 4,
and 6, the transcript levels of At1G07920, At1G13320, At3G04120,
At5G12240, and At5G46630 were used for normalization of expression.
Expression of the genes in the locus 5 was measured in a separate ex-
periment, using At1G07920, At1G13320, At5G12240, and At5G46630 as
reference transcripts for normalization, without At3G04120.

Samples of low quality were removed and Ct values $ 30 were set to
30 to reduce the background noise. The expression levels of target genes
were calculated byDCt =22Ct value target/22Ct-value reference. To normalize the
expression for all five/four reference genes used, geometrical mean was
calculated from delta-Ct-normalized expression for each reference gene
and the average expression per accession, tissue, and conditions were
calculated for each putative candidate gene. For regression analysis be-
tween traits and expression, highly influential observations were not
considered based on Cook’s distance (if >0.5).

T-DNA Insertion Lines Genotyping and Phenotyping

The lineswere ordered from theEuropeanArabidopsis StockCentre (nasc.
org.uk), except for the cyp79b2-2 cyp79b3-2 line (Sugawara et al., 2009),
which was kindly provided by Hiroyushi Kasahara (RIKEN Center for
Sustainable Resource Science, Yokohama, Japan). The full list of T-DNA
insertion lines used is to be found in Supplemental Data Set 19. The T-DNA
insertion linesweregenotypedbyextractingDNA from leafmaterial ground
in liquid nitrogen using 10% Chelex (Bio-Rad) in MiliQ followed by 15 min
incubation at 95°C and 15 min centrifugation at maximum speed in the
standard tabletop centrifuge. The supernatant was used as an input for the
PCR reaction. The primers used for T-DNA insertion lines identification are
listed in Supplemental Data Set 19. The RSA phenotypes of HKT1 T-DNA
insertion lines were studied as described above for the phenotyping of
Arabidopsis accessions (n = 16). A one-way ANOVA was used to analyze
these data, as the control plants and salt treatment plants were not the
same age. A Tukey post-hoc testwas used to analyze differences between
genotypes within treatments. The RSA phenotypes of CYP79B2 and
CYP79B3 T-DNA insertion lines were studied as described above, but no
sucrose was added in the medium (n = 20) and RSA traits were quantified
with Smartroot (Lobet et al., 2011). For analyses of the single and double
mutant lines on day 10 (Figure 5A; Supplemental Figure 11B), data of three
experiments were pooled to increase statistical power. To correct for this,
experimental batchwas included as random factor in amixed linearmodel.
For the analysis of double mutant lines on day 10 and day 12, data of one
representative experiment are shown (Figure 6B; Supplemental Figure
12C). Data were analyzed using a three-way ANOVA. For both, if a sig-
nificant interaction was found, a Bonferroni-corrected post-hoc within

treatment (and day) analysis was used to analyze differences between
genotypes.

The expression levels of gene of interest in T-DNA insertion lines were
studiedbyqPCRanalysis. RNAwasextracted fromwhole seedlingsgrownon
agar plates for 12d in control conditionswithTRI reagents (SigmaAldrich)with
additional chloroform cleaning step, followed by TURBO DNase treatment
(Ambion). The RNA was examined for the integrity on 2% agarose gel. The
cDNA was synthesized from 1 mg total RNA using reverse transcriptase
(Fermentas), diluted to;10 ng/mL and used for qPCRusing the Eva-Green kit
(Solis Biodyne) and an Applied Biosystems sds7500 machine with three bi-
ological replicates and two technical replicates. The expression was nor-
malized using AT1G13320 transcript levels. The expression levels of putative
candidate genes were calculated by DCt = 22(Ct value target)/22(Ct-value reference).
The sequences of the primers used are listed in Supplemental Data Set S18.

Sequencing the HKT1 Locus and Parsimony Calculations

The sequencing of HKT1 was performed on seven accessions. The ac-
cessions were chosen based on their RSA phenotype and relative ex-
pressionofHTK1. Theprimers usedare listed inSupplemental DataSet 15.
The sequences of individual accessions were aligned using MegAlign
software and aligned to each other in MegAlign ClustalW algorithm
(Supplemental Figure 16). The sequences encoding exons are highlighted
in yellow, introns in purple, and untranslated regions in red. The identified
polymorphisms were investigated by examining the patterns in the pro-
moter region using the web-based database for Plant Cis-acting Regu-
latory DNA Elements (PLACE) (Higo et al., 1999), by examining the
presence/absence of cis-regulatory element in the sequence flanking the
polymorphism. Translating exon sequences into the protein sequences in
JalViewwas performed to examine the nonsynonymous changes in amino
acid sequence.Thepolymorphisms located in intron regionwereexamined
whether they interfere with the splicing acceptor, donor, or branching site.
Thepolymorphisms foundoutsideof thoseareaswereassumed tohaveno
major effect. The polymorphisms identified in promoter and exon regions
were encoded with P-numbers and in exons with E-numbers for individual
locus separately and are listed in Supplemental Data Sets 16 and 17.

The evolutionary history was inferred for each locus separately using the
Maximum Parsimony method. The most parsimonious tree with length is
shown. The MP tree was obtained using the Subtree-Pruning-Regrafting
algorithm with search level 0 in which the initial trees were obtained by the
random addition of sequences (10 replicates). The MP trees are drawn to
scale,withbranch lengthscalculatedusing theaveragepathwaymethodand
are in the units of the number of changes over the whole sequence. The
analysis involved seven nucleotide sequences from different Arabidopsis
accessions. All positions containing gaps andmissing datawere eliminated.
Evolutionary analyses were conducted in MEGA5 (Tamura et al., 2011).

Salinity Tolerance Assessment in Transpiring Conditions (Soil)

Seeds of UAS-HKT1 and the background lines to be tested were stratified
for 48 hat 4°Cand sown in soil in pots. Seedsof four different lineswere put
in one pot (four plants per pot) and were germinated under short-day
conditions (21°C, 70% humidity, 11/13-h light/dark cycle). After 1, 2, or
3 weeks, the seedlings were treated with 75 mMNaCl applied from above
every second day for 6 weeks. After 7 weeks of growth, the fresh weight of
the rosette was measured. The statistical analysis was performed for one-
and two-way ANOVA with Scheffe’s post-hoc test for significance.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
InitiativeorGenBank/EMBLdatabasesunder theaccessionnumbers listed
in Supplemental Data Set 1.
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Supplemental Data

Supplemental Figure 1. Experimental setup and internal reference
accession data for screening natural variation in RSA responses to salt
stress.

Supplemental Figure 2. Natural variation in all RSA phenotypes
studied.

Supplemental Figure 3. Principle components used for GWAS.

Supplemental Figure 4. Selection of putative candidate loci from
GWAS associations.

Supplemental Figure 5. Natural variation in Locus 1 associated with
ratio of average lateral root length to main root length and principal
component 3 at 75 mM NaCl.

Supplemental Figure 6. Natural variation in locus 2 associated with
ratio of average lateral root length to main root length and principal
component 3 at 75 mM NaCl.

Supplemental Figure 7. Natural variation in locus 3 associated with
ratio of average lateral root length to main root length and principal
component 3 at 75 mM NaCl.

Supplemental Figure 8. Natural variation in locus 6 on chromosome
5 associated with average lateral root length, ratio of average lateral
root length to main root length, and principal component 3 at 125 mM
NaCl.

Supplemental Figure 9. Natural variation in HKT1 expression in root
and shoot tissue in control and salt stress conditions.

Supplemental Figure 10. Natural variation in CYP79B2 and surround-
ing genes in root and shoot tissue in control and salt stress conditions.

Supplemental Figure 11. RSA phenotypes of knockout mutants of
CYP79B2 and CYP79B3.

Supplemental Figure 12. Reduced expression of HKT1 does not
result in changes in RSA.

Supplemental Figure 13. RSA phenotype of UAS-HKT1 lines is
partially rescued by addition of K+ at 75 mM NaCl.

Supplemental Figure 14. High HKT1 expression results in reduced
salinity tolerance during early exposure to salt stress and is dependent
on the background.

Supplemental Figure 15. Correlation between salt induced changes
in RSA and salt tolerance.

Supplemental Figure 16. The alignment of HKT1 promoter and
coding region sequence in seven sequenced accessions.

Supplemental Data Set 1. List of all Arabidopsis accessions screened
for RSA in control and salt stress conditions.

Supplemental Data Set 2. Overview of 17 root system architecture
traits measured.

Supplemental Data Set 3. Correlations between RSA traits in different
growth conditions.

Supplemental Data Set 4. The scores of individual RSA traits for three
principal components used for GWAS.

Supplemental Data Set 5. The average of RSA traits for individual
accessions of Arabidopsis in three different conditions.

Supplemental Data Set 6. Heritability for individual RSA traits

Supplemental Data Set 7. Overview of number of significant associations
identified.

Supplemental Data Set 8. List of significant associations with RSA
traits at 0 mM NaCl.

Supplemental Data Set 9. List of significant associations with RSA
traits at 75 mM NaCl.

Supplemental Data Set 10. List of significant associations with RSA
traits at 125 mM NaCl.

Supplemental Data Set 11. List of the candidate genes identified with
RSA traits at 75 or 125 mM NaCl with significant alterations in the cell-type-
specific expression in response to salt.

Supplemental Data Set 12. Overview of the candidate genes selected
for examination in Figure 4.

Supplemental Data Set 13. Fine-mapping of the six selected loci
(Supplemental Data Set 12) by the use of a 10M SNP library.

Supplemental Data Set 14. The relative expression of accessions
studied for natural variation in candidate gene expression.

Supplemental Data Set 15. List of primers used for sequencing the
loci of putative candidate genes.

Supplemental Data Set 16. The list of polymorphisms found in the
promoter region of At4g10310 and predicted changes in cis-regulatory
elements as analyzed with PLACE.

Supplemental Data Set 17. The list of polymorphisms found in the
exon regions of At4g10310.

Supplemental Data Set 18. List of primers used for expression study
of candidate genes

Supplemental Data Set 19. Overview of t-DNA insertion lines studied
including the primers used for genotyping T-DNA insertion lines.
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