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Root developmental plasticity enables plants to adapt to limiting or fluctuating nutrient conditions in the soil. When grown
under nitrogen (N) deficiency, plants develop a more exploratory root system by increasing primary and lateral root length.
However, mechanisms underlying this so-called foraging response remain poorly understood. We performed a genome-wide
association study in Arabidopsis (Arabidopsis thaliana) and we show here that noncoding variations of the brassinosteroid (BR)
biosynthesis gene DWARF1 (DWF1) lead to variation of the DWF1 transcript level that contributes to natural variation of root
elongation under low N. In addition to DWFI, other central BR biosynthesis genes upregulated under low N include
CONSTITUTIVE PHOTOMORPHOGENIC DWARF, DWF4, and BRASSINOSTEROID-6-OXIDASE?. Phenotypic characterization of
knockout and knockdown mutants of these genes showed significant reduction of their root elongation response to low N, suggesting
a systemic stimulation of BR biosynthesis to promote root elongation. Moreover, we show that low N-induced root elongation is
associated with aboveground N content and that overexpression of DWF1 significantly improves plant growth and overall N
accumulation. Our study reveals that mild N deficiency induces key genes in BR biosynthesis and that natural variation in BR
synthesis contributes to the root foraging response, complementing the impact of enhanced BR signaling observed recently.
Furthermore, these results suggest a considerable potential of BR biosynthesis to genetically engineer plants with improved N uptake.

Optimal growth and development of plants depend
largely on their ability to cope with adverse or unfa-
vorable environmental conditions. With regard to nu-
trient availability, plant roots are often exposed to
spatial heterogeneity and temporal fluctuations of nu-
trient concentrations in the soil solution. To ensure
adequate nutrient uptake, plants must continuously
integrate external nutrient availability with their inter-
nal nutrient demand to “decide” upon the induction
of physiological adaptations, such as the release of
nutrient-mobilizing exudates (Badri and Vivanco, 2009;
Schmid et al., 2014) and the expression of nutrient
transporters at the root plasma membrane (Yuan et al.,
2007; Wang et al., 2012a), or upon morphological ad-
aptations that modulate root system architecture (Giehl
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and von Wirén, 2014). Responses of the root system to
changing or inadequate nutrient availability can be
positive or negative. Suppressed root proliferation is
frequently the consequence of prolonged periods of
nutrient starvation when decreasing investment into
growth processes coincides with depletion of internal
nutrient pools (Gruber et al., 2013; Kellermeier et al.,
2014). Nonetheless, even under severe nutrient defi-
ciency, root proliferation appears to be primarily reg-
ulated by signaling mechanisms before growth processes
become completely exhausted (Pérez-Torres et al., 2008;
Krouk et al., 2010; Araya et al., 2014). On the other hand,
suppressed root proliferation may result from elevated or
toxic concentrations of mineral elements in the substrate.
Primary roots exhibit a particularly high sensitivity to
elevated levels of certain minerals, including aluminum,
ammonium, and iron (Kochian et al., 2015; Liu and von
Wirén, 2017; Abel, 2017). Root system architectural
changes can also be triggered by complex signaling
mechanisms such as phosphorus deficiency-induced iron
excess, which damages the apical root meristem via cal-
lose formation (Miiller et al., 2015).

Positive growth responses of the root system to low
or localized nutrient supplies are commonly described
as foraging responses. These responses are expressed in
enhanced proliferation of the whole root system, par-
ticularly in response to mild deficiencies of nitrogen (N)
or phosphorus (Pérez-Torres et al., 2008; Gruber et al.,
2013), or in lateral roots exploring local patches with
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elevated supplies of nitrate (Drew, 1975; Remans et al.,
2006), phosphate (Drew, 1975), iron (Giehl et al., 2012),
or ammonium (Lima et al., 2010). Nitrogen has a par-
ticularly strong impact on root system architecture, as
roots respond not only to the level and distribution of N
but also to the forms of N present in the external envi-
ronment (Giehl and von Wirén, 2014; Forde, 2014; Liu
and von Wirén, 2017; Jia and von Wirén, 2020). The
ground-breaking work of Drew (1975) showed that
plants can stimulate lateral root proliferation into
N-rich patches where adequate amounts of nitrate or
ammonium are available. More recent work has dem-
onstrated that these two N forms act synergistically to
regulate root system architecture, as localized ammo-
nium provokes higher-order lateral root branching
(Lima et al., 2010) while nitrate primarily stimulates
lateral root elongation (Zhang and Forde, 1998; Remans
etal., 2006; Guan et al., 2014; Liu et al., 2020). In the case
of nitrate-driven lateral root elongation, underlying
signaling pathways have been identified in which the
nitrate transceptor NITRATE TRANSPORTER1.1 (NRT1.1)
plays a dual role. In the absence of nitrate, NRT1.1 facilitates
shootward auxin movement to prevent lateral root out-
growth (Krouk et al., 2010; Bouguyon et al., 2015), whereas
in the presence of nitrate, NRT1.1 activates a downstream
signaling cascade involving the MADS-box transcription
factor ARABIDOPSIS NITRATE REGULATED1 (ANR1) to
stimulate lateral root elongation (Remans et al., 2006;
Mounier et al., 2014). Analogous to nitrate, the high-affinity
AMMONIUM TRANSPORTERL;3 (AMT1;3) takes in a
key function by driving lateral root branching in re-
sponse to localized ammonium supply (Lima et al.,
2010). Whether this response is also hormone regu-
lated remains to be investigated.

Root development under varied N availability shows
a strict dose-dependent regulation that can be sub-
divided into three scenarios (Giehl and von Wirén,
2014). Ample supply of N, and specifically of nitrate,
induces a systemic N signal to repress root growth,
which involves the auxin signaling modules miR167/
ARF8 and miR393/AFB3 (Gifford et al., 2008; Vidal
et al., 2010). When exposed to severe N limitation,
plant roots adopt a “survival strategy” and completely
restrict the formation of new lateral roots. This response
is triggered by the removal of auxin from lateral root
tips via the auxin transport function of NRT1.1 and the
CLAVATA3/ESR-related (CLE)-CLAVATAL signaling
module that arrests lateral root development under
severe N limitation (Krouk et al., 2010; Araya et al.,
2014). When roots are subjected to decreasing N avail-
ability that causes mild N deficiency, lateral root
emergence increases moderately, whereas elongation of
primary and lateral roots is strongly induced (Gruber
et al., 2013; Ma et al., 2014). These architectural modi-
fications result in a systemic foraging response that
increases soil exploration by an expanded root system
(Giehl and von Wirén, 2014) but at the cost of a lower
root diameter and lower cell wall stability (Qin et al.,
2019). Although TRP AMINOTRANSFERASE RE-
LATED2 (TAR2)-mediated auxin biosynthesis is critical
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for lateral root emergence under mild N deficiency,
lateral root elongation is largely independent of TAR2
(Ma et al., 2014). Instead, brassinosteroids (BRs) are
involved, as natural allelic variation in BRASSINOS-
TEROID SIGNALING KINASE3 (BSK3) can contribute
up to 12% of the primary root elongation under mild N
deficiency (Jia et al., 2019). Thus, further regulatory
mechanisms must exist that contribute to the root for-
aging response under low N (LN).

Here, we further explore a genome-wide association
(GWA) approach in Arabidopsis (Arabidopsis thaliana)
to uncover genes involved in root foraging under mild
N deficiency. We identify DWARF1 (DWF1), a key gene
involved in BR biosynthesis, as a further molecular
determinant for root elongation in response to LN.
Moreover, we show that in addition to DWF1, mild N
deficiency also upregulates the expression of other
central BR biosynthesis genes, a crucial step in pro-
moting root elongation under this condition. Thus, our
study uncovers that the root foraging response observed
under mild N deficiency relies on a systemic upregula-
tion of BR biosynthesis in roots, complementing the re-
cently observed enhanced sensitivity of the BR signaling
pathway.

RESULTS

Natural Variation of Root Length Traits in Two
N Environments

Our previous study of the Arabidopsis ecotype Col-0
showed that total lateral root length and total root
length exhibited a pronounced increase under moder-
ate or mild N deficiency (Gruber et al., 2013). To iden-
tify the genetic components modulating root growth
under LN, we measured total lateral root length as well
as total root length in a diverse panel of 200 Arabidopsis
accessions in a GWA study (Supplemental Table S1). At
both N environments, we observed a wide range of
phenotypic variation in both total lateral root length
and total root length among the tested accessions
(Fig. 1, A and B). The total lateral root length per plant
ranged from 5 to 29.8 cm at high N (HN) and from 12.7
to 57.9 cm at LN (Fig. 1A; Supplemental Table S1).
Similarly, the total root length per plant ranged from 9.7
t039.9 cm at HN and from 16.2 to 69.5 cm at LN (Fig. 1B;
Supplemental Table S1). Total lateral root length was
closely correlated with total root length within N
treatments, but to a weaker extent across N treatments
(Supplemental Table S2). The estimated broad-sense
heritability (H?) was 0.885 and 0.894 for HN and LN,
respectively. On average, total lateral root length and
total root length of all examined accessions at LN
compared to HN increased by 100% and 70%, respec-
tively (P < 2.2e—16; Fig. 1, A and B).

To address whether LN-stimulated root growth al-
lows plants to capture more N, we measured N contents
in the shoots as a proxy for total N uptake. Shoot N
contents in the 200 accessions ranged from 24.0 to 92.3 ug
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Figure 1. Natural variation of total lateral root length and total root length under two N environments. A and B, Reaction norms
and phenotypic variation of total lateral root (LR) length (A) and total root length (B) of 200 natural accessions of Arabidopsis under
different N supply. Purple diamonds represent means of total lateral root length and total root length under each N treatment. C
and D, Correlations of total root length (i.e. LN-to-HN ratio) with shoot N content at HN (C) and LN (D). Seven-day-old seedlings
precultured on 11.4 mm N were transferred to solid agar media containing either HN (11.4 mm N) or LN (0.55 mm N). Total lateral

root length and total root length were determined after 9 d.

at HN and from 21.9 to 57.1 ug at LN (Supplemental Fig.
S1). We then correlated the response of total root length
(i.e. the ratio of total root length under LN and HN) with
shoot N contents (Fig. 1, C and D). Whereas under HN
conditions there was no significant correlation, a signifi-
cantly positive correlation was found under LN, support-
ing the view that the altered root system architecture
induced by mild N deficiency can increase N uptake and
help plants to better adapt to this environmental constraint.

GWA Mapping Associates Natural Variation of Total
Lateral Root Length and Total Root Length under LN
with DWF1

In order to identify causative genetic loci for the
variation of total lateral root length and total root
length, we performed a GWA study. We did not de-
tect any significant single nucleotide polymorphisms
(SNPs) for either trait in either of the two N environ-
ments that exceeded the stringent significance thresh-
old after Bonferroni correction of 5%. However, as
complex traits are usually controlled by multiple genes,
with small to moderate effects (Kooke et al., 2016), true
associations may be missed for certain traits by using
such a conservative threshold. In fact, by also consid-
ering slightly lower significance levels, at HN we
mapped two groups of SNPs on chromosome 5 with
—log1 (P-value) of 4.85 and 4.89 (Supplemental Fig. S2).
These SNPs were located on ANTHRANILATE SYN-
THASE ALPHA SUBUNIT1/WEAK ETHYLENE IN-
SENSITIVE2 (ASA1/WEI2; three SNPs at positions
1,720,343, 1,721,662, and 1,721,826 bp) or close to
miRNA166 (two SNPs at position 16,756,603 and
16,756,753 bp). Both ASA1/WEI2 and miRNA166 have
been previously shown to regulate root development
(Sun et al., 2009; Carlsbecker et al., 2010). In agreement

1000

with the study of Sun et al. (2009), we also observed that
the wei2-2 mutant exhibits a shorter primary root and
forms fewer lateral roots than the wild type, which
resulted in a significantly decreased total root length
under HN and LN (Supplemental Fig. S3). These results
suggested that further hidden true associations can be
uncovered by using a lower significance threshold.
We then used a less stringent arbitrary threshold of
significance for —logyy (P-value) of 5 for the data
obtained at LN. We identified a total of six SNPs
to associate with total lateral root length and total
root length under LN, with five associations on chro-
mosome 3 and one on chromosome 1 (Fig. 2). The
most significant association, which explained 7.7% and
12.8% of the observed phenotypic variation for total
lateral root length and total root length, respectively,
was detected on chromosome 3 (at 6,869,961 bp). To
identify the causal gene underlying this association, the
linkage disequilibrium (LD) support interval (12 > 0.6),
spanning from 6,867,572 to 6,890,191 bp and including
seven genes, was determined (Supplemental Fig. 54).
Among these genes, DWF1 (At3g19820) raised major
interest, because it encodes an enzyme catalyzing an
early step in BR biosynthesis (Klahre et al., 1998; Youn
et al., 2018). More importantly, its known function in
cell elongation (Takahashi et al., 1995) is highly con-
sistent with the stimulatory growth effect at LN, which
increases root length through cell elongation (Jia et al.,
2019). Nonetheless, in an unbiased approach, we phe-
notyped transfer DNA (T-DNA) knockout lines for all
genes in the interval, except for AT3G19810, whose
homozygous knockout is embryo lethal (Yang et al,,
2016). The total root length of insertion lines for all
genes except DWF1 was comparable to the wild type
irrespective of the N condition (Supplemental Fig. 54B).
We observed that mutants of DWF1 (cabbagel [cbb1] and
dwfl) showed shorter primary and lateral roots under
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Figure 2. GWA maps the natural variation of total

>
- ®

log ,,(P-value)
L

lateral root length and total root length under LN
to DWFI. A and B, Manhattan plots were per-
formed with the EMMA package to determine SNP
associations with total lateral root length (A) and
total root length (B) under LN. Negative logjo-
transformed P-values from a genome-wide scan
were plotted against positions on each of the five
chromosomes of Arabidopsis. Chromosomes | to
V are depicted in different colors from left to right.
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The red dashed line corresponds to the arbitrary
threshold of —log;o (P-value) = 5. The genomic

-log ,,(P-value)

region associated with the DWFT locus is framed
in red.

either N condition; in particular, the N-deficiency re-
sponse for average lateral root length, i.e. the relative
increase from HN to LN, was attenuated by 28% and
24% for cbbl and dwfl, respectively (Fig. 3, A-E). As a
consequence, the response of total root length to LN in
these mutants decreased by 19% and 14% compared to
their respective wild types (Fig. 3, F and G). To further
investigate the possible role of DWF1 in the regulation
of root growth responses to LN, root system architec-
tural traits were analyzed in DWF1 RNA interference
(RNAi) and overexpression lines (Fig. 4A). At HN,
primary root, average lateral root, and total root lengths
were significantly decreased by DWF1 knockdown but
significantly increased by DWF1 overexpression com-
pared to the wild type, Col-0 (Fig. 4, B-E; Supplemental
Fig. S5, A-C). At LN, overall root elongation of DWF1
knockdown lines was only slightly increased, while
Col-0 and DWF1 overexpressing lines exhibited simi-
larly strong root elongation responses. However, in
contrast to HN, an additional stimulatory effect of
DWF1 overexpression in the Col-0 background was not
observed (Fig. 4, B-E; Supplemental Fig. S5, D-F).
Taken together, these results indicate that DWF1 is in-
volved in the root elongation response induced by mild
N deficiency and strongly suggest that DWF1 is the
causal gene underlying the marker-trait association on
chromosome 3 (Chr 3_6869961; Fig. 2).

To investigate whether the inability of dwfl mutants
to respond to LN was eventually due to general im-
pairment of cell elongation, we assessed root responses
of dwfl mutants to nitrate, a condition that stimulates
cell elongation and root elongation (Liu et al., 2013). As
expected, the elongation of primary and lateral roots in
Col-0 and dwfl was stimulated by nitrate as compared
to ammonium (Supplemental Fig. S6). In contrast, re-
sponses of lateral and total root length to LN were at-
tenuated in dwfl plants (Supplemental Fig. S7), which

Plant Physiol. Vol. 183, 2020
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exhibited comparable or even slightly higher stimula-
tion of root elongation compared to the wild type when
grown under nitrate (Supplemental Fig. S6). These re-
sults show that nitrate-induced cell and root elongation
were not impaired in the dwfl mutant and thus rule out
that a general BR-dependent defect in cell elongation
was responsible for the compromised root response of
DWF1-defective mutants to mild N deficiency. We then
tested the importance of BR biosynthesis in the root
foraging response to LN by different natural accessions.
In the weakly responding lines Co and Kz-9, the ex-
ogenous supply of brassinazole (BRZ), an inhibitor of
BR biosynthesis (Asami et al., 2000), had little impact on
the response of total root length, average lateral root
length, and primary root length to LN (Fig. 5). How-
ever, in six N-responsive accessions LN-induced root
responses were strongly attenuated by BRZ (Fig. 5),
suggesting that genetic variation in endogenous BR levels
is associated with root architectural responses to LN.

Noncoding Variation at the DWF1 Locus Is Causal for
Natural Variation of Root Length at LN

Identification of DWF1 by GWA suggested that al-
lelic variation in DWF1 associates with phenotypic
variation of root length. However, the SNP linked with
our GWA study was 10 kb away from the DWF1 coding
region, and SNPs in closer vicinity to the DWF1 coding
region did not show any significant association, point-
ing to the possibility that allelic heterogeneity and
multiple variants in the DWF1 locus contribute to nat-
ural variation of root growth. We next searched for
SNPs among the DWF1 genomic sequences available
for 139 of the 200 natural accessions phenotyped in this
study and performed a local DWF1-based association
analysis. Considering a genomic region including a
2-kb-long promoter sequence, the full coding sequence,

1001

Zz0z 1snbny |z uo 1senb Aq 18591 1 9/866/¢/€8 L/210Ie/sAYd|d/woo dnoolwspeoe//:sdiy woly pepeojumod


http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00440/DC1

Jia et al.

Figure 3. Root architecture of two dwfT mutants
in response to LN. Plant appearance (A), primary
root length (B and C), average lateral root (LR)
length (o and ), and total root length (Fand G) are
shown in two mutant lines (cbb7 and dwf7) and
their corresponding wild types (C24 and Col-0).
Seven-day-old seedlings were precultured on
11.4 mm N and then transferred to solid agar
media containing either HN (11.4 mm N) or LN
(0.55 mm N). Root system architecture was
assessed after 9 d. Bars represent means = st (n =
16-24 plants). Numbers over columns indicate
percent changes under LN versus HN for root
length. Asterisks indicate statistically significant
differences between mutants and wild types
according to Welch’s t test (***P < 0.001). Scale
bar =1 cm.
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and a 0.4-kb-long 3’-untranslated region, we identified
a total of 27 polymorphic sites (minor allele frequency
>5%) including SNPs and insertions/deletions (Indels;
Supplemental Table S3). Using a generalized linear model
(GLM), we detected three SNPs (—1,808T/A, —1,304T/G

and —984T/A) in the promoter region that were signifi-
cantly associated with total lateral root length and total
root length at HN, with —984T/A showing the most
significant association (Fig. 6A; Supplemental Fig. S8A;
Supplemental Table S54). At LN, one additional significant
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Figure 4. Root architecture of DWFT RNAi and overexpressing (OX) lines in response to LN. A, Transcript levels of DWFT in

transgenic lines grown under HN (11.4 mm N) or LN (0.55 mm N).

Gene expression levels were assessed in whole roots by RT-

gPCR and normalized to ACT2 and UBQ10. Bars represent means * st (n = 3 independent biological replicates). B to E, Ap-
pearance of plants (B), primary root length (C), average lateral root (LR) length (D), and total root length (E) of wild-type Col-0 and
DWEFT transgenic lines. Seven-day-old seedlings were precultured on 11.4 mm N and then transferred to solid agar media
containing either HN or LN. DWF1 expression levels and root system architecture were assessed after 9 d. Bars represent means +
st (n = 18-24 plants). Asterisks indicate statistically significant differences between the wild type and transgenic lines according
to Welch'’s t test (***P < 0.001; ns, not significant). Scale bar = 1 cm.
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Figure 5. Differential sensitivity of root length to

30

Total root length (cm)

: LLLLLLL

inhibition of BR biosynthesis in natural acces-
sions. Total root length (A), average lateral root
(LR) length (B), and primary root length (C) in
accessions, showing contrasting root length re-
sponses to LN (two weak and six strong re-
sponders). Seven-day-old wild-type seedlings
were precultured on 11.4 mm N and then trans-
ferred to solid agar media containing either HN
(11.4 mm N) or LN (0.55 mm N) in the absence or
presence of 1 um BRZ. Root system architecture
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SNP (—1,329G/T) was detected, while —984T/ A became
even more significantly associated with root length. Iden-
tification of these multiple associations in the promoter of
DWEF1 corroborated that allelic heterogeneity at the DWF1
locus contributes to natural variation of root length.

In the next step, we used four SNPs detected in the
DWFTI locus to define five haplogroups (H1-H5), each
encompassing 11 to 69 accessions (Fig. 6C; Supplemental
Table S5). These haplogroups represented three pheno-
typic classes, in which H3 showed the most vigorous root
growth at both HN and LN, while H2 showed interme-
diate growth and H1, H4, and H5 showed the least
growth (Fig. 6D; Supplemental Fig. S8B). Importantly,
accessions of H3, H2, and H1, H4, and H5 showed the
strongest, intermediate, and weakest responses, respec-
tively, of total lateral root length and total root length to
LN (Fig. 6E; Supplemental Fig. S8C). These results suggest
that genetic diversity in DWF1 truly contributes to shap-
ing differential root foraging responses in natural acces-
sions. We then analyzed the transcript levels of DWF1 in
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13 representative accessions belonging to haplotypes 1, 3,
4, or 5. We found that, although indistinguishable at HN,
relative transcript levels of DWF1 were significantly
higher in H3 accessions than in H1 and H5 at LN (Fig. 6F).
Notably, we observed that DWF1 expression at LN was
significantly correlated to total lateral root length and total
root length (Fig. 6G; Supplemental Fig. S8D). Altogether,
these results indicate that noncoding variants of DWF1
result in variable gene expression levels that, in turn,
contribute to the natural variation of root growth at LN.

LN Upregulates DWF1 Expression in Roots

To investigate how DWF1 regulates root responses to
LN, we performed reverse transcription quantitative
PCR (RT-gPCR) analysis and found that expression of
DWF1 in Col-0 was significantly upregulated by LN
(Fig. 7A). This response was additionally validated using
a proDWF1::GUS reporter line, which revealed that DWF1
promoter activity was increased in the apices of primary
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Figure 6. DWFI-based association analysis re- A

veals allelic variation at the DWFT locus. A, As-
sociation between total lateral root length under
HN (red) and that under LN (light blue) for 27
polymorphic sites (MAF >0.05) in the genomic

nNow

-log1o (P-value)

region of DWFT in 139 resequenced accessions.
The x axis shows the nucleotide position of each —2000,

variant relative to the translation starting site ATG. B
The y axis shows the —log;o (P-value) for the as-
sociation test using a generalized linear model.
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both N conditions.

roots, and especially in mature lateral roots, when plants
were grown under LN (Fig. 7B). To better understand the
role of DWF1 in LN-induced lateral root development,
DWF1 promoter activity was also monitored in lateral
roots at different developmental stages. There was no
detectable GUS staining in non-emerged or just emerged
lateral root primordia (Fig. 7, C and D). However, DWF1
promoter activity increased as soon as lateral roots started
to elongate (Fig. 7E). More intense GUS staining was ob-
served in the elongation and maturation zone of lateral
roots grown under LN compared to HN (Fig. 7, F and G).
Altogether, these data suggest that DWF1 expression is
induced by LN and confined to the root elongation zone.

Enhanced Root Elongation under LN Depends on BR
Biosynthesis and Its Upregulation by LN

Previous studies identified DWF1 as encoding a
C-24 reductase that catalyzes the conversion of 24-
methylenecholesterol to campesterol and (6-deoxo)
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H1 H3 H4 H5

H1 H3 H4 H5 DWF1 relative expression

dolichosterone to (6-deoxo)castasterone in the BR bio-
synthesis pathway (Klahre et al., 1998; Youn et al.,
2018). To investigate whether the attenuated root re-
sponse in cbb1 and dwfl mutants is caused by perturbed
BR biosynthesis, the bioactive BR 24-epibrassinolide
(BL) was exogenously supplied to plants. Irrespective
of the external N availability, the absolute primary root
length of the wild-type C24 continuously decreased
with increasing BL concentrations (Fig. 8, A and B). In
contrast, the cbbl mutant was less sensitive to repres-
sion by BL and increased primary root length, con-
firming that cbb1 plants were not able to maintain near-
optimal endogenous BR levels for root growth without
external BL supply (Fig. 8, A and B). In contrast to the
primary root, 1 nm BL stimulated the average lateral
root length of wild-type and cbb1 plants under both N
regimes (Fig. 8, A and C). Notably, total root length and
average lateral root length of C24 at LN were signifi-
cantly repressed at BL concentrations >1 nm, whereas
they were hardly affected in cbbl and HN-grown C24
plants (Fig. 8, C and D), which is consistent with the
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Figure 7. Expression of DWFT in roots under LN. A, DWFT transcript
levels in response to HN or LN availabilities. DWFT1 expression levels
were assessed in whole roots of Col-0 by RT-gPCR analysis and nor-
malized to ACT2 and UBQT0. Bars represent means * st (n = 3 in-
dependent biological replicates) and asterisks indicate statistically
significant differences between two N environments according to
Welch’s ttest (*P < 0.05). B, proDWF1-dependent GUS activity in the
Col-0 background assessed in primary and lateral root tips. C to E,
proDWF1-dependent GUS activity during different stages of lateral root
development under HN. Fand G, proDWF1-dependent GUS activity in
elongating lateral roots grown under HN (F) or LN (G). Seven-day-old
seedlings were precultured on 11.4 mm N and then transferred to solid
agar containing either HN (11.4 mm N) or LN (0.55 mm N). Samples for
RT-qPCR analysis and GUS activity assays were taken 9 d after transfer.
Scale bars = 100 um.

previous finding that BR sensitivity is enhanced at LN
(Jia et al., 2019). Most importantly, the response of av-
erage lateral root length and total root length at LN
were completely rescued by application of 10 or 50 nm
BL (Fig. 8, C and D). These results indicate that mild N
deficiency enhances BR biosynthesis to promote root
elongation.

To further verify whether LN promotes BR biosyn-
thesis, we assessed the expression of CONSTITUTIVE
PHOTOMORPHOGENIC DWARF (CPD), DWF4, and
BRASSINOSTEROID-6-OXIDASE2 (BR60X2), three
genes encoding central enzymes in the BR biosynthetic
pathway. According to RT-qPCR analysis of whole
roots, expression levels of all three genes were signifi-
cantly upregulated in roots by mild N deficiency
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(Fig. 9A). Moreover, we found that the responses of
primary and lateral roots to LN was significantly at-
tenuated in cpd and dwf4 mutants (Fig. 9, B-D;
Supplemental Fig. S9). Consequently, these mutants
also failed to significantly increase total root length at
LN (Fig. 9E; Supplemental Fig. S9D). Given that the cpd
and dwf4 mutants show impaired growth under many
conditions, we examined whether root elongation un-
der LN is simply associated with general BR-dependent
growth defects. We gradually repressed BR biosyn-
thesis of Col-0 plants by supplying increasing concen-
trations of BRZ. As expected, shoot and root growth
decreased with increasing BRZ levels at either N con-
dition (Supplemental Fig. S10A). However, very low
BRZ supply (0.1 um) strongly inhibited root growth and
repressed lateral root and total root length under LN,
while its impact on shoot growth remained marginal
(Supplemental Fig. 510, B-E). Thus, LN-induced BR
biosynthesis is crucial to stimulate root elongation in
response to mild N deficiency, which argues against the
assumption that the lack of response of BR biosynthesis
mutants to LN was due to a general effect of BRs on
growth. Altogether, these results further indicated that
LN stimulates root growth via upregulation of partic-
ular BR biosynthesis genes.

Our initial correlation analyses indicated that larger
root size improves overall N uptake, especially at LN
(Fig. 1, C and D). To further verify whether altered root
size affects N uptake, DWF1 transgenic lines were an-
alyzed for shoot growth and N content. At HN,
knockdown lines of DWF1 exhibited a significant re-
duction in shoot biomass of 17% to 22%, whereas at LN,
shoot biomass accumulation in DWFI RNA:i lines de-
creased by 32% to 35% relative to the wild type
(Fig. 10A), suggesting an important role of DWF1 in
plant growth adaptation to LN. Compared to Col-0,
overexpression of DWFI increased shoot growth by
18% to 22% and 15% to 20% at HN and LN, respec-
tively. Altered expression of DWF1 had no impact on
shoot N concentrations at either N-supply level
(Fig. 10B). Accordingly, shoot N content followed shoot
biomass and was lower in the RNAi lines and higher in
the overexpression lines (Fig. 10C). Taken together, we
conclude that DWF1 plays a key role in adaption to LN
and that enhanced expression of DWFI can improve
aboveground N accumulation mainly via enhanced
biomass.

DISCUSSION

Previous studies have shown that in combination
with local signals, systemic signals also modulate
phytohormone biosynthesis, transport, or signaling to
coordinate root system architectural changes under
varied N availability (Vidal et al., 2010; Giehl and von
Wirén, 2014; Ristova et al., 2016). The root foraging
response observed under mild N deficiency relies on
the elongation of both primary and lateral roots and is
driven in part by enhanced BR signaling (Jia et al.,
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Figure 8. Exogenous BR supply res-
cues root elongation of cbbT mutant at
LN. Plant appearance (A), primary root
length (B), average lateral root length
(C), and total root length (D) are shown
for wild-type (C24) and cbbl mutant
plants. Seven-day-old seedlings were
precultured on 11.4 mm N and then
transferred to solid agar media con-
taining either HN (11.4 mm N) or LN
(0.55 mm N) supplemented or not with
BL at the indicated concentrations.
Root system architecture was assessed
after 9 d. Bars represent means * st
(n = 15-20 plants). Asterisks indicate
significant differences between exoge-
nous BR supply and mock treatment
according to Welch's t test (*P < 0.05,
**P < 0.01, and ***P < 0.001). Scale
bars = 1 cm.
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2019). So far, the role of BR biosynthesis in this adaptive
response has remained elusive. Here, we show that
mild N deficiency induces central genes in BR biosyn-
thesis and that natural variation in the BR synthesis
gene DWF1 contributes to the extent of this root for-

aging response under LN.

BRs are a class of naturally occurring poly-
hydroxylated steroidal hormones that are of crucial
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importance for physiological and developmental
adaptations of plants to environmental conditions
(Wang et al., 2012b). Recently, substantial evidence has
been provided that BRs are involved in low iron- or
temperature-dependent root growth processes (Singh
et al., 2014, 2018; Martins et al., 2017). BRs are mostly
considered to be growth-promoting phytohormones, as
shown e.g. by hypocotyl elongation of light-grown
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Figure 9. Expression of genes involved in BR biosynthesis and N-dependent root architecture of the corresponding mutants. A,
Transcript levels of CPD, DWF4,, and BR60OX2 in response to N availability. Gene expression levels were assessed in whole roots
by RT-qPCR analysis and normalized to ACT2 and UBQ10. Bars represent means = st (n = 3 independent biological replicates)
and asterisks indicate statistically significant differences between two N environments according to Welch's t-test (*P < 0.05 and
**P < 0.01). B to E, Appearance of plants (B), primary root length (C), average lateral root (LR) length (D), and total root length (E)
of wild-type (Col-0), cpd91, and dwf4-44 mutant plants. Seven-day-old seedlings were precultured on 11.4 mm N and then
transferred to solid agar media containing either HN (11.4 mm N) or LN (0.55 mm N). Root system architecture was assessed after 9
d. Bars represent means * st (n = 12-25 plants). Lowercase letters indicate significant differences at P < 0.05 according to one-
way ANOVA and Tukey’s HSD mean-separation test. Scale bar = 1 cm.
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Figure 10. Overexpression of DWF1 improves shoot growth and N accumulation. Shoot fresh mass (A), N concentration (B), and
N content (C) of the wild type (Col-0), two DWF1 RNAi lines, and two DWFT overexpressing (OX) lines. Seven-day-old seedlings
were precultured on 11.4 mm N and then transferred to solid agar media containing either HN (11.4 mm N) or LN (0.55 mm N).
Shoot fresh mass and N concentrations were assessed after 9 d. Bars represent means = st (n = 4 replicates). Asterisks indicate
statistically significant differences between the wild-type and transgenic lines according to Welch's ttest (*P < 0.05, **P < 0.01

and ***P < 0.001; ns, not significant).

seedlings subjected to exogenous application of BL or
by genotypes with enhanced BR signaling that produce
longer hypocotyls (Wang et al., 2012b). However, this
positive response does not hold true for root growth in
all cases. While it has been shown that low iron stim-
ulates root elongation by activating BR signaling (Singh
et al, 2018), elevated ambient temperature down-
regulates BR signaling to promote root elongation
(Martins et al., 2017), suggesting a complex scenario for
the role of BRs in the regulation of root growth re-
sponses to different environmental cues. Nonetheless,
both studies suggested that root elongation in response
to low iron and elevated ambient temperature is not
dependent on hormone ligands, since mutants im-
paired in BR biosynthesis, like deetiolated? (det2), cpd,
and dwf4 were still responsive to iron deficiency or
ambient high temperature (Martins et al., 2017; Singh
et al., 2018). In contrast, BR biosynthesis and signaling
are concomitantly downregulated under long-term
phosphate deficiency to inhibit root elongation (Singh
et al., 2014).

Against the background that BR signaling contrib-
utes to root elongation under mild N deficiency (Jia
et al., 2019), we provide evidence here that in addi-
tion, BR synthesis is crucial for the root foraging re-
sponse under LN. Through GWA mapping, we found
that at LN, DWFI is associated specifically with total
lateral root length and total root length (Fig. 2;
Supplemental Fig. S2). DWF1 encodes a Ca2*-depen-
dent calmodulin-binding protein that was initially
demonstrated to be a sterol C-24 reductase that con-
verts 24-methylelecholesterol to campesterol, which is
the first precursor in C-28 BR formation (Klahre et al.,
1998; Du and Poovaiah, 2005). More recently, it has
been shown in Arabidopsis that DWF1 possesses ad-
ditional enzyme activity as BR C-24 reductase, cata-
lyzing C-24 reduction of 6-deoxodolichosterone and
dolichosterone to 6-deoxocastasterone and castaster-
one, respectively (Youn et al., 2018). Accordingly, dwfl
null mutant plants showed a significant reduction in
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the bioactive BR species castasterone (Youn et al., 2018).
Our phenotypic characterization of dwfI null alleles and
RNAI lines indicated that functional DWF1 is required
for root elongation in response to mild N deficiency
(Figs. 3 and 4; Supplemental Figs. S5 and S7). In
agreement with the observation that exogenous appli-
cation of biologically active BL successfully reverted the
root response of the cbbl mutant to LN (Fig. 8), we
conclude that BR deficiency in DWF1-defective mutant
plants causes the impaired root response to LN. Im-
portantly, lowering endogenous BR levels either by
mutation of central BR biosynthesis genes, such as
CPD and DWF4, or by exogenous supply of the BR bi-
osynthesis inhibitor BRZ significantly attenuated low
N-induced root elongation (Figs. 5 and 9; Supplemental
Figs. S9 and 510). In addition, transcript levels of DWF1,
CPD, DWF4, and BR60X2 were significantly upregu-
lated at LN (Figs. 7 and 9A), indicating that several
steps in BR biosynthesis are enhanced. Taken together,
these results indicate that expression of key genes in the
biosynthetic pathway of BRs is upregulated in response
to LN to increase BR levels as a prerequisite for subse-
quent root elongation. Interestingly, it has been ob-
served recently that in rapeseed (Brassica napus) roots,
which also elongate under N deficiency, DWF1 protein
abundance was significantly enriched under N-deficient
conditions (Qin et al., 2019), suggesting that BRs play a
conserved role across plant species in the root foraging
response at LN.

Phenotypic variation in root traits among accessions
may rely on allelic variation driving gene transcription
or changing protein function. For instance, variation at
the locus of FERRIC REDUCTION OXIDASE2 (FRO2)
alters its transcript level that is associated with iron-
dependent root growth (Satbhai et al., 2017), while the
occurrence of one nonsynonymous substitution in
BSK3 differentiates BR signaling in the control of phe-
notypic variation of root elongation under mild N de-
ficiency (Jia et al., 2019). Here, we detected a number of
SNPs in the promoter region of DWF1 that significantly
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associate with total lateral root length and total root
length, allowing us to categorize 139 of the assessed
accessions in five different haplogroups (Fig. 6, A-C;
Supplemental Fig. S8A). Interestingly, accessions be-
longing to these haplogroups to a large degree exhibi-
ted distinct root length and root responsiveness to LN
(Fig. 6, D and E; Supplemental Fig. S8, B and C), sug-
gesting that noncoding variation at the DWF1 locus is
causal for the observed natural variation of root length.
This conclusion is further supported by the positive and
significant correlation between DWF1 transcript levels
in different DWF1 haplotypes and root length under LN
conditions (Fig. 6G; Supplemental Fig. S8D). Thus,
variation in DWF1 expression likely causes variation in
endogenous BR levels and in the corresponding phe-
notypic root response. Supporting this notion, root
foraging responses of accessions with strong responses
to LN were significantly compromised when endogenous
BR biosynthesis was blocked by exogenous BRZ supply
(Fig. 5). Noteworthy, DWF1 locus-associated allelic varia-
tion contributed ~7.7% to the overall variation of total
lateral root length under LN (Fig. 2), while BSK3-
dependent allelic variation contributed ~12% to natural
variation in primary root length under LN (Jia et al., 2019).
Thus, further regulatory pathways must be involved in
determining the extent of the root foraging response to LN.

Developing longer primary and lateral roots to in-
crease root size is commonly observed in many plant
species that are suffering from N limitation or depletion
in soils (Chun et al., 2005; Gruber et al., 2013; Ma et al.,
2014; Shao et al., 2017; Qin et al., 2019). Whether such an
enlarged root system is indeed beneficial for N acqui-
sition by roots is not well documented and is difficult to
prove in soil-grown plants. By assessing root architec-
tural traits and shoot N accumulation as proxy for total
N uptake, we found that changes in the root system size
under LN are significantly and positively correlated
with above-ground N accumulation in Arabidopsis
(Fig. 1; Supplemental Fig. S1), suggesting that an ex-
tensive root system confers an advantage for N uptake
especially at LN. In fact, this was also genetically veri-
fied by an association of root size with above-ground N
accumulation when expression levels of DWF1 were
altered (Fig. 10). Knockdown of DWF1 expression sig-
nificantly decreased overall N accumulation, whereas
overexpression enhanced it, under both high and LN
conditions due to altered biomass formation. Recently,
overexpression of the auxin biosynthesis gene Ta-
TAR2.1 in wheat (Triticum aestivum) greatly improved
root growth as well as aboveground N accumulation
and grain yield (Shao et al., 2017). That overexpressing
DWEF1 significantly increased root growth at HN while
maintaining it at LN (Fig. 4; Supplemental Fig. S5) sug-
gests that DWF1 could be a promising target for molec-
ular breeding approaches. For the sake of enhanced N
fertilizer use efficiency in agricultural plant production,
uncoupling suppression of DWF1 by high N doses, e.g.
via ectopic expression, may allow growth of crops with
more extensive root systems even in highly fertile soils,
when sufficient amounts of N are available.
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MATERIALS AND METHODS
Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) accessions Col-0 and C24 were used as wild
types in this study. The T-DNA knockout lines dwfl (SALK_006932), cpd9l
(SALK_078291), cpd (SALK_023532), dufd44 (SAIL_882_F07), dwfd (SAIL_98_CI2),
SALK _127381C, SALK_133165C, SALK_078826C, SALK_074983C, SALK_032827C,
and wei2-2 were purchased from the Nottingham Arabidopsis Stock Center. The cbb1
mutant, DIM1/DWF1 promoter-GUS, RNAi and overexpression lines in the back-
ground of Col-0 have been described in previous studies (Schluter et al., 2002; Hossain
et al., 2012). For surface sterilization, seeds were incubated in 70% (v/v) ethanol and
0.05% (v/v) Triton X-100 for 15 min and then dried in a clean bench. Seeds were sown
on modified half-strength Murashige and Skoog medium, as described by Gruber et al.
(2013), supplemented with 11.4 mm N (1 mm NH4NO; and 9.4 mm KNO3), 0.5% (w/v)
Suc, 1% (w/v) Difco agar (Becton Dickinson), and 2.5 mm MES (pH 5.6) and then kept in
darkness at 4°C for 2 d to synchronize germination. After stratification, agar plates
containing seeds were placed vertically in a growth cabinet (Percival Scientific) under a
22°C/19°C, 10 h/14 h light/dark regime with light intensity adjusted to 120 wmol
photons m~2s~. In all experiments, 7-d-old seedlings of similar sizes were transferred to
new plates with the same Suc, agar, and nutrient composition as described above but
supplied with either HN (114 mm) or LN (0.55 mM). For the LN treatment, concen-
trations of NH;NO; and KNO; were decreased to 4.3% (v/v) and 4.4% (v/v) of those
contained in the HN condition, respectively. For assessment of root growth responses to
nitrate, 7-d-old seedlings precultured under HN (114 mm) were transferred to new
plates with the same nutrient composition as described above but with 2 mm of either
NH4Cl or KNO; as the sole forms of N supply. The osmotic potential of these media was
maintained by adding KCl. Treatments with BL or BRZ were performed by transferring
7-d-old seedlings to one-half strength Murashige and Skoog medium supplemented
with the indicated concentrations of BL (CAS no. 78821439, Sigma) or BRZ (CAS no.
280129-83-1, Sigma) dissolved in pure ethanol or dimethyl sulfoxide, respectively.
Identical concentrations of solvent were used as mock treatments.

GWA Mapping and Sequence Mining

For root length screening, we grew 200 accessions (Supplemental Table S1)
on HN and LN agar plates (four individual plants per plate) and repeated the
screening three times so that finally a total of 12 plants per accession were an-
alyzed in either N condition. Overlapping roots were disentangled directly on
agar plates and scanned using an Epson Expression 10000XL scanner (Seiko
Epson) with a resolution of 300 dots per inch. Root length was measured using
the WinRhizo Pro version 2009¢ (Regent Instruments). Average values calcu-
lated from 12 plants per line for 200 accessions were used as the phenotypic
response for association mapping. GWA mappings were performed using a
mixed linear model algorithm implemented in the Efficient Mixed-model As-
sociation (EMMA) package (Kang et al., 2008) and 250K SNP markers (Atwell
etal., 2010; Horton et al., 2012) after filtering the data for SNPs with minor allele
frequency =10%. For DWF1-based local association analysis, we downloaded
from the 1001 Genome Project database (http://signal.salk.edu/atg1001/3.0/
gebrowser.php) the genomic sequences of DWF1 (a region encompassing the 2-
kb promoter, the full coding region, and the 0.4-kb 3’-untranslated region) for
139 genome-resequenced accessions that were phenotyped in this experiment.
Sequences of 139 accessions were aligned with ClustalW2.1 (http://bar.
utoronto.ca) before we extracted polymorphic sites including SNPs and Indels
at minor allele frequency >5%. Association analyses of polymorphic sites and
root lengths were performed with TASSEL version 2.1 using a generalized
linear model (Bradbury et al., 2007). The significance threshold was set to P =
0.01. Haplotypes were classified based on significantly associated SNPs
according to DWF1-based association analysis, and only haplogroups with at
least seven accessions were taken for further comparative analysis.

Shoot N Analysis

Plant shoots were sampled 9 d after transfer to HN or LN, then freeze dried
and ground using a ball mill. Approximately 1 mg of material was taken for
analysis, and N concentration was determined using an elemental analyzer
(Euro-EA, HEKAtech).

Histological Analysis and Microscopy

Tissue-specific localization of DIM1/DWF1 expression was investigated by
histological staining of GUS activity in transgenic plants expressing proDIM1-
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GUS, as described in Hossain et al. (2012). Root samples were incubated in
20 mg mL~! (w/v) 5-bromo-4 chloro-3-indolyl-B-pD-GlcA (X-gluc), 100 mm
NaPOy, 0.5 mm K3Fe(CN)g, 0.5 mm K4Fe(CN)g, and 0.1% (v/v) Triton X-100 at
37°C in the dark. Samples were mounted in clearing solution (chloral hydra-
te:water:glycerol 8:3:1) for 3 min and then imaged using differential interference
contrast optics on a light microscope (Axio Imager 2, Zeiss).

RT-qPCR

Root tissues were collected by excision and immediately frozen in liquid N.
Total RNA was extracted with RNeasy Plant Mini Kit (Macherey-Nagel). RT-
qPCR reactions were conducted with the CFX348 Real-Time System and the Go
Taq gPCR Master Mix SybrGreen I (Promega) using the primers listed in
Supplemental Table S6. Relative expression was calculated according to Pfaffl
(2001), and all genes were normalized to AtACT2 and AtUBQ10 as the internal
reference.

Statistical Analysis

Root traits of different genotypes were analyzed by one-way ANOVA fol-
lowed by Tukey’s honestly significant difference (HSD) mean-separation test at
P < 0.05. Pairwise comparisons were carried out using Welch’s ¢ test. All sta-
tistical analyses were performed in R (R Core Team, 2013).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under accession numbers AT3G19820 (DWF1/CBB1/DIM1);
AT5G05690 (CPD); AT3G50660 (DWF4); AT3G30180 (BR60X2); AT5G05730
(ASA1/WEIL2); AT5G41905 (MiRNA166); AT3G19770; AT3G19780; AT3G19790;
AT3G19800; and AT3G19830.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Distribution of shoot N content in 200 accessions
at HN and LN conditions.

Supplemental Figure S2. GWA scan for total lateral root length and total
root length under HN.

Supplemental Figure S3. wei2-2 plants exhibit root growth defects that are
independent of N supply but have intact response to LN.

Supplemental Figure S4. Candidate genes in the genomic region sur-
rounding DWF1 and root phenotype of their T-DNA insertion lines.

Supplemental Figure S5. Time-dependent changes of root architectural
traits in DWF1 knockdown and DWF1 overexpressing lines grown un-
der different N availability.

Supplemental Figure S6. Root growth responses of the dwfl mutant to
ammonium and nitrate.

Supplemental Figure S7. Time-dependent root growth responses of the
dwfl mutant to LN.

Supplemental Figure S8. DWF1-based association with total root length.

Supplemental Figure S9. Root system architecture of cpd and dwf4 mutant
plants in response to LN.

Supplemental Figure S10. Shoot and root growth responses to low N of
Col-0 plants grown in the presence of a BR biosynthesis inhibitor.

Supplemental Table S1. Geo-referenced Arabidopsis ecotypes with their
total lateral root length and total root length under HN versus ILN.

Supplemental Table S2. Correlations of total root length and total lateral
root length within and across N environments.

Supplemental Table S3. Summary table of SNPs and Indels identified in
the DWFI locus at a minor allele frequency of >5%.

Supplemental Table S4. Summary of SNP-trait associations using a gen-
eralized linear model.
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Supplemental Table S5. Haplotype analysis of natural DWF1 variants.

Supplemental Table S6. Primers used in this study.
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