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Plants adjust their energy metabolism to continuous environmental
fluctuations, resulting in a tremendous plasticity in their architec-
ture. The regulatory circuits involved, however, remain largely
unresolved. In Arabidopsis, moderate perturbations in photosyn-
thetic activity, administered by short-term low light exposure or
unexpected darkness, lead to increased lateral root (LR) initiation.
Consistent with expression of low-energy markers, these treat-
ments alter energy homeostasis and reduce sugar availability in
roots. Here, we demonstrate that the LR response requires the met-
abolic stress sensor kinase Snf1-RELATED-KINASE1 (SnRK1), which
phosphorylates the transcription factor BASIC LEUCINE ZIPPER63
(bZIP63) that directly binds and activates the promoter of AUXIN
RESPONSE FACTOR19 (ARF19), a key regulator of LR initiation. Con-
sistently, starvation-induced ARF19 transcription is impaired in
bzip63 mutants. This study highlights a positive developmental
function of SnRK1. During energy limitation, LRs are initiated and
primed for outgrowth upon recovery. Hence, this study provides
mechanistic insights into how energy shapes the agronomically im-
portant root system.
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Plants display a tremendous plasticity in their overall growth
and architecture. Environmental factors, such as ambient

light and temperature, abiotic stress factors, or biotic interactions,
as well as endogenous cues provided by the circadian clock or
metabolite levels reflecting energy availability, need to be inte-
grated into plant growth and developmental programs (1). This is
in part mediated by a eukaryotic system of two counteracting ki-
nases that are evolutionarily conserved in plants (2–6). TARGET
OF RAPAMYCIN (TOR) kinase signaling supports anabolic,
energy-demanding processes frequently linked to cell cycle and
growth. On the other hand, SUCROSE NONFERMENTING1
(Snf1) kinase in yeast, Snf1-RELATED PROTEIN KINASE1
(SnRK1) in plants, or AMP-ACTIVATED PROTEIN KINASE
(AMPK) in mammals typically stimulate a catabolic or energy-
preserving metabolism. The active AMPK/Snf1/SnRK1 kinase
complexes consist of three subunits comprising a catalytic α-subunit
together with regulatory β- and γ-subunits (2, 6). Plant SnRK1
subunits are encoded by small gene families, which in part differ in
number and composition from their animal counterparts (2). In
Arabidopsis, two partially redundant catalytic α-subunits (SnRK1α1
and SnRK1α2, also known as KIN10 or KIN11) are active (7).
Whereas mammalian AMPK is regulated by competitive binding of
adenosine nucleotides (AMP, ADP [adenosine mono- and di-
phosphate], and ATP), with increasing AMP and ADP levels
reflecting low energy charge, this does not appear to be the case for

SnRK1 (8). Accumulating evidence rather suggests a model in
which the low abundant metabolite trehalose 6-phosphate
(T6P), which mirrors sucrose availability in plants, acts as an
inhibitor of SnRK1 activity (9, 10). Moreover, the catalytic
SnRK1α1 subunit has been shown to be tethered in the cytosol
by the β-subunits. Upon energy starvation, SnRK1α1 is trans-
located to the nucleus to interact with the chromatin and activate
transcription (11, 12).
SnRK1 controls enzymatic activities as well as the transcrip-

tion of a multitude of genes (7, 13). With respect to the latter,
SnRK1-dependent phosphorylation of the basic leucine zipper
(14) transcription factor (TF) bZIP63 leads to induction of genes
involved in metabolic adaptation during the starvation response

Significance

Plant architecture is highly plastic and known to respond sen-
sitively to nutritional changes. Although of great agronomic
importance, the underlying molecular mechanisms that sense
and transduce these cues into plant development and growth
are poorly understood. Applying diverse genetic, biochemical,
and microscopic approaches, we disclosed that signaling via
the central, evolutionarily conserved fuel-sensor kinase Snf1-
RELATED KINASE1 (SnRK1) initiates lateral root (LR) primordia
formation in response to transient metabolic perturbations.
This is accomplished by SnRK1-mediated activation of a signal-
ing cascade involving the pivotal LR regulator AUXIN RESPONSE
FACTOR19 (ARF19). We propose that this developmental priming
strategy represents a cost-efficient approach to ensure rapid
growth recovery after stress release, providing in competitive
ecosystems a clear advantage in terms of Darwinian fitness.

Author contributions: P.M., C.W., A.M., M.T., M.J.M., M.S., D.B., J.E.L., J.H., and W.D.-L.
designed research; P.M., C.W., S.C., M.K., P.K., J.D., and R.F. performed research; S.C.,
M.K., R.F., A.M., M.T., M.J.M., J.E.L., and F.R. contributed new reagents/analytic tools;
P.M., C.W., M.K., P.K., J.D., R.F., M.S., D.B., J.E.L., and W.D.-L. analyzed data; and P.M.,
C.W., and W.D.-L. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1P.M. and C.W. contributed equally to this work.
2Present address: Interfaculty Institute of Cell Biology, University of Tübingen, 72076
Tübingen, Germany.

3To whom correspondence may be addressed. Email: christoph.weiste@uni-wuerzburg.de
or wolfgang.droege-laser@uni-wuerzburg.de.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2106961118/-/DCSupplemental.

Published September 9, 2021.

PNAS 2021 Vol. 118 No. 37 e2106961118 https://doi.org/10.1073/pnas.2106961118 | 1 of 10

PL
A
N
T
BI
O
LO

G
Y

https://orcid.org/0000-0002-5482-0974
https://orcid.org/0000-0003-1894-7924
https://orcid.org/0000-0002-9603-0882
https://orcid.org/0000-0002-2738-0053
https://orcid.org/0000-0002-9936-1337
https://orcid.org/0000-0002-2492-4318
https://orcid.org/0000-0001-7204-1379
https://orcid.org/0000-0001-8122-5460
https://orcid.org/0000-0002-0068-2967
https://orcid.org/0000-0001-8533-3004
https://orcid.org/0000-0003-2601-0752
https://orcid.org/0000-0002-5605-7984
https://orcid.org/0000-0003-4066-8024
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2106961118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:christoph.weiste@uni-wuerzburg.de
mailto:wolfgang.droege-laser@uni-wuerzburg.de
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106961118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2106961118/-/DCSupplemental
https://doi.org/10.1073/pnas.2106961118
https://doi.org/10.1073/pnas.2106961118


(11, 15). bZIP63 participates in a network of nine group C and
group S1 bZIP TFs known to form heterodimers and to mediate
low-energy responses downstream of SnRK1 (16). SnRK1 has been
linked to the regulation of diverse developmental processes such as
hypocotyl elongation (17) or flowering (18, 19). How SnRK1 exactly
tunes these processes is, however, still poorly understood.
In response to environmental conditions, the root system

displays a pronounced plasticity, which is crucial for resource
foraging and water uptake as well as anchoring in soil. In an-
giosperms, the primary root is established during embryogenesis,
whereas branching occurs postembryogenically through the for-
mation of lateral roots (LRs) (20, 21). In Arabidopsis, a subset of
pericycle cells at the xylem poles are initiated to develop into LR
primordia. These xylem pole pericycle cells (XPP) are specified
from pericycle initials in the root-apical meristem (RAM). Via
anticlinal cell divisions and elongations, XPPs leave the RAM
and are activated by various signals including the plant hormone
auxin. An oscillating pattern of auxin maxima along the root axes
in the prebranch zone (22) controls LR spacing and density (23). In
consequence, two adjacent XPPs undergo radial swelling, repolar-
ize, and show migration of the nuclei toward the common anticlinal
cell wall (20). These are the earliest microscopically visible events in
LR initiation. As a common molecular marker, temporary and lo-
calized expression of GATA23 has been established (24). After
initiation in one cell file, a group of approximately 8 to 11 founder
cells can be detected, which further proliferate to form an LR
primordium, establishing a functional meristem. After further pro-
liferation, these cells burst through the concentric root cell layers to
produce a novel LR. Auxin signaling is decisive for LR initiation, as
demonstrated by the impact of several essential AUXIN RESPOSE
FACTOR (ARF) TFs such as ARF7 and ARF19, which have partly
redundant functions. Accordingly, the arf7/arf19 double mutant is
devoid of LRs when grown on agar plates (25). These ARFs are
under the control of auxin-degradable repressors, including IN-
DOLE-3-ACETIC ACID PROTEINS14/28 (IAA14 and IAA28),
and exert their function in LR formation via LATERAL ORGAN
BOUNDARIES16/29 (LBD16/29) (20).
Under natural conditions, plants are confronted with con-

stantly changing environmental conditions and hence need to steadily
balance energy supply and growth. Therefore, a dynamic, energy-
sensing system is required to repress growth under low-energy con-
ditions but allow rapid growth recovery upon stress release. Here, we
focus on Arabidopsis LR development as an easy-to-quantify output
to study how minor perturbations in energy homeostasis are trans-
mitted into developmental plasticity. Using microscopic, genetic, and
molecular tools, we disclose that short-term energy deprivation pro-
vokes SnRK1-mediated phosphorylation of bZIP63 and its direct
binding to the ARF19 promoter. The resulting increase in starvation-
triggered expression of the central LR regulator ARF19 is vital for
the enhanced LR initiation. As these primed LR initials grow out
only after recovery of photosynthesis, we propose a regulatory system
that primes development during starvation, which is then executed
upon restored photosynthetic energy supply.

Results
Low-Light or Short-Term Unexpected Darkness Increases LR Density
without Changing Primary Root Length. To assess the impact of
energy homeostasis on root architecture, we tested several ex-
perimental growth conditions that should lead to moderate but
controlled perturbations of the photosynthetic energy metabolism
and therefore mimic naturally occurring fluctuations in resource
availability. Following the setup depicted in Fig. 1A, seedlings
were cultivated on Murashige and Skoog (MS) (26) medium
without sugars under control light conditions (70 μmol · m−2 · s−1,
16-h/8-h–long day regime). At 8 d after germination (DAG), these
plants were shifted to low-light conditions close to the light
compensation point (15 μmol · m−2 · s−1). Under these conditions,
cryptochrome and phytochrome signaling is still active (27). After

1 to 5 d of low light, plants were transferred back to control light
conditions and root architecture was analyzed 14 DAG (Fig. 1 B–
D). In comparison to plants grown under control conditions, an
increase in emerged LR density (eLRD) (defined as the number
of LRs per primary root length) was observed in conditions with
up to 3 d of low-light treatment. However, plants grown in low
light for longer times displayed a reduced eLRD compared to
control conditions. Importantly, this response was independent
of primary root length, which remained constant up to 4 d but
showed slightly reduced growth with prolonged low-light
treatments (Fig. 1D).
We continued testing further perturbation schemes to assess

whether the phenotype was more generally observed upon re-
duced energy (light) supply. Extended night, brought about by
prolonging the night for 6 h, was found to increase eLRD, which
was, however, due to decreased primary root length (28) and not
caused by an increase in eLR number (SI Appendix, Fig.
S1 A–D). In contrast, short-term unexpected darkness (uD)
during the day period, starting 2 h after onset of light (Fig. 1 E–H),
resulted in a significant increase in eLRD, already after 0.5 h of
treatment, while primary root length was not affected, even after
4 h of uD. The phenotype was highly reproducible (SI Appendix,
Fig. S1 E–H) and did not lead to altered shoot fresh weight.
Moreover, quantification of uD-induced eLRD was very robust, as
it was observed with three Arabidopsis ecotypes, Columbia-0 (Col-
0), Wassilewskija (WS), and Landsberg erecta (Ler) (SI Appendix,
Fig. S1I) and found to be independent of root light perception (SI
Appendix, Fig. S1J). Finally, this phenotype is not generally stress
related, as exemplified by cultivation at high temperatures (28 to
42 °C) (SI Appendix, Fig. S1 K and L). Taken together, LR plas-
ticity rapidly and transiently responds to moderate perturbations
in photosynthetic activity and thus serves as a quantitative readout
to study low-energy responses on plant development.
To substantiate the phenotypical analysis, we followed LR

development using molecular markers. Transcription of GATA23
is specifically and transiently induced in XPPs (24), and so far,
monitoring GATA23:GFP expression provides the best approxi-
mation of a founder cell specification marker (20). As LR specifi-
cation is proposed to start in 3- to 5-d-old seedlings (29), we treated
5-d-old seedlings with 4 h of uD and counted GATA23:NLS-GFP
expression sites after 16 h (Fig. 1 I and J and SI Appendix, Fig. S2).
In line with the phenotypic analysis, a significant increase of the
number of GFP sites was observed, supporting the notion that uD
treatment increases LR initiation events.

Short-Term uD Leads to Lower Sugar and Trehalose 6-Phosphate
Levels and Expression of Low-Energy Stress Markers. Perturbation
of photosynthesis should affect metabolic homeostasis, primarily
in photosynthetic tissues. We reasoned that these changes should
be reflected in soluble sugar content. Hence, we analyzed sucrose,
glucose, and fructose levels directly after the uD treatment or, as
control, at the respective daytime in untreated plants and separately
in leaves (Fig. 2A) and roots (Fig. 2B). In young, 8-d-old plants, a
significant decrease of glucose content was observed in photosyn-
thetic tissues already after a short-term perturbation of 1 h of uD.
However, 4 h of uD resulted in a dramatic drop for all sugars under
investigation. In roots, the concentration of the important transport
sugar Suc decreased to only 10% of that in control conditions. This
correlative evidence indicated that access to energy resources is a
potential cue affecting LR architecture. The low-abundance sugar
phosphate T6P has been proposed to function as a major signal in
plant resource management and development (9, 10). Accordingly,
T6P levels rapidly decreased by about 50% in roots after 1 h of uD
and remained at this low level for up to 4 h of treatment. However, a
fast recovery to initial levels could be observed after 4 h of light re-
covery (Fig. 2C). Moreover, the shift in carbon metabolism correlated
with the activation of the well-established energy stress marker gene
DARK-INDUCED6/ASPARAGINE SYNTHETASE1 (DIN6/ASN1)
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(7, 30), as determined by RT-qPCR (Fig. 2D). Taken together, mo-
lecular marker analysis in roots as well as metabolite analysis in both
shoot and root tissues support the hypothesis that the tested experi-
mental setup transiently perturbs seedling energy metabolism.

The LR Response upon uD Requires SnRK1, a Central Kinase in Energy
Homeostasis. DIN6/ASN1 is a well-known downstream response
gene of the central metabolic kinase SnRK1, which activates
catabolic processes and pathways for alternative ATP generation

upon energy starvation (7, 11, 16). Moreover, T6P has been
demonstrated to inhibit SnRK1, at least under in vitro conditions
(9, 10, 31). To evaluate SnRK1’s contribution to LR establish-
ment in response to metabolic perturbation, we employed a
mutant approach. In Arabidopsis, two catalytic α-units are func-
tionally important and perform in a partially redundant manner
(7, 11). Whereas knockout of the SnRK1α2 catalytic subunit
(snrk1α2) only had a minor effect on uD-induced eLRD, the
snrk1α1 mutant showed a significant reduction in eLRD upon
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Fig. 1. Low light or short-term uD increased LR density without changing primary root length. (A) Schematic view describing the experimental setup for low-
light (LL) treatment. Arabidopsis (Col-0) seedlings were grown in a long day regime (16 h light/8 h dark) on solidified 1/2 MS media at 70 μmol · m−2 · s−1

(control, C, white). After 8 d, plants were cultivated under control or LL (gray, 15 μmol · m−2 · s−1) conditions for 1 up to 4 d (as indicated by red arrows). Root
parameters were assayed at 14 DAG (M, time of measurement). Given are eLRD (B), LR number (C), and primary root length (D). (E) Schematic view describing
the experimental setup for uD treatment. During the 16-h light period, 0.5 up to 4 h of darkness were given (as indicated by red arrows), starting 2 h after
onset of the light phase. Cultivation was continued under control conditions, and root parameters were assayed at 14 DAG (M, time of measurement) and
given as eLRD (F), LR number (G), and primary root length (H). Data from three independent experiments are presented in the respective boxplots. Statistically
significant differences between control and treated samples were determined by Mann–Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001; n = 15 to 30. (I)
uD resulted in an increase in the number of cells showing expression of the early-stage LR marker pGATA23::NLS-GFP (24). Confocal microscopy exhibits
nuclear GFP signals throughout all stages of LR development. (Scale bar: 50 μm.) (J) Analysis of 5-d-old seedlings under control and 4-h uD conditions. GFP
signals from pGATA23::NLS-GFP lines were counted 16 h after treatment and presented as boxplots. Student’s t test. *P < 0.05; n = 8.
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uD treatment (Fig. 2 E–G), suggesting a SnRK1α1 function in
maintaining LR initiation after stress recovery. In contrast, snrk1α2
appears to impact particularly primary root length in response to
uD, whereas primary root length was unaffected in snrk1α1. This
loss-of-function approach demonstrates that SnRK1α1 is required
to adjust LR density during photosynthetic perturbations.
Following the assumption that SnRK1 affects LR develop-

ment upon energy perturbations, we assessed SnRK1α1 locali-
zation in roots using a SnRK1α1:GFP fusion expressed under
the native promoter. In line with previous findings (32, 33),

SnRK1α1:GFP expression was observed rather ubiquitously in
many root cell types (SI Appendix, Fig. S3 A–F), predominantly
perinuclear or in the nucleus of actively dividing cells at the
root tip (Fig. 2H). Whereas strong SnRK1α1:GFP expression
was found at all stages of LR development, a weak signal was
already observed in LR primordia as well as in pericycle cells
(Fig. 2I). This localization is in line with a proposed function of
SnRK1α1 in uD-triggered LR formation.
As the SnRK1 catalytic subunit was found to translocate to the

nucleus to induce target gene expression (12), we more directly
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(H and I) Confocal microscopy of an SnRK1α1:GFP fusion protein expressed under the native SnRK1α1 promotor in transgenic plants (32). SnRK1α1 was found to be
ubiquitously expressed in roots (SI Appendix, Fig. S3). (H) Nuclear staining was observed in the meristematic zone at the root tip. (I) GFP fluorescence is observed in
developing LRs, particularly in the pericycle. Counterstaining with propidium iodide. (Scale bar: 50 μm.) (J) Analysis of root SnRK1 kinase activity according to the setup
in Fig. 1E. A nuclear rat ACC-GFP-HA reporter protein was expressed in transgenic plants, and its in vivo phosphorylation was assayed by immunodetection using a
P-dependent ACC-specific antibody (αP-ACC) and an α-HA antibody for normalization.
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assessed nuclear SnRK1 activity by expressing a reporter har-
boring a well-described AMPK1 phosphorylation target peptide
obtained from rat ACETYL-COA CARBOXYLASE (ACC)
with an SV40 nuclear localization sequence (NLS), fused to GFP
and a double HA-tag (34). Using commercial phospho (P)-ACC
antibodies, phosphorylation of the peptide was detected and
normalized to the HA-signal of the reporter. This system enables
a quantitative evaluation of SnRK1 phosphorylation activity in
the nucleus, as it has been previously demonstrated in vitro and
in yeast (34). In transgenic roots, we observed a rapid increase in
nuclear SnRK1 activity already 1 h after uD treatment (Fig. 2J
and SI Appendix, Fig. S4 A–D), further supporting the role of
SnRK1 (particularly the α-1 catalytic subunit) in mediating the
LR response to uD.

Increased LR Density upon uD Requires the SnRK1 Target TF bZIP63.
Several bZIPs of the C/S1 TF network have been proposed to
function as homo- or heterodimers downstream of the SnRK1
kinase (16). In particular, group C bZIP63 was identified as an
in vivo kinase target of SnRK1 (15). Hence, we studied bZIP63 as
a potential SnRK1 downstream TF in the LR response. Similar to
the snrk1α1mutant (Fig. 2 E–G), a decreased eLRD was observed
upon 4 h of uD in bzip63 transfer DNA knockout seedlings in the
WS background (Fig. 3 A–C) or in CRISPR-derived bzip63 mu-
tant seedlings in the Col-0 background (SI Appendix, Figs. S5 A
and B and S6A). It should be noted that in comparison to wild
type (WT), bzip63 mutants showed increased primary root (PR)
length and eLRD under control conditions. Besides the response
to uD, low light–induced LR formation was also reduced in the
bzip63 mutant (SI Appendix, Fig. S6B). We thus conclude that
bZIP63 is required for the observed increased eLRD phenotype in
response to short-term perturbations in energy homeostasis.
Three serine residues (S) have been identified in bZIP63 as

in vivo SnRK1 phosphorylation sites (15). Triple alanine (A)
exchange mutations (S29A, S294A, and S300A) and nonmutated
versions were expressed as YFP fusions under control of the
native promoter to complement the bzip63 knockout mutant. In
contrast to seedlings expressing the WT bZIP63:YFP protein
(bZIP63c), seedlings expressing the mutant protein (bZIP63S/
Ac) are impaired in SnRK1-mediated phosphorylation and did
not display enhanced eLRD upon uD (Fig. 3 A–C). These data
strongly support a key role for SnRK1-bZIP63 signaling in the
starvation-induced LR response.
In addition, we assessed the impact of bZIP63 on overall root

architecture by analyzing root system dimensions of WT and
bzip63 mutants under control or uD conditions. To depict the
entire root system, we overlayed roots of 10 individual plants to
create a maximum root outline projection. By these means, we
found that compared to WT, bzip63 mutants exhibited a slightly
expanded root system under control conditions, while the root
system dimension was strikingly reduced in response to a uD
treatment (Fig. 3D). Altogether, these findings strongly support
the view that bZIP63 controls LR density, especially under
conditions of low energy. Moreover, bZIP63 requires a post-
translational activation via SnRK1-mediated phosphorylation.

bZIP63 Is Expressed throughout LR Development and Impacts Its
Initiation. Localization of bZIP63 in the root remains an impor-
tant prerequisite to further assess its functional impact. Hence,
we used confocal fluorescence microscopy to study a transgenic
line expressing bZIP63:YFP under the control of its native
promoter in a bzip63 mutant background. Periodical clusters of
high and low YFP-expressing cells were observed along the root
axes (Fig. 4A), whereas strong expression and nuclear localiza-
tion were obvious in the root meristem (Fig. 4B). In particular,
we detected strong YFP signals in areas of LR emergence
(Fig. 4C). Imaging at higher magnification revealed nuclear lo-
calization of bZIP63:YFP in the cortex, endodermis, and

pericycle cells but not in xylem or phloem cells. Moreover, strong
bZIP63 expression is visible throughout all developmental stages
of LR development (35) (Fig. 4 D–I).
Based on the observed expression profiles, bZIP63 has the

potential to interfere at several stages in LR initiation, specifi-
cation, or emergence (20). To further evaluate the exact impact
of bZIP63 on LR development, we studied the appearance of LR
primordia in cleared roots applying differential interference
contrast (DIC) imaging (35). At 16 h after uD treatment, LR
stages were counted in WT and bzip63 mutant seedlings and
compared to the respective control conditions (Fig. 4 J and K and
SI Appendix, Fig. S7). These analyses revealed that uD treatment
led to more early LR primordia (stages I through III) in the WT
but less in bzip63 (Fig. 4J). This finding was corroborated when
we assayed the GATA23:NLS-GFP reporter in a bzip63 CRISPR
knockout background (Fig. 4L). Again, fewer microscopically
quantified GFP sites - reflecting early LR primordia - were found
after uD in comparison to the control treatment. In contrast,
numbers of LRs classified as stages IV through VI were similar
in WT and the mutant (Fig. 4K). Taken together, we conclude
that bZIP63 mediates the priming of early LR initiation, par-
ticularly during short-term perturbation of energy homeostasis.

bZIP63 Directly Binds the Promoter of ARF19 and Is Required for
Increased ARF19 Expression in Response to uD. To define direct
target genes of bZIP63 in this response, we performed ChIPseq
(chromatin immunoprecipitation DNA sequencing) using roots
treated with 4 h of uD. For the IP (immunoprecipitation) with a
commercial GFP antibody, the bzip63 mutant and the comple-
mentation line expressing a bZIP63:YFP fusion protein under
the native bZIP63 promoter were used. These experimental
settings are important for studying cell-type–specific localization,
natural expression levels, and inductive conditions. Data analysis
detected 821 signals (peaks) significantly enriched in comparison
to the control (Dataset S1). The identified sites correspond to
promoters (51.2%), intergenic regions (19%), exons (15.8%),
transcription termination sites (11.3%), and introns (2.7%). In
line with the well-defined bZIP63 binding site, G-box related
sequences (C/GACGTG) (36, 37) were enriched in the pro-
moters detected by the ChIPseq approach (Fig. 5A). Among the
genes bound by bZIP63, several previously confirmed target genes
were detected, including METHYLCROTONYL-COA CARBOX-
YLASE (MCCA), ELECTRON-TRANSFER FLAVOPROTEIN:
UBIQUINONE OXIDO-REDUCTASE (ETFQO) BRANCHED
CHAIN AMINO ACID TRANSAMINASE2 (BCAT2), PROLINE
DEHYDROGENASE (ProDH), and DIN6/ASN1 (11) (Fig. 5B and
Dataset S1), underlining the quality of the analysis. Interestingly,
we identified the promoter of the ARF19 gene as a target bound
by bZIP63. Both ARF19 and its homolog ARF7 represent crucial
auxin-dependent TFs with established roles in LR development
(38, 39). However, ARF7, as well as other well-established LR
development genes such as GATA23 or LBD16/29, were not de-
tected in our ChIPseq analysis (Fig. 5B and Dataset S1). Using
ChIPPCR, we further confirmed significant binding of bZIP63 to
the ARF19 promoter in a region harboring a G-box cis-element
(G-box1) (Fig. 5C and SI Appendix, Fig. S8).
To study ARF19 gene expression, a RT-qPCR time-course

experiment was performed, determining its transcript abun-
dance in roots of WT and bZIP63 mutant plants after 1 and 4 h
of uD and after recovery (Fig. 5 D–F). In 8-d-old WT seedlings,
bZIP63 and its target gene DIN6/ASN1 were found to be sig-
nificantly induced after 4 h of uD, while normal transcript levels
were reestablished after shifting plants back to light. In line with
largely missing bZIP63 expression, and as expected based on
previous findings (15), DIN6/ASN1 induction was impaired in the
bZIP63 mutant, which therefore serves as control. Importantly,
whereas the WT showed a significant twofold induction of ARF19
expression upon 4 h of uD, basal ARF19 expression was found to
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be independent of bZIP63. Altogether, these data propose a
specific input of SnRK1-bZIP63-ARF19 signaling on LR devel-
opment during perturbed energy homeostasis.
To further support ARF19 as a potential bZIP63 downstream

target in this response, arf19 mutants were analyzed. Impor-
tantly, the mutant line behaved like WT under control conditions
(as ARF7 is still present) but no longer induced eLRD upon uD
(Fig. 5 G–I), indicating that ARF19 is required for this response.
These data identify ARF19 as a target of SnRK1-bZIP63 sig-
naling and further suggest a role of this auxin-dependent TF in
priming LR initiation during energy deprivation.

Discussion
This study was designed to identify molecular players that inte-
grate information on fluctuations in energy availability into de-
velopmental plasticity. In order to characterize plant responses
to energy-limiting conditions, frequently relatively harsh experi-
mental treatments are applied, which interfere with plants’
photosynthetic activity. In this respect, night extension, limitation
of CO2, or treatment with photosynthesis inhibitors are used (11,
27, 28). Recently, photosynthetic inhibitors and extended night
treatments were found to strongly interfere with root meristematic
activity and affect both primary root and LR development (28).
However, as severe treatments impact overall plant physiology,
mechanistic aspects of the regulatory circuits are difficult to dis-
sect. Here, we observed that several mild metabolic perturbations
caused by short-term uD or low-light treatment led to a consistent
increase in eLRD, whereas primary root growth was not affected.
Importantly, this developmental output was robust, easy to
quantify, and was observed in several Arabidopsis ecotypes. On the
other hand, it was specifically related to metabolic perturbations
and not a general stress response. To conclude, the employed mild
and controlled experimental setup was well suited to mimic fluc-
tuating energy situations regularly occurring in plant life.
The temporary uD treatment resulted in a rapid activation of

the DIN6/ASN1 starvation response marker (7, 15, 30) and de-
pletion of soluble sugars as well as the sugar-signaling molecule
T6P. These correlative data support the view that the mild per-
turbation treatments lead to fast and significant alterations in
energy homeostasis both in shoots and roots. SnRK1 has been
established as an evolutionary conserved metabolic stress-sensor
kinase, which responds to limiting energy conditions (2–6).
According to the nexus model, the low-abundance signaling me-
tabolite T6P is proposed to mirror and control plant sucrose levels
and was found to exert its effects - at least in part - through
negative regulation of SnRK1 activity (9, 10). In line with this,
transiently reduced T6P levels and increased SnRK1 activity upon
uD treatment as well as an impact of the snrk1α1 loss-of-function
approach support the importance of this central kinase in stimu-
lating LR development upon metabolic perturbations. Although
the two SnRK1 α-subunits have been proposed to exert partially
redundant functions, a mutant in the α2-subunit showed only
minor effects on LR development, supporting a more pronounced
function of SnRK1α1. It needs to be stressed that under standard
laboratory growth conditions, WT and snrk1α1 mutants did not
differ with respect to primary root and LR architecture. These
data propose a developmental function of SnRK1α1, which is
executed only upon metabolic perturbation.
Recently, we have established a mechanistic link between

SnRK1 and its phosphorylation target protein bZIP63, which
functions as a downstream transcriptional regulator (11, 15).
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Fig. 3. Increased LR density upon uD requires the SnRK1 downstream TF
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length [C]) quantified for WT (Ws), bzip63 knockout mutant, bzip63 com-
plemented with bZIP63:YFP (bZIP63c) or bZIP63Ala:YFP (bZIP63S/Ac; Ala
exchange derivative of bZIP63) (11) grown under control (“C,” white bars) or
uD (black bars) conditions according to Fig. 1E. Statistical significant differ-
ences between control and treated samples were determined by Mann–
Whitney U test. *P < 0.05; **P < 0.01; n = 18 to 35. Data from three inde-
pendent experiments are presented in the respective boxplots. (D) The
bzip63 loss-of-function mutant is affected in overall LR architecture,

specifically upon uD treatment. The 8-d-old seedlings were cultured on so-
lidified 1/2 MS under control and 4-h uD conditions and analyzed 14 DAG.
The overall root system dimensions were imaged by a maximum projection
of 10 individual roots per genotype (WT, bzip63) and condition (uD and
control). The outline projections are shown for the indicated conditions.
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Loss-of-function approaches and specific alanine exchange mu-
tations with respect to in vivo bZIP63 phosphorylation sites
demonstrated that bZIP63 is required to establish the SnRK1-
dependent LR phenotype. In contrast to the snrk1α1 mutant,
bzip63 plants showed increased primary root length and a slightly
enlarged overall root system under standard growth conditions,
indicating additional bZIP63 functions beyond LR development.
As bZIP63 is part of the complex C/S1 bZIP network (16), it is
conceivable that other bZIPs may perform as heterodimerization
partners. Along this line, the poplar ortholog of Arabidopsis
bZIP1, which interacts with AtbZIP63 (15, 40), has been impli-
cated in controlling LR formation (41).
As the short uD treatment resulted in decreased sugar and

T6P levels and increased SnRK1 activity in roots, it is most likely
that the low-energy stimulus is perceived in roots. In line with
this, GFP studies demonstrated that SnRK1 and bZIP63 ex-
pression domains particularly overlapped in the pericycle and
cells crucial to early LR formation, which would enable direct
SnRK1-mediated phosphorylation of bZIP63. Nevertheless,

perception of metabolic perturbations in photosynthetic leaves
and subsequent signaling to the roots cannot be excluded. In
particular, we recently observed a reduced polar auxin transport to
the root tip upon starvation by an extended night treatment (11),
resulting in auxin accumulation in the LR zone. Because of its
prime importance in LR initiation (20), auxin very likely contrib-
utes to this response. In summary, these hypotheses are not mu-
tually exclusive, and further research is needed to gain insight into
long-distance communications in plant energy homeostasis.
XPPs are specified in the pericycle initials of the meristem

(20). However, only a subset of them develop into LR founder
cells and finally establish an LR primordium. Applying DIC
microscopy and a GATA23:GFP reporter, early LR initiation
events triggered by uD were found to be significantly reduced in
the bzip63 mutant in comparison to WT. These findings support
the notion that signals related to metabolic imbalance are
transmitted via SnRK1-bZIP63 signaling into early events in LR
development. The auxin-regulated TFs ARF19 and ARF7 have
been demonstrated to be crucial in early LR specification (38).
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Importantly, unbiased ChIPseq and ChIPPCR fine mapping
support direct binding of bZIP63:YFP to the ARF19 promoter
at/in vicinity of G-box1, a well-described binding site for bZIP63
(11). In agreement with these findings, G-box cis-elements were

observed to be significantly enriched in the promoters bound by
bZIP63. Whereas ARF19 transcription was induced by uD, this
response was impaired in the bzip63 mutant. Moreover, ARF19
was found to be essential for the increased LR phenotype upon
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noprecipitated using anti-GFP antibodies, and genomic fragments were subjected to high-throughput DNA sequencing. A total of 821 enriched binding
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selected known bZIP63 target promoters as controls (MCCA and ProDH) and ARF19 as a potential target in LR development. No strong binding was observed
for ARF7 or GATA23. Blue color bars represent the 5′ end of the respective open reading frames. The ARF19 promoter is marked for G-Box-1 binding region
(black box). (C) ChIPPCR of roots treated with 4-h uD was used to verify binding of bZIP63:YFP to the ARF19 promoter. Using the primer pairs indicated,
significant binding was determined around G-Box-1, whereas no significant enrichment was observed for the nonbinding control (ACTIN7 and ACT7) or
G-Box-2 and -3. Enrichment of promoter sequences derived fromWT (gray bars) and bZIP63:YFP (red bars) are indicated. Presented are mean values ± SD from
three independent plant pools relative to input (determined by ProACTIN8 abundance). Student’s t test, *P < 0.05. (D–F) bZIP63 loss-of-function mutants are
impaired in induced ARF19 transcription upon uD. The 8-d-old Arabidopsis WT and bzip63 seedlings were cultivated under control conditions or treated with
1 and 4 h of uD or 4 h uD plus 8 h of light recovery (R) before harvesting. RT-qPCR of roots at the time points indicated for bZIP63 (D), DIN6/ASN1 (E), and
ARF19 (F). Given are mean values ± SEM derived from roots of three independent plant pools relative to EF1A. Student’s t test, *P < 0.05, ***P < 0.001. (G–I)
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metabolic perturbations, as it was not observed in the arf19
knockout mutant. Altogether, these data strongly support our
hypothesis that the SnRK1-bZIP63-ARF19 module signals infor-
mation on the metabolic status to a central regulatory hub in LR
initiation (Fig. 6A). TFs generally bind and/or regulate hundreds
of target genes. Along this line, promoters of several well-known
LR regulators, such as PUCHI (42) or MYB77 (43), are directly
bound by bZIP63. It is therefore conceivable that bZIP63 medi-
ates its function via several direct target genes. However, ARF7 or
the GATA23 promoters were not found to be bound by bZIP63,
indicating that these genes are regulated in an indirect manner.
Overall, the observation of an increased eLRD upon meta-

bolic perturbations was unexpected and, at first view, counter-
intuitive. However, our analyses disclosed that under these
conditions, primarily early LR development was initiated via
SnRK1-bZIP63-ARF19 signaling, while LR outgrowth was de-
ferred until stress release. This highlights a yet uncharacterized
positive function of SnRK1 signaling besides the well-established
metabolic “brake”, namely the priming of prospective develop-
mental processes, anticipating an upcoming resource supply.
In order to ensure optimal plant growth, shoot and root

propagation are highly coordinated. While the photosynthetically
active shoot produces carbohydrates, the root system exploits
water and mineral resources. In this light, developmental priming
(44, 45) of LR initiation under energy-deprived conditions can be
interpreted as a cost-efficient strategy to prepare plants for effi-
cient mineral and water uptake required for a rapid restart of
overall plant growth, once metabolic (carbon) homeostasis is re-
stored. Upon recovery, the sugar-depleted LR initials act as a
strong sink, and sugar levels are rapidly normalized and provide
the crucial resources for LR outgrowth. We therefore propose the
working model summarized in Fig. 6B, which, however, needs to
be challenged experimentally. Importantly, a rapid growth recov-
ery after stress may be essential under fluctuating environmental
conditions and in natural (competitive) ecosystems to ensure the
plant`s reproductive success and, hence, its Darwinian fitness.

Methods
Plant Material and Culture. The Arabidopsis thaliana WT accessions Col-0, WS,
and Ler, as well as transgenic lines, are listed in SI Appendix, Table S1. For all
experiments, seeds were surface sterilized with chlorine gas and stratified
for 48 h in darkness at 4 °C. For LR phenotyping approaches, seedlings were
grown vertically in square (12 cm × 12 cm) Petri dishes containing half-
strength MS (26) medium solidified with 8 g/L phytoagar (Duchefa) under
long day conditions (16 h light at 23 °C/8 h darkness at 16 °C) illuminated with
70 (all experiments except Fig. 5 G–I) or 100 (Fig. 5 G–I) μmol · m−2 · s−1 light
and a relative humidity of 60%. The strongest effect on uD-mediated LR
formation was observed when plants were cultivated under 70 μmol ·m−2 · s−1.
At 7 DAG, plants of similar root length (∼2 cm) were transferred to new
plates with a spacing of around 1 cm between plants. At 8 DAG, seedlings
were transferred to specific low-energy or control conditions. Energy
perturbation assays were performed according to the schemes in Fig. 1A
(low light), Fig. 1E (uD), or SI Appendix, Fig. S1A (extended night). Seed-
lings used for low-light treatment were subjected to an irradiance of
15 μmol · m−2 · s−1. For the uD experiments, seedlings were treated with
complete darkness for 0.5 h to 4 h starting 2 h (ZT2) after onset of the light
phase. At 14 DAG, LR number, primary root length, and eLRD were de-
termined for each plant. For laser scanning microscopy (LSM) imaging
(Figs. 1 I and J and 4 J–L and SI Appendix, Fig. S2), seedlings were trans-
ferred to low-energy conditions already 5 DAG. A detailed description
on the root phenotyping procedure and microscopic imaging of root-
localized GATA23 and bZIP63 expression can be found in SI Appendix,
Supplementary Methods.

Molecular Biological Techniques. Total plant RNA was prepared from 5 to
10 mg root material using an RNeasy Mini Kit (Qiagen) following the
manufacturer’s protocol. Complementary DNA (cDNA) was synthesized from
1 μg total RNA using random nonamer and oligo-dT primers with reverse
transcriptase RevertAid H Minus (Thermo Fisher Scientific) as previously
described (46). SYBR green was used to visualize the amplified products.
Threshold cycle (Ct) values were calculated from three biological replicates

employing the 2-ΔCT method (47) using ELONGATION FACTOR 1-ALPHA 1
(EF1A) for normalization. Primers are given in SI Appendix, Table S1.

CRISPR/Cas9 technology was used to generate a bzip63 mutant in the
pGATA23::NLS-GFP (24) reporter line using the system described (48). An
efficiently binding and target gene–specific single guide RNA targeting exon
1 of bZIP63was designed using ChopChop (49) (SI Appendix, Fig. S5 A and B).
Primers are given in SI Appendix, Table S1. A detailed description of ChIPPCR
and ChIPseq can be found in SI Appendix, Supplementary Methods.

Mass Spectrometric Analysis. Shoots and roots (∼40 mg fresh weight) were
separated and frozen in liquid N2. Ground tissue was extracted in 300 μL
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Fig. 6. Working model summarizing SnRK1-bZIP63-ARF19 signaling in
metabolic control of LR development. (A) Metabolic perturbations activate
the SnRK1 kinase, which phosphorylates the bZIP63 TF (15). Via direct promoter
binding, bZIP63 activates ARF19 transcription. Being de-repressed by auxin-
mediated inactivation of IAA repressors, ARF19 controls auxin-responsive gene
expression related to LR initiation (20). In this respect, SnRK1-mediated, meta-
bolic signaling is proposed to tune auxin responses and, consequently, LR plas-
ticity. Further regulators in LR development (ARF7 and GATA23) (20) are not
direct targets of the proposed signaling cascade. Localization and metabolic
signals triggering SnRK1 activity, as well as potential bZIP heterodimerization
partners, remain unresolved. (B) Sketch describing the proposed timing of events
leading to low-energy–mediated priming of LR initiation.
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80% ethanol, containing 2 μg 1,1-d2-trehalose and 8 μg 6,6-d2-glucose as
internal standards. Samples were incubated at 80 °C for 20 min and centri-
fuged for 10 min at 14,000 rpm. The supernatant was transferred to a new
reaction tube, and the residue was reextracted twice using, first, 300 μL 50%
(volume/volume) ethanol and, subsequently, 300 μL 80% ethanol (volume/
volume) both at 80 °C for 20 min. The extracts were pooled, and the solvent was
completely evaporated using a vacuum concentrator at 55 °C. The obtained pellet
was redissolved in 25 μL 50% methanol (volume/volume). Samples (5 μL) were
analyzed using a Waters Acquity ultrahigh-performance liquid chromatograph
coupled to a Waters Micromass Quattro Premier triple quadrupole mass spec-
trometer (Milford) with electrospray interface (ESI). Chromatographic separation
was performed according to application note WA60126 with a modified flow rate
of 0.2mL/min. Sugars were detected in negative electrospraymode (ESI−) at 120 °C
source temperature and 3.25 kV capillary voltage. Nitrogen served as a desolvation
and a cone gas with flow rates of 800 L · h−1 at 350 °C and 25 L · h−1. The mass
spectrometer operated in the multiple reaction monitoring mode using argon as a
collision gas at a pressure of ∼3 × 10−3 bar. Cone voltage and collision energy were
optimized for maximum signal intensity of each individual compound during
ionization and collision-induced dissociation with a dwell time of 0.025 per tran-
sition. T6P was quantified according to ref. 50, with modifications as in ref. 51.

SnRK1 Kinase Activity Assay. For stable transformation of the SnRK1 activity
reporter in the WT Col-0 background, the coding sequence of a GFP- and
double HA–tagged double rat ACC1 peptide with N-terminal SV40 NLS (33)
was subcloned in a pCB302-derived mini binary vector with 35SC4PPDK
promoter (35S enhancer and maize C4PPDK basal promoter), nopaline syn-
thase terminator, and bar resistance marker (52). Extraction and immuno-
blotting were performed as previously described (46).

Statistical Analysis. Statistical tests were performed with the built-in statistical
analyzer of Origin software. Student’s t test or theMann–WhitneyU test were used
for significance testing in normally and not normally distributed data, respectively.

Data Availability. All study data are included in the article and/or supporting
information.
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