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Abstract
The onset of plant life is characterized by a major phase transition. During early heterotrophic seedling establishment, seed
storage reserves fuel metabolic demands, allowing the plant to switch to autotrophic metabolism. Although metabolic
pathways leading to storage compound mobilization are well-described, the regulatory circuits remain largely unresolved.
Using an inducible knockdown approach of the evolutionarily conserved energy master regulator Snf1-RELATED-PROTEIN-
KINASE1 (SnRK1), phenotypic studies reveal its crucial function in Arabidopsis thaliana seedling establishment.
Importantly, glucose feeding largely restores growth defects of the kinase mutant, supporting its major impact in resource
mobilization. Detailed metabolite studies reveal sucrose as a primary resource early in seedling establishment, in a SnRK1-
independent manner. Later, SnRK1 orchestrates catabolism of triacylglycerols and amino acids. Concurrent transcriptomic
studies highlight SnRK1 functions in controlling metabolic hubs fuelling gluconeogenesis, as exemplified by cytosolic
PYRUVATE ORTHOPHOSPHATE DIKINASE (cyPPDK). Here, SnRK1 establishes its function via phosphorylation of the tran-
scription factor BASIC LEUCINE ZIPPER63 (bZIP63), which directly targets and activates the cyPPDK promoter. Taken to-
gether, our results disclose developmental and catabolic functions of SnRK1 in seed storage mobilization and describe a
prototypic gene regulatory mechanism. As seedling establishment is important for plant vigor and crop yield, our findings
are of agronomical importance.
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Introduction
Seed germination and subsequent seedling establishment
are entirely heterotrophic and seed storage reserves are mo-
bilized to sustain metabolic demands until the photosyn-
thetic apparatus is established to implement an autotrophic
lifestyle (Graham, 2008; Quettier and Eastmond, 2009; Tan-
Wilson and Wilson, 2012). While enzymatic activities in re-
source mobilization are well-described, knowledge of the
regulatory co-ordination of resource mobilization lags be-
hind. Hence, reserve mobilization during seedling establish-
ment is a valuable model system to study metabolic
regulation and more importantly, is crucial for crop yield in
agriculture.

Carbohydrates, proteins, and lipids are well-known seed
storage compounds. Whereas cereals preferentially store
starch, legumes use proteins and Brassicaceae, such as
Arabidopsis thaliana, favor lipids (Graham, 2008). Lipids
are stored in oil bodies as triacylglycerols (TAGs) and are
broken down to fatty acids (FAs) and glycerol (Graham,
2008; Li-Beisson et al., 2013). Both products are used as
substrates for gluconeogenesis and hence support hetero-
trophic energy metabolism (Baker et al., 2006). SUGAR-
DEPENDENT1 (SDP1) and SDP1-LIKE1 are the major
lipases involved in FA release from TAG stores during ger-
mination (Eastmond, 2006; Quettier and Eastmond, 2009).
After import into peroxisomes, FAs are degraded via b-ox-
idation to generate acetyl-coenzyme A (Ac-CoA; Baker
et al., 2006; Pan et al., 2020). Here, PEROXISOMAL
MALATE DEHYDROGENASE1/2 (PMDH1/2) is crucial to
re-oxidize NADH and thereby facilitate continuous opera-
tion of b-oxidation (Pracharoenwattana et al., 2007, 2010).
In contrast to mammals, the glyoxylate cycle in plant peroxi-
somes then makes use of this Ac-CoA to generate dicarbox-
ylic acids, which are shuttled into gluconeogenesis. In a plant-
specific pathway, phosphoenolpyruvate (PEP) is produced
from oxaloacetate by PYRUVATE CARBOXYKINASE1 (PCK1),
an essential enzyme in seedling establishment (Rylott et al.,
2003; Penfield et al., 2004; Eastmond et al., 2015).

Besides lipids, seed storage proteins (SSPs) perform as a
second important resource in Arabidopsis (Alonso et al.,
2009; Tan-Wilson and Wilson, 2012). After proteolytic break-
down of SSPs, carbon skeletons derived from amino acids
(AAs) are similarly channeled into gluconeogenesis via PEP.
Recently, PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK)
has been demonstrated as a key enzyme in this second
pathway in Arabidopsis (Eastmond et al., 2015). PPDK cata-
lyzes the production of PEP from pyruvate, resulting from
the breakdown of several AAs. In Arabidopsis, a chloroplas-
tic (cp) and a cytosolic (cy) PPDK isoform are derived from
a single gene, as production of the latter is controlled by
transcription from an alternative promoter in the first intron
(Parsley and Hibberd, 2006). Expression studies and mutant
analyses disclosed that both PCK1 and cyPPDK are impor-
tant metabolic hubs, required for seedling establishment,
supplying gluconeogenesis using complementary TAG and
AA resources (Eastmond et al., 2015).

While starch is an important storage resource in cereals,
its content in Arabidopsis seeds is neglectable. Sucrose is
available, but is not well studied as a resource for seedling
establishment (Silva et al., 2017).

Regulation of storage resource mobilization requires meta-
bolic sensing of crucial compounds and sophisticated signal-
ing networks to integrate metabolic demands, developmental
programs, and environmental cues. In eukaryotes, energy and
resource homeostasis is controlled by a pair of evolutionarily
conserved master kinases. In a simplistic view, TARGET OF
RAPAMYCIN (TOR) activates anabolic metabolism related to
growth and development, whereas yeast Sucrose non-
fermenting 1 (Snf1), mammalian AMP-activated protein ki-
nase (AMPK) and plant Snf1-RELATED PROTEIN KINASE1
(SnRK1) stimulate catabolic and energy-preserving processes
(Baena-González et al., 2007; Hardie, 2015; Crepin and
Rolland, 2019). During Arabidopsis seedling establishment,
TOR positively controls growth by activating the root apical
meristem (Xiong et al., 2013). Due to its catabolic function,
SnRK1 is anticipated to be involved in resource mobilization
in this developmental transition.

Structurally, the SnRK1 complex consists of a catalytic a-
subunit and regulatory b- and c-subunits (Baena-González
and Sheen, 2008; Broeckx et al., 2016; Emanuelle et al., 2016;
Crepin and Rolland, 2019). Analysis of SnRK1 function is
complicated by a combinatorial complexity, as all subunits
are encoded by small gene families and multiple cellular
localizations are described (Blanco et al., 2019). In
Arabidopsis three genes encode catalytic a-subunits,
SnRK1a1 (AKIN10), SnRK1a2 (AKIN11), and SnRK1a3
(AKIN12; Baena-González et al., 2007). SnRK1a3 is hardly
expressed, but SnRK1a1 and SnRK1a2 are essential and par-
tially redundant. Whereas mammalian AMPK directly
responds to cellular changes in AMP/ATP ratios, affecting T-
loop phosphorylation of the catalytic subunit, this mecha-
nism apparently does not function in plants (Emanuelle
et al., 2015).

Accumulating evidence supports the view that glucose
(Glc) sensing may be the ancestral role of the Snf1/SnRK1/
AMPK system (Lin and Hardie, 2017) and in plants sugar-
phosphates, such as glucose-6-P and trehalose-6-P, were pro-
posed as allosteric inhibitors of SnRK1 activity (Nunes et al.,
2013; Zhai et al., 2018). Together with a strong T-loop auto-
phosphorylation activity, these data suggest a plant-specific
SnRK1 regulatory mechanism, which is based on an active
(derepressed) state as default (Crepin and Rolland, 2019).
Moreover, metabolic stress-induced nuclear translocation of
the catalytic a-subunit is proposed to be required for target
gene induction (Ramon et al., 2019). Upon low-energy stress,
the a-subunit is recruited to the chromatin of targeted
genes via transcription factor (TF) adapters, such as BASIC
LEUCINE ZIPPER63 (bZIP63; Pedrotti et al., 2018).

Phospho-proteomic and transcriptomic approaches have
established the massive regulatory impact of SnRK1 by phos-
phorylating metabolic enzymes or signaling molecules, such
as TFs (Nukarinen et al., 2016). SnRK1 is implicated in a
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plethora of developmental processes, from seed maturation
to flowering and senescence, as well as the induction of al-
ternative metabolic pathways to survive low energy-related
stresses. However, only limited data is available on SnRK1
function in seedling development, such as in sucrose-
induced hypocotyl elongation (Simon et al., 2018) or impact
on root growth (Baena-González et al., 2007).

Here, we disclose a crucial function of SnRK1 in
Arabidopsis seedling establishment and particularly resource
mobilization using inducible knockdown of the SnRK1 cata-
lytic a-subunits. Feeding the mutant with glucose largely
restores growth and developmental defects, suggesting a
metabolic block in storage resource mobilization, related to
the absence of active SnRK1. This notion is supported by
quantifying lipid, carbohydrate, and AA contents throughout
seedling establishment. A pivotal role of SnRK1 in AA and
TAG metabolism is further underlined by transcriptome
studies, defining a SnRK1-dependent transcriptional regula-
tion of major metabolic hubs, such as PCK1, cyPPDK, and
PMDH2. With respect to regulation of cyPPDK in fuelling
gluconeogenesis, we identified the TF bZIP63 as a SnRK1 ki-
nase downstream target, directly binding and regulating the
cyPPDK promoter. Taking these findings together, this study
discloses a function of SnRK1 as a central regulator in seed
storage compound breakdown and provides a mechanistic
mode of action.

Results

SnRK1 is essential for Arabidopsis seedling
establishment
To assess SnRK1 function during seedling establishment, we
made use of an inducible loss-of-function approach for the
genes encoding the catalytic SnRK1a1 and SnRK1a2 subu-
nits. As a double mutant is lethal (Baena-González et al.,
2007), we expressed an estradiol (Est)-inducible artificial
microRNA (amiR), targeting SnRK1a2 in a snrk1a1 mutant
background (snrk1a1/a2; Pedrotti et al., 2018). Seeds were
germinated and cultured according to the scheme depicted
in Figure 1A. To mimic natural situations, we started a het-
erotrophic culture in darkness to induce storage compound
breakdown. The etiolated seedlings were shifted to a 12-h/
12-h day/night regime 3 days after germination (DAG) and
the growth phenotype was documented until 7 DAG
(Figure 1A).

To confirm the efficiency of the knockdown approach,
protein levels of SnRK1a1 and SnRK1a2 were assayed during
the time course by immunoblotting (Figure 1B). While pro-
tein levels of both kinase subunits were below the detection
limit in the double mutant, the highest SnRK1a1 and
SnRK1a2 levels were observed in the Columbia-0 (Col-0)
wild-type (WT) 2–3 DAG in darkness. These expression data
propose a potential time frame of SnRK1 function, presum-
ably reflecting limiting resources in the heterotrophic seed-
ling. Quantification of the phenotypes by measuring fresh
weight (Figure 1C) revealed no difference between WT and
the single mutants. In contrast, the snrk1a1/a2 double

mutant was significantly impaired in growth. In addition, we
assessed the impact of SnRK1 on the growth of etiolated
seedlings in a persistent heterotrophic system. Again, fresh
weight of seedlings grown under constant darkness was se-
verely reduced in snrk1a1/a2 (Supplemental Figure S1A).

Although a significant increase in chlorophyll content was
observed in all plants tested after a shift to light, in the dou-
ble mutant this increase was transient and levels declined
again 5 DAG (Figure 1D). To further characterize changes
in the development of the photosynthetic apparatus during
the shift from heterotrophy to autotrophy, we measured
chlorophyll fluorescence (Fv/Fm). In WT, photosynthesis was
fully active already 4–6 h after the shift to light
(Supplemental Figure S1B) and remained constant within
the 7-day time frame of the experiment (Figure 1E). In con-
trast, the chlorophyll fluorescence of the double mutant
only transiently increased upon light exposure and then
continued to decline until 7 DAG. Accordingly, transcript
abundance of GOLDEN-LIKE2 (GLK2), a central transcrip-
tional regulator and marker of chloroplast development
(Waters et al., 2009) was significantly reduced in snrk1a1/a2
in comparison to WT (Figure 1F). Therefore, a substantial
reduction in the expression of SnRK1 catalytic subunits
strongly impaired seedling establishment in darkness as well
as transition to photo-autotrophic growth.

The snrk1a1/a2 loss-of-function phenotype in seed-
ling establishment can be rescued by supplementing
metabolizable sugars
As SnRK1 is proposed to be a master regulator of catabolic
processes, the dramatic growth phenotype might be due to
a pleiotropic impact on numerous metabolic pathways
(Baena-González et al., 2007). As sugar feeding has success-
fully been used to recover mutants in storage resource mo-
bilization (Eastmond, 2006), we reasoned that the
phenotype might be rescued by supplementing specific
metabolites, to determine those compounds which are limit-
ing mutant growth. As depicted in Figure 2A, Glc (3%)
feeding stimulates growth and partially or fully rescues fresh
weight or chlorophyll content, respectively (Figure 2, B
and C). Feeding low Glc concentrations (0.5%) or other sug-
ars such as sucrose (Suc) and galactose (Gal) were found to
rescue chlorophyll content in the mutant (Figure 2D),
whereas the non-metabolizable sugar 3-ortho-methyl-glucose
(3-OMG) or the osmotic control mannitol did not (Cortés
et al., 2003). This is in line with the well-established knowl-
edge that Glc functions as a central carbohydrate in energy
metabolism but additionally performs as a signal in control-
ling gene expression and development (Skylar et al., 2011;
Yu et al., 2013). This is an important finding, as these data
support the view that the snrk1a1/a2 mutant phenotype is
primarily due to mis-regulation of specific catabolic path-
ways in resource mobilization.
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Mobilization of storage compounds such as TAGs or
AAs use canonical pathways to fuel energy
metabolism with Glc through gluconeogenesis
To obtain further insights into the metabolic block(s), we
supplemented the snrk1a1/a2 mutant with metabolites
related to specific pathways such as short-chain FAs,
dicarboxylic acids, or proteogenic AAs, none of which
rescued the chlorophyll content of the mutant
(Supplemental Figure S2, A–C). It needs to be noted, that

although uptake of FAs and functional supplementation
by AAs has been demonstrated in plants (Tjellström
et al., 2015; Pedrotti et al., 2018), the efficiency of these
feeding experiments has not been assessed. Nevertheless,
these findings may suggest that several SnRK1-regulated
catabolic pathways are involved in Glc-dependent energy
metabolism.

To substantiate the phenotypic data, we performed RNA-
sequencing (RNA-seq) of WT and snrk1a1/a2 seedlings after

Figure 1 SnRK1 is required for seedling establishment. A, Schematic representation of the experimental set up. WT (Col-0), snrk1a1, snrk1a2, and
Est inducible snrk1a1/a2 mutant seedlings were aseptically cultivated in liquid-MS medium. After stratification for 3.5 days, seeds were cultivated
at 21�C in darkness for 3 days and subsequently shifted to a 12-h/12-h day/night regime until 7 DAG. Est (10 mM) was added every 3 days to WT
and mutant lines. At the indicated time points, samples were harvested at the end of the night and representative photos were taken. Bar: 20
mm. B, Immunoblot detection of SnRK1a1 and SnRK1a2 in WT and the snrk1a1/a2 mutant at the end of the night. Equal loading was controlled
using immunostaining of ACTIN11. C, D, Quantification of fresh weight (C) or chlorophyll content (D) of seedlings cultured according to the ex-
perimental set up in (A). WT (blue), snrk1a1 and snrk1a2 single mutants (brown) or double mutant (red). E, Photosynthetic efficiency measured
by pulse-amplitude modulated fluorometry for WT and snrk1a1/a2 seedlings, 4 h after onset of light (n = 12). F, Transcript abundance of the
GLK2 marker for chloroplast development (Waters et al., 2009), as measured by qRT-PCR. A–F, Given are mean values of three biological replicates
derived from pools of 25 seedlings ± standard error of the mean (SEM). Significant differences between treatments are designated by different let-
ters (one-way ANOVA with Bonferroni–Holm post hoc test; P 5 0.05). The experiments were repeated three times with similar results.
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Glc feeding (Figure 2A). Feeding occured 3 DAG and samples
were harvested either after 24-h in darkness (4 dD) or light (3
dD 1dL). Although differential gene expression patterns could
be observed between WT and snrk1a1/a2 seedlings
(Supplemental Data Set S1), hierarchical clustering
(Figure 2E) surprisingly displayed rather limited SnRK1-
dependent differences when compared to data from plants
without Glc treatment (Figure 3, A–D). Taken together, phe-
notypic and molecular data support the view that during
early seedling development, SnRK1 primarily acts on the level
of resource mobilization and therefore, we focused on this
aspect.

The snrk1a1/a2 mutant shows a massive
transcriptional deregulation during seedling
establishment
To obtain a deeper insight into SnRK1-dependent processes
during seedling establishment and storage compound mobi-
lization, combined transcriptome and metabolite studies
were performed (Supplemental Data Set S1). In time-course
experiments, transcripts isolated from WT and snrk1a1/a2
mutant seedlings were compared, both during continued
darkness (3 dD–5 dD; Figure 3, A and B) or after shifting
them from darkness (3 dD) to a 12-h/12-h day/night regime
for 1 or 2 additional days (3 dD 1dL, 3 dD 2dL; Figure 3, C

Figure 2 Feeding of metabolizable sugars partially rescues the snrk1a1/a2 mutant phenotype. A, Schematic view of the experimental set up. Glc
(final concentration 3%) was added to the medium after culture of seedlings for 3 dD. Given are representative photos taken at the end of the
night for the time points indicated. Bar: 20 mm. B, C, Determination of fresh weight (B) or chlorophyll content (C) of WT (blue) and snrk1a1/a2
(red) seedlings without sugar or after Glc treatment, respectively (gray or orange) at the time points indicated. D, Quantification of chlorophyll
content 7 DAG. Samples were treated with the indicated sugars on day 3. Given are mean values of three biological replicates derived from a pool
of 25 seedlings each ±SEM. Significant differences between treatments are designated by different letters (one-way ANOVA with Bonferroni–Holm
post hoc test; P 5 0.05). E, Hierarchical clustering of genes displaying differential expression among samples as determined by RNAseq (P 5 0.05,
log2 FC 4 2). Compared are three replicates of Col-0 and snrk1a1/a2 seedlings after Glc treatment 3 DAG relative to the mean of all samples. As
depicted in the scheme, transcriptomes were studied after 4 days in darkness (4 dD) or 3 days in darkness and 1 day in 12-h/12-h day/night regime
(3 dD 1dL), respectively. Given are color-coded log2 FC values of up- (red) or downregulated (blue) genes.
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and D). As depicted in the Venn diagrams (Figure 3A), ap-
proximately 3,000 up- as well as downregulated differential
expressed genes (DEGs; log2 fold change (FC); P4 0.01)
were shared at all analyzed time points in continued dark-
ness. The massive transcriptional regulation observed in the
mutant is in line with previously published data obtained
from leaves (Pedrotti et al., 2018) or overexpression in proto-
plast (Baena-González et al., 2007). Accordingly, these findings
underline the crucial role of SnRK1 in controlling gene ex-
pression in seedling establishment. A detailed cluster analysis
(Figure 3B) revealed an increasing impact of SnRK1 on gene
expression particularly at later time points (4 dD, 5 dD).

As demonstrated in Figure 3C, only small sets of 180 and
102 up- and downregulated SnRK1-dependent genes are
common in etiolated seedlings at 3 DAG and after shifting
to day/night rhythm. This is conceivable, since transition to
the autotrophic lifestyle leads to a massive transcriptional
reprogramming (Xiong et al., 2013; Silva et al., 2016).
Similarly, 254 and 1,233 SnRK1-dependent genes were upre-
gulated specifically at the 3 dD 1dL or 3 dD 2dL time points,
respectively.

These results support the idea that SnRK1 impacts gene
expression both in etiolated seedlings and during photomor-
phogenesis. Importantly, the DEG collections under light
and dark conditions differ considerably. A detailed overview
can be found in Supplemental Data Set S1. DEGs related to
storage compound catabolism were explored further.

SnRK1 is required for mobilization of TAG reserves
during late seedling establishment
To study SnRK1-dependent resource mobilization, we com-
pared transcriptome and metabolic data (Supplemental
Data Set S2) in detailed time-course experiments. Although
classified as an oil-plant, Arabidopsis is not using lipids as a
primary resource, as the overall TAG content did not
change substantially during the first 3 dD. Interestingly, no
differences were observed between WT and the snrk1a1/a2
mutant (Figure 4A). After 3 days, TAG levels decreased rap-
idly in WT, independent of dark or light cultivation. These
findings indicated that Arabidopsis is financing early growth
of etiolated seedling by other resources, which are later
replaced by TAGs. Interestingly, TAG breakdown requires

Figure 3 Transcriptome analyses comparing WT and the snrk1a1/a2 mutant during seedling establishment. A–D, RNAseq time-course experi-
ments comparing WT (Col-0) and snrk1a1/a2 seedlings during darkness (3 dD, 4 dD, 5 dD) (A and B) or after shift to 12-h/12-h day/night regime
on day 3 (3 dD 1dL, 3 dD 2dL) (C and D). Up- and downregulated DEGs (P 5 0.01, log2 FC 4 2) are presented by Venn diagrams (A and C) or
color-coded hierarchical clustering of three biological replicates displaying differential expression among samples (B and D).
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SnRK1 as the snrk1a1/a2 mutant retained substantially
higher TAG levels even 7 DAG.

Besides total TAG measurements, a detailed analysis of spe-
cific TAGs revealed an enrichment of highly unsaturated FA
with 52–54 carbon-atoms (Supplemental Figure S3A). The
metabolic data were correlated with transcriptome data pro-
vided by a MapMan representation (Schwacke et al., 2019;
Supplemental Figure S3B). Gene expression particularly related
to TAG and FA biosynthesis was downregulated in the
snrk1a1/a2 mutant, which may be indirectly regulated by the
high amounts of remaining TAGs. As summarized in the met-
abolic overview in Figure 5, only limited DEGs related to
TAG breakdown were transcriptionally downregulated in a
SnRK1-dependent manner, more specifically ACYL-COA

OXIDASE (ACX4) and PMDH2 both in darkness and light and
PCK1 only in darkness. Interestingly, most genes related to
TAG mobilization, b-oxidation, glyoxylate cycle, or gluconeo-
genesis showed minor or no SnRK1-dependent transcription
(Figure 5; Supplemental Data Set S1), supporting a preferen-
tially nontranscriptional control of TAG catabolism.

Sucrose fuels early seedling establishment
independently of SnRK1
Next, we assayed carbohydrates, which may serve as an al-
ternative storage resource. Consistent with published data,
Arabidopsis seeds do not store starch but instead a substan-
tial amount of Suc, which has been described as a primary
resource (Footitt et al., 2002). We therefore measured

Figure 4 SnRK1-dependent mobilization of seed storage compounds during seedling establishment. A and B, Analysis of total TAG (A) and the to-
tal content of determined sugars (B) of dry seeds (ds) and seedlings up to 7 DAG. Compared are WT (Col-0) in constant darkness (dark blue) or 3
dD followed by 12-h/12-h day/night regime (light blue) or the respective snrk1a1/a2 mutant in red and orange. C, Detailed display of sugars sum-
marized in (B) as depicted by the color code. Cultivation in light (upper panel) or constant darkness (lower panel) as well as timelines are pro-
vided. D, Major SSPs of WT and snrk1a1/a2 dry seeds (ds) or seedlings displayed by SDS–PAGE and Coomassie staining during culture in constant
darkness. Time points are indicated. E, Total AA content of ds and seedlings up to 7 DAG. Compared are WT (Col-0) in darkness (dark blue) or 3
dD followed by 12-h/12-h day/night regime (light blue) or the respective snrk1a1/a2 mutant (red and orange). A–C, and E, Given are mean values
of three biological replicates harvested at the end of night derived from 25 seedlings ±SEM. Significant differences between treatments are desig-
nated by different letters (one-way ANOVA with Bonferroni–Holm post hoc test; P 5 0.05).
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changes in total and specific soluble sugar levels (Figure 4,
B and C). During the first 3 dD, Suc levels declined in WT
and the snrk1a1/a2 mutant in a comparable manner, sug-
gesting a SnRK1-independent control of Suc usage during
etiolated seedling. Although Glc and Fructose (Fru) should
be derived from the cleavage of Suc, only Glc was found in
substantial amounts, increasing steadily until 3 DAG and
staying constant in WT and snrk1a1/a2 mutant until 5
DAG. Consistent with the transcriptome data, no impact of
SnRK1 on this carbohydrate metabolism was observed. In
contrast to these early time points, Glc levels in the
snrk1a1/a2 mutant are completely exhausted in the
snrk1a1/a2 mutant at 7 DAG, which correlates with impair-
ment in growth. This sudden drop in Glc levels in the
snrk1a1/a2 mutant may be due to the lack of Glc derived
from other resources such as TAGs or AAs. Interestingly, the
WT and snrk1a1/a2 mutant maintained low levels of Glc in
the darkness, as they are not investing in photomorphogen-
esis. However, Suc was found to be limited in the snrk1a1/
a2 mutant in comparison to WT. Taken together, probably
via its conversion into Glc, Suc supports early etiolated

seedling growth largely independently of SnRK1.
Accordingly, almost no changes in carbohydrate-related
gene expression were observed (Supplemental Data Set S1).

SnRK1 severely impacts AA metabolism during
seedling establishment
During early seedling development, AAs are derived from
degradation of storage proteins. As depicted in the protein
gel in Figure 4D, degradation of storage proteins was initi-
ated in WT plants 1–3 DAG but was significantly delayed in
the snrk1a1/a2 mutant, particularly visible for globulins. This
finding was also reflected in total AA levels in the snrk1a1/
a2 mutant at 3DAG (Figure 4E). In contrast to a limited de-
crease of total AA levels in constant darkness, AA concen-
tration significantly increased in light, presumably due to
light-driven biosynthesis. However, during the analyzed time
course, total AA levels significantly declined in the snrk1a1/
a2 mutant, both in constant darkness and day/night regime.
A detailed view of individual AA pools is provided in
Supplemental Figure S4, A and B. Due to storage protein
degradation, most of the AAs were measured in substantial

Figure 5 Schematic overview of SnRK1-dependent differentially expressed genes related to storage compound mobilization. TAG degradation, b-
oxidation, glyoxylate cycle, TCA cycle, glycolysis, gluconeogenesis, and AA catabolism are depicted. The log2 FC of genes selected from the
RNAseq dataset (Supplementary Table S1) are color-coded: down- (blue), up- (red) nonregulated (P 5 0.05; white) in snrk1a1/a2 mutant in com-
parison to WT. Time points after 3D, 4D, 5D and after shift to 12-h/12-h day/night regime for 4–5 days (3 dD 1dL, 3 dD 2dL) were analyzed.
AcCoA, acetyl-coenzyme A; OA, oxaloacetate; Su, succinate; Mal, malate; Py, pyruvate; P, phosphate; ATP/ADP/AMP, adenosintri-/di-/monophos-
phate; Ala, alanine; Cys, cysteine; Ser, serine; Thr, threonine; Trp, tryptophan; Leu, leucine; Ile, isoleucine; Val, valine; gene names are mentioned in
the text.
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amounts 2–3 DAG, both in WT and snrk1a1/a2 mutant.
Strikingly, Gln and Asn levels, which are important transport
forms of nitrogen and carbon (Lam et al., 2003) significantly
increased after the shift to light and strongly decreased in
snrk1a1/a2 mutant up to day 7 (Supplemental Figure S4).
This is also the case in continued darkness, but at a lower
level. The high levels of particular AAs cannot be derived
from catabolic storage protein breakdown, but presumably
are due to biosynthesis in the light. A MapMan representa-
tion of transcription of genes related to AA metabolism
demonstrates a massive downregulation of genes in the
snrk1a1/a2 mutant, both in AA biosynthesis and catabolism
related to most of the AAs (Supplemental Figure S5). Taken
together, these results suggest that SnRK1 has a profound
impact on AA metabolism during seedling establishment.

SnRK1 controls key catabolic genes facilitating
resource mobilization
As we were aiming to elucidate the impact of SnRK1 on
transcriptional control during storage compound mobiliza-
tion, we analyzed the RNA-seq data comparing WT and
snrk1a1/a2 seedlings. Figure 5 summarizes the correspond-
ing SnRK1-dependent genes. Whereas genes in TAG-
mobilization (e.g. SDP1), glyoxylate cycle (e.g. CITRATE
SYNTHASE1/2), gluconeogenesis and the tricarboxylic acid
cycle (TCA), showed generally no or only marginal SnRK1-
dependent changes in transcript levels, distinct genes such
as ACX4 and PMDH2 involved in b-oxidation displayed
strong differences, both in darkness and light. PCK1, which
encodes an important metabolic hub for channeling FA-
derived dicarboxylic acids into gluconeogenesis, was tran-
scriptionally downregulated during late mutant develop-
ment in darkness (5 dD).

In line with the metabolic analyses, SnRK1 was found to be
involved in transcriptional control of AA catabolism. Genes
such as BRANCHED CHAIN AMINO ACID TRANSAMINASE2
(BCAT2) or METHYLCROTONYL-COA CARBOXYLASE
SUBUNIT A/B (MCCA/B) were strongly downregulated in
snrk1a1/a2. The encoded enzymes are involved in Branched
Chain Amino Acid (BCAA) catabolism providing Ac-CoA for
the TCA cycle and electrons for mitochondrial ATP genera-
tion (Ishizaki et al., 2006; Xing and Last, 2017; Pedrotti et al.,
2018). Most strikingly, transcription of cyPPDK, encoding an
essential metabolic hub for feeding AA-derived pyruvate into
gluconeogenesis, relies on SnRK1, both in darkness and light.
Indeed, a crucial additive function of PCK1 and cyPPDK in
Arabidopsis seedling establishment has recently been demon-
strated by a mutant approach (Eastmond et al., 2015) and
could be confirmed in our hands (Supplemental Figure S6).
Hence, these genes provide ideal models for studying SnRK1-
dependent transcriptional control.

The TF bZIP63 controls cyPPDK transcription
downstream of SnRK1
Aiming at characterizing SnRK1 downstream TFs regulating
the cyPPDK promoter during seedling establishment, we

assayed the RNA-seq data sets for similar transcriptional
profiles. As BCAA catabolic genes, such as MCCA, have been
demonstrated to be controlled by bZIP63 during dark-
induced starvation (Pedrotti et al., 2018), we hypothesized a
similar regulation for cyPPDK in seedling establishment.
Interestingly, transcriptome and reverse transcription quanti-
tative PCR (RT-qPCR) studies confirmed that bZIP63, MCCA,
cyPPDK, and PMDH2 (Figure 6A) display a highly related
transcriptional response. They were strongly induced upon
the shift to light, whereas Glc feeding or absence of SnRK1
completely impaired inducibility. This coordinated expres-
sion supports a similar regulation of these genes.

To further support that bZIP63 is involved in controlling
transcription of metabolic hubs, a bZIP63 knockout mutant
displayed significantly reduced cyPPDK and MCCA transcript
abundance, both 3 DAG in continued darkness and 6 DAG
in day/night regime (Figure 6B).

It has been demonstrated that bZIP63 is directly phos-
phorylated by the SnRK1 kinase in vivo, thereby stimulating
heterodimerization with group S1 bZIP TFs (Mair et al.,
2015). Because of the well-known redundancy between the
nine members of the C/S1 bZIP network (Dröge-Laser and
Weiste, 2018), we also analyzed higher-order bZIP mutants.
The quadruple bzip1/53/9/63 mutant harbors T-DNA inser-
tions in two C and S1 bZIP genes each (Dietrich et al., 2011).
Accordingly, this mutant displayed strongly reduced cyPPDK
induction (Figure 6B). This finding suggests that several
bZIP factors of the C/S1 bZIP heterodimerization network
impact cyPPDK transcription. In contrast, PCK1 differs con-
siderably in its expression pattern (Supplemental Figure
S7A) and PMDH2 and PCK1 transcript abundance does not
dependent on C/S1 bZIPs as demonstrated by mutant analy-
ses (Figure 6B; Supplemental Figure S7B). We therefore pro-
pose an independent gene regulatory mechanism for these
important hubs in TAG mobilization.

To further support bZIP63 as a transcriptional regulator of
cyPPDK, we performed gain-of-function experiments using a
bZIP63 overexpressing line (bZIP63-OE) driven by the 35S
promoter and an Est-inducible bZIP63 line (bZIP63-XVE).
Analyzing 6-day-old seedlings, transcript abundance of
bZIP63 and cyPPDK target genes showed a clear correlation
(Supplemental Figure S7C).

The cyPPDK promoter is directly targeted by bZIP63
To study the functional interaction of SnRK1 and bZIP63,
we applied transient expression in leaf mesophyll proto-
plasts (Figure 7A). While bZIP63 expression alone showed
only a minor activation of the cyPPDK promoter-driven
GUS reporter, SnRK1a1 co-expression significantly in-
creased reporter activation in a synergistic fashion, indi-
cating co-operation of bZIP63 and SnRK1.

Based on previous results, SnRK1 activity drives bZIP het-
erodimerization and consequently target gene activation.
We therefore assayed nuclear SnRK1 activity using a recently
developed in vivo reporter system (Deroover et al., 2016;
Sanagi et al., 2021). Seedlings expressing an evolutionary
conserved SnRK1/SnF1/AMPK target peptide (rat ACC,
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ACETYL-COA CARBOXYLASE) fused to an N-terminal nu-
clear localization signal and C-terminal GFP and double HA-
tags were analysed for phosphorylation of the ACC peptide
using commercial P-ACC antibodies. Quantification reveals
an increase in nuclear SnRK1 activity between 3 and 4 DAG,
both in darkness and light. Hence, SnRK1 protein levels
(Figure 1B) and kinase activity (Figure 7B) are consistent
with target gene activation.

TFs controlling cyPPDK transcription have not been de-
fined to date. The protoplast system is very well suited to

map functional promoter domains. Based on the binding of
bZIP63 to G/C-Box (CACGTG/C)-related cis-elements (Kang
et al., 2010; Kirchler et al., 2010) eight potential binding sites
with an ACGT core were identified in the cyPPDK promoter.
After mutagenesis, these promoters were assayed in proto-
plasts (Figure 7C).

While mutations in boxes 1 and 5 did not affect the re-
sponsiveness to bZIP63 and SnRK1 co-expression, activa-
tion was strongly reduced upon mutation in boxes 2, 3,
and 6. However, particularly mutations in the boxes 4, 7,
and 8 fully impaired effector response. In addition, we
performed chromatin Immunoprecipitation coupled to
PCR (ChIP-PCR) to study in vivo TF promoter binding in
bzip63 seedlings complemented with a genomic yellow
fluorescent protein (YFP)-tagged bZIP63 under control of
its own promoter (Figure 7D; Mair et al., 2015). In line
with the cis-element mapping approach in protoplasts,
strong direct binding to the box 4 region of the cyPPDK
promoter was observed.

In summary, these data provide a mechanistic view of
how SnRK1 performs in controlling storage compound mo-
bilization in part through transcriptional reprogramming. As
a prototypical example, we demonstrate that SnRK1, via
phosphorylation of bZIP63, controls expression of cyPPDK, a
central metabolic hub for fuelling gluconeogenesis due to
AA catabolism (Eastmond et al., 2015).

Discussion
Seedling establishment is a critical stage in the plant’s life cy-
cle characterized by highly regulated phase transitions.
Sugars, such as Glc, are crucial, both as an energy resource
and as signals of metabolic status (Li and Sheen, 2016). In
plants, TOR, SnRK1, and HEXOKINASE1 (HXK1) have been
identified as major Glc/energy sensing/response systems. For
example, upon transition to photoautotrophy, cotyledon-
derived Glc has been demonstrated to control root meriste-
matic growth via TOR signaling in a HXK1-independent
manner (Xiong et al., 2013).

SnRK1 acts as a central regulator in Arabidopsis
storage compound mobilization
Here, we unravel a previously undescribed function of
SnRK1 in Arabidopsis seedling establishment, particularly or-
chestrating TAG and AA resource mobilization during het-
erotrophic establishment and the transition to an
autotrophic phase (Figure 8). The use of an inducible dou-
ble knockdown approach, addressing redundancy and lethal-
ity issues, demonstrated that SnRK1 is required for overall
seedling growth and establishment of the photosynthetic
apparatus. In line with the previous transcriptome studies in
protoplasts (Baena-González et al., 2007) and adult plants
(Pedrotti et al., 2018), we observed a massive SnRK1-
dependent transcriptional regulation during seedling estab-
lishment. Distinct sets of SnRK1-dependent DEGs were
found in constant darkness and upon the shift to light.
Although these data highlight the plethora of functions

Figure 6 The TF bZIP63 regulates cyPPDK transcription. A and B,
Transcript abundance of the genes indicated measured by qRT-PCR.
A, WT (Col-0, blue) and snrk1a1/a2 seedlings (red) without or with
addition of Glc (gray or orange) were compared 3 DAG in darkness or
after shift to 12 h/12 h day/night regime for the time points indicated.
B, Relative transcript abundance in WT (WS, red) and bzip63 (orange)
knockout mutants and WT (Col-0, blue) and a quadruple bzip1/53/9/
63 mutant (green) determined after 3 dD and 6 days (3 dD, 3 days 12-
h/12-h day/night regime). Given are mean values ±SEM of three biologi-
cal replicates derived from 15 seedlings relative to WT 3DAG.
Significant differences between treatments are designated by letters
(one-way ANOVA with Bonferoni–Holm post hoc test; P 5 0.05).
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performed by SnRK1, feeding with Glc and other metaboliz-
able sugars largely restored defects in mutant growth,
chloroplast development, and gene expression. Sugars such
as 3-OMG, which are no respiratory substrate and do not
contribute to biosynthesis of Glc (Cortés et al., 2003), do
not support mutant growth and development. These find-
ings strongly suggest a distinct SnRK1 function in storage re-
source mobilization. In consequence, a substantial part of
the differential gene expression and the observed phenotypi-
cal alterations are probably due to limitations in Glc and/or
other metabolic resource. It needs to be emphasized that
SnRK1 also controls processes beyond the use of storage
resources, as revealed by RNAseq experiments after Glc
treatment. Moreover, SnRK1-dependent developmental
aspects such as hypocotyl elongation or auxin responses re-
quire further analyses.

SnRK1 controls TAG degradation on post-
transcriptional level and via transcription of hub
genes
As an oil-storing plant, Arabidopsis seedling development was
proposed to be preferentially fuelled by TAGs (Li-Beisson
et al., 2013). Unexpectedly, the TAG content remained con-
stant within the first 3 DAG, but rapidly declined during late
seedling development indicating the use of other storage
compounds as primary resources. In contrast to published
results on TAG mobilization (Gommers and Monte, 2017),
our data showed only limited dependency on light but a
clear one on SnRK1 function. Protein levels of the catalytic a-
subunits as well as kinase activity peaked around 3 DAG,
which is preceding the SnRK1-dependent TAG decrease.
Whether enzymes involved in TAG degradation are regulated
by SnRK1-mediated phosphorylation is currently unknown.

Figure 7 SnRK1 and bZIP63 synergistically control cyPPDK, which is a direct target of bZIP63. A, Interplay of SnRK1 and bZIP63 in gene regulation.
Leaf mesophyll protoplast transfection assays expressing a ProcyPPDK:GUS reporter (white) and the effectors bZIP63 (blue), SnRK1a1 (yellow) or
both (green). Pro35S:GUS acts as a positive control. Given are mean values ±SEM of three biological replicates. The experiment was repeated with
similar results. B, Nuclear SnRK1kinase activity was determined from seedlings, harvested in the subjective morning in darkness (D2, D3, D4) or 8
h after shift to light (3 D 8hL). Seedlings express a kinase reporter consisting of nuclear localized ACC target peptide fused to GFP and a double
HA-tag (Sanagi et al., 2021). ACC-specific phosphorylation was determined relative to the HA-signal using immuneblotting. Given are mean values
and SD of three independent experiments. Student’s t test *P 5 0.05, **P 5 0.01, ***P 5 0.001. C, In vivo mapping of potential G-box related bind-
ing sites harboring an ACGT core. Non-mutagenized ProcyPPDK:GUS reporter and constructs harboring mutations in the Boxes 1–8 (D) were
studied in protoplasts without (white) or after co-expression of bZIP63 and SnRK1a1. Given are mean values (±SEM) of three biological replicates.
Induction values are calculated relative to the nonmutagenized reporter as previously described (Ehlert et al., 2006). D and E, ChIPPCR assay to
study in vivo binding of bZIP63:YFP expressed in 3-day-old bzip63 seedlings (blue) in comparison to WT (WS, white) using a YFP specific antibody.
Due do the close vicinity of some Boxes, the assay cannot discriminate between all neighboring cis-elements. Primer pairs are depicted in the
scheme in (D). Given is relative enrichment as mean values ±SEM of three seedling pools (E). Significant differences between treatments are desig-
nated by letters (one-way ANOVA with Bonferoni–Holm post hoc test; P 5 0.05).
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Focused studies on enzymes, selected based on our metabo-
lite and transcriptome profiling, as well as unbiased phospho-
proteomic approaches may shed light on this topic. Taken
together, late TAG breakdown is clearly SnRK1-dependent
and post-translational SnRK1-control of enzymatic activity is
very likely.

As our study is focusing on transcriptional regulation, we
studied genes in TAG catabolism, particularly controlled by
SnRK1. Interestingly, most of the b-oxidation, glyoxylate cy-
cle, or gluconeogenesis genes are hardly/not regulated by
SnRK1. Striking exceptions are PMDH2, encoding an enzyme
for regeneration of NAD + to support b-oxidation and PCK1,
encoding a single, crucial enzyme that facilitates entry of
TAG-derived dicarboxylic acids into gluconeogenesis. Hence,
instead of coordinated regulation of whole metabolic path-
ways, our data support a conceptual alternative, namely the
regulation of genes encoding crucial bottleneck enzymes.

Sucrose catabolism fuels early seedling
establishment in a SnRK1-independent manner
As an unexpected result, substantial amounts of Suc (300
ng/seed) instead of TAGs act as a primary resource fuelling
seedling growth during the first DAG. As Fru levels remained
low throughout seedling development, it can be assumed
that after cleavage of Suc, Fru is rapidly converted into Glc.
A coordinated decline of Suc and increase of Glc was ob-
served within 3 DAG, leading to a constant Glc level in WT.
Regarding the molar Glc content, a substantial part of the
hexoses is used for respiratory purposes.

Suc/Glc ratios have been proposed to function as an im-
portant cue to control phase transitions in plants, such as in
embryogenesis (Radchuk et al., 2010; Yu et al., 2013). Here,
the decline in Suc availability , the abundance of the SnRK1
a-subunits, increase in SnRK1 activity, and the onset of
SnRK1 responses correlate in time. It is therefore tempting
to propose that sugar signaling controls SnRK1 function in
orchestrating seedling establishment. These findings are in
line with the nexus model (Figueroa and Lunn, 2016), pro-
posing that trehalose 6-phosphate (T6P) provides informa-
tion on and controls plant Suc availability. Inhibition of
SnRK1 by T6P (Nunes et al., 2013; Figueroa and Lunn, 2016;
Zhai et al., 2018) provides a mechanistic mode of action for
the metabolic control of SnRK1 activity.

Strikingly, until 5 DAG in light, no impact of SnRK1 on
carbohydrate levels was observed, supporting a SnRK1-
independent carbohydrate catabolism during early seedling
establishment. Along this line, only minor transcriptional
regulation of carbohydrate-related metabolic pathways was
observed. In the mutant, Glc levels rapidly dropped 6–7
DAG, presumably due to the impaired SnRK1-dependent
TAG and AA catabolic activity. In this phase, Glc acts as a
central metabolic compound as its depletion results in
growth arrest and finally death. In contrast, Glc feeding
largely restores growth and chloroplast development.

SnRK1 orchestrates AA-derived energy metabolism,
fuels gluconeogenesis, and facilitates N-mobilization
via activation of asparagine biosynthesis
Immediately after germination, the overall AA content
increases due to SSP degradation. After reaching a maximum
3 DAG, AA content slightly decreased in darkness, presum-
ably due to catabolic use to fuel energy demands. In con-
trast, light conditions lead to a significant increase in overall
AA content due to biosynthesis. Deficiency in SnRK1 inter-
fered with all these processes, leading to retarded SSP degra-
dation and decreased AA levels. Particularly in light, altered
AA levels and gene expression related to AA biosynthesis
and catabolism were observed. Strikingly, the high levels of
Asn and Gln cannot simply be explained by SSP degradation
but are rather caused by de novo biosynthesis. Due to their
favorable C/N ratios, they facilitate N-transport to sinks
(Lam et al., 2003). Accordingly, important genes such as
ASPARAGINE SYNTHETASE1 (ASN1), a well-known SnRK1
target (Baena-González et al., 2007), is transcriptionally
downregulated in the mutant. In line with the previous

Figure 8 Working model describing the impact of SnRK1 on storage
compound mobilization in Arabidopsis seedlings. For details see text.
Py, pyruvate; P, phosphate.
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findings in adult plants (Mair et al., 2015; Pedrotti et al.,
2018), transcription of BCAA and Pro catabolic genes
(BCAT2, MCCA/B, ProDH) is found to be SnRK1-dependent
during seedling establishment. Indeed, the use of BCAAs as
a respiratory source is particular advantageous due to its
high ATP yield of 29–32 ATP/AA (Hildebrandt et al., 2015).
As demonstrated in adult plants, snrk1a1/a2 mutant studies
confirm that the TF bZIP63 is required for BCAA catabolic
gene induction during seedling establishment.

SnRK1 controls gluconeogenesis, crucial for seedling
establishment, via bZIP63-mediated transcriptional
activation of cyPPDK
In contrast to animals and yeast, which make use of
PYRUVATE CARBOXYLASE (PC) and
PHOSPHOENOLPYRUVATE-CARBOXYKINASE (PEPCK,
encoded by PCK genes) to fuel gluconeogenesis, plants make
use of cyPPDK as an essential hub in seedling establishment
(Eastmond et al., 2015). Several lines of evidence, based on
loss- and gain-of-function experiments, promoter cis-
element mapping, and ChIP-PCR, confirmed direct binding
and synergistic regulation of the cyPPDK promoter by
SnRK1 and its downstream TF bZIP63. Interestingly,
snrk1a1/a2 mutant analyses confirmed that bZIP63 does
not control hub genes in TAG-catabolism (such as PMDH2
and PCK1) and hence specifically coordinates AA catabolism
to support gluconeogenesis.

In humans, PCK is also controlled at the transcriptional
level, integrating multiple hormonal and nutritional cues for
hepatic gluconeogenesis (Jitrapakdee, 2012; Zhang et al.,
2019). Although the human SnRK1 ortholog AMPK has
been implicated in these processes, a mechanistic link to
transcription is not well-established. Moreover, a highly
complex array of binding sites and cognate TFs has been im-
plicated in human PCK-gene regulation. Therefore, additional
transcriptional regulators may support bZIP63 in controlling
this essential hub gene.

SnRK1 controls bZIP63 via two independent mechanisms
(Figure 8). First, the expression of bZIP63 during seedling es-
tablishment is repressed by sugars. Extending previous stud-
ies, which excluded participation of the Glc sensor HXK1 in
regulation of bZIP63 (Matiolli et al., 2011), our data demon-
strate a SnRK1-dependent transcriptional activation via a
yet unknown TF. Second, bZIP63 is activated post-
translationally by SnRK1 phosphorylation. Mair et al. (2015)
identified three SnRK1-dependent in vivo Ser phosphoryla-
tion sites in the bZIP63 protein and demonstrated their
functional relevance in planta. Indeed, bZIP63 phosphoryla-
tion results in induced heterodimerization with group S1

bZIP factors, which is required for target gene activation. For
genes related to BCAA catabolism, stimulus-induced forma-
tion of a ternary SnRK1a1-C/S1-bZIP complex, involved in
chromatin remodeling and subsequent gene activation, has
been proposed (Weiste and Dröge-Laser, 2014; Mair et al.,
2015; Pedrotti et al., 2018). As observed for other C/S1-bZIP
target genes, bzip63 knockout only partially reduces cyPPDK

transcription, presumably due to redundancy of the nine C/
S1 bZIP members (Dröge-Laser and Weiste, 2018). Along this
line, a quadruple C/S1-bZIP mutant displays a strong impair-
ment in cyPPDK transcript abundance. Several group C
and some S1-members (bZIP1, 2, 11, 44) have been ob-
served to be expressed during seedling establishment
(Silva et al., 2016). Hence, identification of bZIP63 heter-
odimerization partner(s) in the in vivo context is experi-
mentally challenging.

Taken together, SnRK1 performs as a master kinase in
seedling establishment orchestrating metabolism and devel-
opment. With respect to seed storage compound mobiliza-
tion, it exploits transcriptional regulation of hub genes, such
as cyPPDK in gluconeogenesis, and presumably post-
transcriptional mechanisms, such as control of enzyme activ-
ity (Figure 8). In the Arabidopsis model, SnRK1 orchestrates
mobilization of TAG and AA reserves. As the composition
of storage compounds differs considerably between plant
species, pronounced differences in regulation can be antici-
pated. Comparative studies in appropriate model plants are
therefore required to disclose conservation or species-
specific differences (Lu et al., 2007). As storage compound
mobilization significantly impacts seedling vigor and crop
yield (Gommers and Monte, 2017), understanding these reg-
ulatory circuits will be instrumental for future crop
improvement.

Materials and methods

Plant material
Arabidopsis thaliana ecotypes Columbia (Col-0) or
Wassilewskija (Ws) were used as WT controls in this study.
The latter was used in studies employing the bzip63 knock-
out (ecotype Ws). The bzip63 (At5g28770) knockout was
complemented with a genomic bZIP63 fragment harboring a
C-terminal YFP translational fusion (Mair et al., 2015). The
quadruple bZIP T-DNA insertion line (bZIP1/9/53/63) com-
bines bzip1 and bzip9 knockout with bzip53 and bzip63
knockdown mutations (Dietrich et al., 2011). Generation of
XVE-bZIP63 was performed according to Weiste and Dröge-
Laser (2014). The overexpression line bZIP63-OE is described
in Weltmeier et al. (2009). The T-DNA-insertion mutants
snrk1a1-3 (GABI KAT GABI_579E09) and snrk1a2 were pre-
viously published (Baena-González et al., 2007; Mair et al.,
2015). An Est-inducible snrk1a1/a2 double knockdown line
was obtained by expression of an amiRNA targeting
SnRK1a2 in a snrk1a1-3 mutant background (Pedrotti et al.,
2018).

Plant growth conditions
Seed germination and seedling establishment were ana-
lyzed in a liquid culture system in 24-well plates (Sarstedt,
Germany) filled with Murashige and Skoog medium
(Skoog et al., 1962) without sugar. WT and mutant seeds
were sterilized with chlorine gas and stratified at 4�C for
3–4 days. After a short white light pulse during seedling
transfer (10 min) culture was continued in a growth
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incubator (Binder, OSRAML30W/865, Lumilux, cool day-
light) for 3 dD (21�C, 60% humidity). Afterward plants
were shifted to a 12-h light (22�C, 120 mmol m–2s–1)/12-h
dark (20�C) photoperiod. Samples for determining fresh
weight and chlorophyll were harvested immediately after
the night phase. Cultivation on soil was performed under
similar conditions. Est (10 mM) was added every 3 days as
depicted in Figure 1A.

Molecular cloning
Standard DNA cloning techniques were performed as previ-
ously described (Sambrook et al., 1989). The ProcyPPDK:GUS
(At4g15530) reporter construct used in the transient proto-
plast transactivation assays was generated by PCR amplifying
of a 1,299-bp promoter sequence from Arabidopsis WT geno-
mic DNA using the primers listed in Supplemental Table S1.
Making use of the attached restriction sites (HindIII, NcoI),
the promoter fragment was inserted into the reporter plas-
mid pBT10-GUS (B. Weisshaar, Bielefeld, Germany). For site-
directed mutagenesis, G-Box cis-elements were mutagenized
using the Quick-Change site-directed mutagenesis kit
(Stratagene, Amsterdam, Netherlands) following the manufac-
turer’s manual. Primers are listed in Supplemental Table S1.

Plant RNA preparation, RT-qPCR, and RNA-seq
Total plant RNA was prepared from 25 seedlings using an
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Quantification of transcript abun-
dance by RT-qPCR was performed using a SYBR green-based
detection previously described in Dietrich et al. (2011). Data
were obtained from three biological replicates derived from
pools of 25 seedlings and normalized to RRN26
(AtMG00020). All RT-qPCR experiments were repeated at
least three times. Oligonucleotide primers are summarized
in Supplemental Table S1.

For RNA-seq, 300 ng of total RNA derived from three bio-
logical replicates was used for library preparation. Applying
Sera-Mag Magnetic Oligo(dT) Particles (Thermo Fisher
Scientific, Germany), mRNA was isolated and the cDNA li-
brary was prepared using the NEB Next mRNA Library Prep
Master Mix Set for Illumina (New England Biolabs, MA,
USA) in combination with NEB Next Multiplex Oligos for
Illumina (New England Biolabs, MA, USA). RNA quality and
fragmentation were checked using an Experion RNA High-
Sens Analysis Kit (Bio-Rad, CA, USA). During library prepara-
tion, products were isolated applying a QIAquick PCR purifi-
cation kit (Qiagen, Hilden, Germany). For sequencing, six
libraries were pooled for each lane of the Illumina Chip.
High-throughput sequencing was performed on an Illumina
GAIIx platform following the manufacturer’s instructions.
Quality control of the sequencing data was done using
fastQC (http://www. bioinformatics.bbsrc.ac.uk/projects/
fastqc/). Mapping of the reads was performed using STAR
(Lawrence et al., 2009) onto the Arabidopsis genome release
TAIR10. The resulting files were then analyzed applying
featureCounts (Liao et al., 2014). For DEG analysis, R was
used. Only genes with a P-adjust5 0.05 (“BH” correction

according to Benjamini and Hochberg) were used for further
analysis. For gene ontology (GO) enrichment analysis (Jiao
et al., 2012). R (DEseq2 package was used to obtain the list
of genes commonly regulated by SnRK1.

SnRK1 kinase assay, SDS–PAGE, and immunoblot
The SnRK1 kinase in vivo reporter assays have been de-
scribed in (Sanagi et al., 2021). Sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) (12%),
Coomassie staining for detection of SSPs and immunoblots
were previously described (Weiste and Dröge-Laser, 2014).
For immune-detection primary polyclonal rabbit-antibodies
against SnRK1a1 (1:500 dilution; AS10 919, Agrisera AB,
Sweden) or SnRK1a2 (1:1,000 dilution; AS10920, Agrisera
AB, Sweden) were used. Moreover, a polyclonal a-ACTIN11
(At3g12110) from mouse (1:1,000 dilution; Agrisera AB,
Sweden) and a secondary anti-rabbit antibody (1:10,000 dilu-
tion; GE Healthcare) were applied.

Chromatin immunoprecipitation coupled to PCR
For ChIP-PCR, approximately 300 7-day-old seedlings grown
on solidified (9 g/L phytoagar) murashige-skoog (MS) me-
dium were harvested after cultivation in darkness for 3 days.
WT and a bzip63 complementation line harboring a geno-
mic bZIP63 fragment with a translational C-terminal YFP fu-
sion (Mair et al., 2015) were compared. ChIP-PCR was
performed as previously described (Weiste and Dröge-Laser,
2014). The data are derived from three biological replicates.

Protoplast isolation and transformation
Protoplast transfection assays were performed according to
Yoo et al. (2007) with modifications as described in (Ehlert
et al., 2006). b-glucuronidase (GUS) enzyme assays were per-
formed after 16 h of incubation in light (110 mmols–1m–2).
Effector plasmids are given in (Pedrotti et al., 2018).

Determination of chlorophyll content and
photochemical efficiency
Twenty-five seeds were frozen in liquid nitrogen, pulverized
using a MixerMill (MM400; Retsch) and chlorophyll was
extracted with 750 mL of methanol. After incubation at
60�C for 30 min and at room temperature for 10 min, the
supernatant was clarified by centrifugation in a bench-top
centrifuge and absorption of a 1:10 dilution was measured
at 650 and 665 nm in a spectrophotometer. Total chloro-
phyll content was calculated using the formula: A650 �
0.025 + A665 � 0.005 1=4 = mg total chl/mL extract (Porra
et al., 1989).

Photochemical efficiency was examined using a plant effi-
ciency analyzer (M-Series MAXI-Version, Walz, Effeltrich,
Germany) according to the manufacturer’s manual.

Metabolite measurements
For metabolite analysis, three biological replicates were used.
Experiments were repeated 2–3 times with similar results.
All solvents were at least HPLC grade and were purchased
from Biosolve (Valkenswaard, Netherlands). Seeds/seedlings
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(n = 25, pooled from one plate) were shock-frozen in liquid
nitrogen and extracted for TAG measurements with 2 �
500 mL of chloroform/methanol (2:1, v/v) using a ball mill at
21 Hz for 10 min (Retsch, Haan, Germany). About 0.24 mg
of tridecanoyl-TAG (TG30:0 and TG51:0; Larodan, Solna,
Sweden) as internal standard (IS) were added. After centrifu-
gation, the organic phase was evaporated in a vacuum con-
centrator at 40�C. The residue was resuspended in 100 mL
isopropanol and analyzed as described (Mueller et al., 2015).

For sugar and AA measurements, plant material was
extracted in 50 ml water/acetonitrile (1:1, v/v). Approximately
1.25 mg of D-glucose-6,6-d2, a,a-trehalose-1,10-d2 (both, Sigma
Aldrich, Taufkirchen, Germany) and norvaline (2.9 mg) were
used as IS. After centrifugation 30 mL were transferred into a
high-pressure liquid chromatography (HPLC) vial and ana-
lyzed as described in Mueller et al. (2015) with the following
MRM transitions: m/z 503!179 at a retention time of 5.33
min for raffinose, m/z 341!179 (5.79 min) for galactinol,
(5.26 min) for maltose, (3.91 min) for sucrose, m/z 665!383
(6.65 min) for stachyose, m/z 179!89 (3.27 min) for glucose,
(4.99 min) for Fru, m/z 179!87 (4.62 min) for inositol, m/z
181!89 (3.25 min) for D2-glucose (IS) and m/z 343!180
(4.51 min) for D2-trehalose (IS).

For AA measurements, the pellet was reextracted with 50-
mL methanol/water (1:1, v/v). After centrifugation, 20 mL of
the supernatant from this extraction and 20 mL of the resid-
ual plant extract from the sugar measurement were com-
bined, derivatized, and analysed as described (Hartmann
et al., 2015).

Quantification and statistical analysis
Statistical tests were all performed using R (https://www.r-
project.org/). Significant differences between multiple con-
structs and treatments were determined using the one-way
analysis (ANOVA) of variance test followed by a
Bonferroni–Holm post hoc test (P5 0.05) and are visualized
by different letters. Details are provided in Supplemental
Data Set S3.

Accession numbers
RNA-seq data from this article can be found in the Gene
Expression Omnibus (GSE183118). Arabidopsis Genome
Initiative identifiers for the genes mentioned in this article
are as follows: SnRK1a1/KIN10 (At3g01090), SnRK1a2/KIN11
(At3g29160), bZIP63 (At5g28770), bZIP10 (At4g02640),
bZIP25 (At3g54620), bZIP9 (At5g24800), bZIP53 (At3g62420),
bZIP1 (At5g49450), cyPPDK (At4g15530), PCK1 (At3Gg4530),
PMDH2 (At5g09660), ACX4 (At3g51840), SDP1 (At5g04040),
ASN1 (At3g47340), BCAT2 (At1g10070), MCCA (At1g03090),
MCCB (At4G34030), ProDH1 (At3g30775), UBI5 (At3g62250),
ACTIN7 (At5g09810), and ACTIN8 (At1g49240).
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