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ABSTRACT

Plants have evolvedmultiple strategies to copewith rapid changes in the environment. During high light (HL)

acclimation, the biosynthesis of photoprotective flavonoids, such as anthocyanins, is induced. However, the

exact natureof the signal anddownstream factors forHL induction of flavonoidbiosynthesis (FB) is still under

debate. Here, we show that carbon fixation in chloroplasts, subsequent export of photosynthates by triose

phosphate/phosphate translocator (TPT), and rapid increase in cellular sugar content permit the transcrip-

tional and metabolic activation of anthocyanin biosynthesis during HL acclimation. In combination with ge-

netic and physiological analysis, targeted and whole-transcriptome gene expression studies suggest that

reactive oxygen species and phytohormones play only a minor role in rapid HL induction of the anthocyanin

branch of FB. In addition to transcripts of FB, sugar-responsive genes showed delayed repression or induc-

tion in tpt-2 duringHL treatment, and a significant overlapwith transcripts regulated by SNF1-related protein

kinase 1 (SnRK1) was observed, including a central transcription factor of FB. Analysis of mutants with

increased and repressed SnRK1 activity suggests that sugar-induced inactivation of SnRK1 is required for

HL-mediated activation of anthocyanin biosynthesis. Our study emphasizes the central role of chloroplasts

as sensors for environmental changes as well as the vital function of sugar signaling in plant acclimation.
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INTRODUCTION

Due to their sessile lifestyle, plants evolvedmechanisms to adjust

cellular processes and metabolism to cope with sudden environ-

mental changes. Among them, light intensity or temperature var-

iations can occur within seconds to minutes and can persist for

hours or several days during different seasons of the year.

Whereas adaptation imposes genome changes inherited by the

offspring and is involved in speciation, acclimation refers to the

capacity of plants to adjust cellular processes at all levels as a

response to sudden environmental changes (Kleine et al.,

2021). Besides rapid adjustments at the metabolic and post-

translational levels, tuning gene expression activity is vital for

the acclimation response, which depends on substantial tran-

scriptome reprogramming (e.g., Alsharafa et al., 2014; Calixto

et al., 2018; Garcia-Molina et al., 2020; Glasser et al., 2014;
Plant Com
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Huang et al., 2019). During the last decades, it has become

apparent that chloroplasts function as sensors of changes in

the environment and emitters of signals necessary for

establishing a new cellular homeostasis when plants face

adverse conditions (Nott et al., 2006; Pogson et al., 2008; Chan

et al., 2016; Dietz et al., 2016; Kleine and Leister, 2016; de

Souza et al., 2017; Kleine et al., 2021; Schwenkert et al., 2022).

One common trait of plants acclimating to high light (HL) is the

accumulation of (colored) flavonoids. The precursors of these sec-

ondarymetabolites (phenylpropanoids) and flavonoids themselves
munications 4, 100423, January 9 2023 ª 2022 The Author(s).
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play a protective role by absorbing excessive amounts of UV light

and by providing high antioxidant capacity to the cell in adverse

environmental conditions (Gould, 2004; Emiliani et al., 2013;

Gould et al., 2018; Agati et al., 2020, 2021). Flavonoids are end

products of a combined pathway of cytosolic phenylpropanoid

and flavonoid biosynthesis (FB) that produces a great diversity of

polyphenolic plant secondary metabolites (Vogt, 2010; Petrussa

et al., 2013). Plastid-derived phenylalanine is first converted to

p-coumaroyl coenzyme A (CoA) within the phenylpropanoid

pathway. Subsequently, chalcone synthase (CHS) catalyzes the

initial step of FB, providing chalcones to serve as precursors

for various flavonoids, such as (dihydro)flavonols (Figure 1A).

Within the anthocyanin biosynthesis branch, dihydroflavonol 4-

reductase (DFR) and leucoanthocyanidin dioxygenase (LDOX) pro-

duce anthocyanidins, the aglycones of anthocyanins, which are

further decorated by glycosyl-, methyl-, and acyltransferases

(Appelhagen et al., 2014).

Based on co-expression and function within FB, but not on tempo-

ral expression differences during acclimation, pathway genes are

grouped into early biosynthetic genes (EBGs), such as CHS and

chalcone isomerase. In a sidebranch flavonol synthase1 (FLS1) ca-

talyses the formation of flavonols which are further glycosylated.

Latebiosynthetic genes (LBGs), such asDFR and LDOXare essen-

tial for the formation of anthocyanidins. These aglycones are

decorated by methyl, acyl and glycosyl transferases resulting in

the accumulation of anthocyanins (Figure 1). Whereas the

expression of EBGs is mostly under the control of the partially

redundant transcription factors (TFs) MYB11, MYB12, and

MYB111 (Stracke et al., 2007), LBGs are regulated by an MBW

complex formed by MYB, basic helix-loop-helix (bHLH), and

WD40 components. Together with one WD40 variant

(transparent testa glabra 1 [TTG1]), a group of MYB TFs and the

bHLH TFs TT8, glabra3 (GL3), and enhancer of GL3 (EGL3)

regulate the composition and activity of the MBW complex and

the overall activity of the FB pathway (Zhang et al., 2003; Lloyd

et al., 2017; LaFountain and Yuan, 2021). MYB components that

act as positive regulators of FB are encoded by MYB75

(production of anthocyanin pigment 1 [PAP1]), MYB90 (PAP2),

and MYB113 and 114 (Borevitz et al., 2000; Gonzalez et al.,

2008). Knockout of PAP1 abolishes the expression of LBGs and

anthocyanin accumulation (Teng et al., 2005; Li et al., 2016).

LBGs are also repressed by the concurrent interaction between

stimulating and repressive MYBs, such as MYB-like 2, with the

MBW complex (Dubos et al., 2008; LaFountain and Yuan, 2021).

Enzymes and regulators of FB are targets for post-translational

protein modifications, particularly ubiquitination and subsequent

proteasomal degradation (Maier et al., 2013; Zhang et al., 2017).

In this context, some factors are regulated by light-signaling

pathways involving UV (UVR8), blue-light (cryptochromes

[CRY]), and red-light (phytochromes (PHY) photoreceptors and

the downstream component elongated hypocotyl 5 (HY5)

(Kleine et al., 2007; Stracke et al., 2010; Warnasooriya et al.,

2011; Heijde et al., 2013; Shin et al., 2013; Maier and Hoecker,

2015; Job et al., 2018; Ponnu et al., 2019; Bursch et al., 2020).

Also, various plastid-derived signals or signals that depend on

chloroplast function exhibit a function in FB regulation. For

example, ascorbate or phytohormones such as jasmonate, gib-

berellic acid, auxin, abscisic acid, and ethylene are associated

with the regulation of FB (Dombrecht et al., 2007; Loreti et al.,
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2008; Jeong et al., 2010; Qi et al., 2011; Das et al., 2012; Page

et al., 2012; Li et al., 2014; Xie et al., 2016; Plumb et al., 2018;

Wang et al., 2020; An et al., 2021). Although it remains a

subject of controversy, reactive oxygen species accumulation

(during HL) positively or negatively affects FB genes and

anthocyanin accumulation (Vandenabeele et al., 2004;

Vanderauwera et al., 2005; Miller et al., 2007; Viola et al., 2016;

Xu et al., 2017). FB genes are also stimulated by exogenous

sugar supply (Creasy, 1968; Teng et al., 2005; Solfanelli

et al., 2006), and starch-deficient mutants with high sugar

content accumulate more anthocyanins than do wild-type (WT)

plants (Ragel et al., 2013; Schmitz et al., 2014). Although no

change in FB transcript accumulation was observed, knockout

of triose phosphate (TP)/phosphate translocator (TPT), essential

for the immediate export of photoassimilates (Schneider et al.,

2002), resulted in low anthocyanin levels after HL treatment

(Schmitz et al., 2014). In addition, blocking photosynthetic

electron transfer with 3-(3,4-dichlorophenyl)-1,1-dimethyl urea

(DCMU) suppresses FB (Creasy, 1968; Akhtar et al., 2010;

Jeong et al., 2010). These findings may directly connect

photosynthetic activity and plastid-derived carbohydrates with

FB regulation, particularly when light intensity increases. In this

context, the analysis of plants with altered activity or content of

central components of the sugar-signaling network suggests a

function for these factors in FB regulation. For example, perturba-

tion of the target of rapamycin (TOR) complex, which is involved

in growth-promoting glucose signaling (Xiong et al., 2013; Chen

et al., 2018), results in high anthocyanin contents (Wang et al.,

2017; Salem et al., 2018). Also, the function of SNF1-related

protein kinase 1 (SnRK1; Baena-Gonzalez et al., 2007), which is

activated under low-energy stresses such as sugar starvation

or hypoxia, is connected to FB. When cellular sugar levels are

high, it is proposed that SnRK1 activity is repressed by regulatory

sugar phosphates such as trehalose-6 phosphate (T6P) (Zhang

et al., 2009; Nunes et al., 2013; Zhai et al., 2018). Repression of

SnRK1 activity by increased T6P level or genetic perturbation ac-

tivates FB even under normal growth conditions, but reduced

anthocyanin contents were observed when T6P phosphatase

or the catalytic SnRK1 subunit KIN10 was overexpressed

(Schluepmann et al., 2003; Baena-Gonzalez et al., 2007; Zhang

et al., 2009; Wingler et al., 2012; Nukarinen et al., 2016; Wang

et al., 2021). SnRK1 also functions in the post-translational regu-

lation of phenylalanine ammonia-lyase (PAL), the first enzyme in

the cytosolic phenylpropanoid pathway (Wang et al., 2021).

Previous research revealed a complex network for the transcrip-

tional regulation of FB that depended on or interacted with

various plastid-derived molecules and known components of

other signaling pathways. However, the exact nature of the signal

that stimulates FB genes during HL acclimation is still unknown,

and molecular mechanisms and components for perception,

integration, and translation of the signal to changes in FB gene

expression in response to increased light intensity are not well

understood.
RESULTS

Perturbation of TP export diminishes HL induction of FB

To analyze the effects of altered photoassimilate partitioning on

the regulation of FB, we used Arabidopsis thaliana WT (Col-0),
thor(s).



Figure 1. Flavonoid biosynthesis is differentially regulated in starch-deficient adg1-1 and the triose phosphate/phosphate
translocator mutant (tpt-2).
(A) Schematic presentation of the biochemical pathway that leads to the formation of flavonoids. Further information is provided in the main text.

(B) Phenotypes of the wild type (WT; Col-0) and adg1-1 and tpt-2 mutants before (t0) and after exposure to continuous high light (HL) for 24 h.

(C) Anthocyanin accumulation (expressed as cyanidin equivalents) in WT (Col-0), adg1-1, and tpt-2 after exposure to continuous HL for 24 h. Plants were

shifted to HL 2 h after the onset of light. Statistical significance of differences between the wild type and mutants was calculated using 1-way ANOVA

(Dunnett’s multiple comparisons test) relative to Col-0. Values are means ± standard deviations (n = 6), and the p values are shown.

(D and E) Relative expression of PAP1 (D) and LDOX (E) in WT, adg1-1, and tpt-2 after HL treatment. Changes in gene expression were calculated using

the 2�DDCtmethodwithSAND as the reference gene and are expressed relative to Col-0 before theHL shift. Statistical significance of differences between

Col-0 and mutants was analyzed using Student’s t test. Values are means ± standard deviations (n = 3), and the p values are shown. For all experiments,

seedlings from at least 3 different pots shifted at the same time were harvested, and each sample consisted of approximately 10–15 seedlings.
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starch-deficient adg1-1 (Supplemental Figure 1A), and the tpt-2

knockout mutant for TPT (Supplemental Figure 1B) in HL shift

experiments. For HL treatment, plants were exposed to

continuous HL (500 mmol photons m�2 s�1, light-emitting diode

[LED]) for up to 24 h without a night phase. WT plants showed a

two-fold increase in glucose (GLC), fructose (FRC) and sucrose

(SUC) contents after short-term HL treatment, whereas the defi-

ciency of TPT prevented HL-induced accumulation of all three

sugars (Supplemental Figure 1C–1E). Blockage of starch

biosynthesis in adg1-1 led tomarked overaccumulation of sugars

8 h after the HL shift. After 24 h HL, adg1-1 accumulated two-fold

more anthocyanins. However, lack of TPT resulted in only 20% of

the WT anthocyanin content (Figure 1C). Transcript analysis

revealed higher expression of the TF PAP1 (Figure 1D) and its

regulated target involved in anthocyanin biosynthesis (LDOX,

Figure 1E) in adg1-1 compared with WT after 8 h HL (Figure 1D

and 1E). Expression of PAP1 and LDOX was significantly

diminished in tpt-2 compared with WT after 8 h, but not 24 h, of

HL (Figure 1D and 1E). Except for a stronger absolute increase

in PAP1 transcripts, similar results were obtained with plants

shifted to HL at the end of the night (Supplemental Figure 1F

and 1G). To monitor the maximum induction of FB genes and
Plant Com
for better comparison with experiments that required pre-

incubation in darkness (see below), plants were shifted to HL at

the end of the night in subsequent experiments. In contrast to

tpt-2, sugar (phosphate) transporter mutants for glucose 6-phos-

phate/phosphate translocator 2 (gpt2-1), xylulose 5-phosphate/

phosphate translocator (xpt-1 and -2), and plastidic glucose

translocator (pglct-2) showedWT-like accumulation of anthocya-

nins after 24 h HL (Supplemental Figure 1H and 1I). These results

indicate specific and dynamic changes in the expression of FB

genes and, ultimately, the potential to accumulate anthocyanins

during HL treatment, which was significantly reduced in TPT-

deficient mutants.

To analyze the induction of FB during HL in more detail, a time-

resolved analysis of anthocyanin, starch, sugar, and transcript

abundances in HL-shifted Col-0 and tpt-2 was performed

(Figure 2). Anthocyanin contents increased after 6–9 h HL in WT,

but they began to increase only after 15–18 h HL in tpt-2

(Figure 2A). Starch accumulation was similar between tpt-2 and

WT plants until 9–12 h. The tpt-2 mutant continued to synthesize

starch, resulting in significantly higher levels at the end of the HL

experiment (Figure 2B). HL exposure led to the accumulation of
munications 4, 100423, January 9 2023 ª 2022 The Author(s). 3



Figure 2. The tpt-2 mutant showed a delayed
HL-response.Fig. 6: Overexpression of KIN10
diminished HL-induction of FB.Fig. 7: Inactiva-
tion of SnRK1 induced FB in HL
Kinetic analysis of (A) anthocyanin (represented as

cyanidin equivalents), (B) starch (represented as GLC

equivalents), (C) GLC, (D) FRC content and gene

expression (E–L) in Col-0 (black) and tpt-2 (orange)

throughout a 24-h HL shift experiment. Plants were

shifted at the end of the night (t0) to the HL condition,

and samples were collected at the indicated time

points. Gene expression was calculated using the

2�DDCt method relative to Col-0 (t0) with SAND as the

reference gene. Values are means ± standard de-

viations (n = 4). Statistical significance of differences

between WT and tpt-2 at each time point was analyzed

using Student’s t test (p < 0.05). Significantly different

values are indicated with asterisks inside the tpt-2

symbols. (E–G) Expression levels of representative

early biosynthetic genes (EBGs) and (H–J) late

biosynthetic genes (LBGs) involved in FB and (K and L)

light harvesting chlorophyll A/B binding protein 1.2

(LHCB1.2) and plastocyanin (PC) were analyzed.
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GLC and FRCwithin 3 h inWT leaves (Figure 2C and 2D), but sugar

content increased only gradually in tpt-2 (Figure 2C and 2D). The

TF MYB111 and its targets, CHS and FLS1, were strongly

induced in WT from the beginning of the HL shift. Although

induced with a similar trend, EBGs expression was diminished in
4 Plant Communications 4, 100423, January 9 2023 ª 2022 The Author(s).
tpt-2 compared with WT (Figure 2E–2G).

Intriguingly, HL induction of LBGs involved in

anthocyanin biosynthesis was significantly

delayed in tpt-2 by more than 8 h. Whereas

PAP1,DFR, and LDOXmarkedly increasedwithin

6 h of HL treatment in the WT, they remained low

in tpt-2within the first hours of HL and only began

to increase after 9 h of HL (Figure 2H–2J). In tpt-2,

LBG expression reachedWT levels only after 24 h

of HL (Figure 2I and 2J). Notably, the kinetics of

LBG induction in tpt-2 after 12 h of HL treatment

resembled the induction in WT between 3 and

15 h of HL, and delayed stimulation of LBGs

agreed with the late and diminished anthocyanin

accumulation (Figures 1C–2A). WT-like repres-

sion of LHCB1.2 and PC (Figure 2K and 2L)

excluded a general perturbation of the HL

response in tpt-2. Also, no differences in reactive

oxygen species (ROS) level between tpt-2

and WT were observed using specific stains

(Supplemental Figure 2C–2F). In addition, we

also found WT-like expression of stress- or

ROS-responsive genes such as glutathione

peroxidase 7 (GPX7) or ascorbate peroxidase 1

(APX1) in tpt-2 during HL (Supplemental

Figure 2A and 2B).

Because TPT deficiency caused a substantial

delay in the accumulation of sugars in HL, we hy-

pothesized that the lack of a sugar signal origi-

nating from chloroplasts was causative for the

low anthocyanin accumulation in tpt-2. To test
this, Col-0 and tpt-2 were incubated in a buffer supplemented

with SUC or sorbitol (SOR) as an osmotic control and shifted to

HL (Figure 3). In the control buffer, tpt-2 showed the same low

anthocyanin content compared with WT as was observed

for soil-grown plants. However, sucrose feeding significantly



Figure 3. Induction of FB in HL depends on carbon fixation, TP export, and carbohydrates.
(A) Anthocyanin accumulation in Col-0 (gray) and tpt-2 (yellow) in buffer containing different concentrations of SOR or SUC. Seedlings were transferred to

the buffer at the end of the night and exposed to HL for 24 h.

(B and C) Relative expression of PAP1 (B) and (C) LDOX in Col-0 (gray), adg1-1 (blue), and adg1-1 tpt-2 (green) after 8 h HL treatment. Gene expression

was calculated using the 2�DDCt method relative to Col-0 after 8 h HL with SAND as the reference gene.

(D and E) Anthocyanin content (expressed as cyanidin equivalents) (D) and (E) phenotype of WT and mutant plants exposed to 24 h HL. Left column

shows the adaxial view and right column the abaxial view of 2 individual plants.

(F and G) Relative expression of PAP1 (F) and (G) LDOX in Col-0 before incubation (EoN, t0, gray) in 400 ppm CO2 (light pink) or 50 ppm CO2 (purple).

Leaves were mounted in a LI-COR device and incubated for 4 h at 500 mmol photons m�2 s�1. Gene expression was calculated using the 2�DDCt method

relative to expression at t0 with SAND as the reference gene. Five-week-old rosette plants were used, and each data point represents 1 leaf sample from

independent plants.

(legend continued on next page)
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increased anthocyanin content in tpt-2 to a WT-like level

(Figure 3A). By contrast, the introduction of the tpt-2 allele into

the adg1-1 mutant suppressed the more pronounced activation

of FB in the adg1-1 single mutant (Figure 3B–3E). To analyze the

impact of TP biosynthesis in chloroplasts on FB regulation,

carbon fixation within the Calvin cycle was restricted by

adjusting the CO2 concentration using a LI-COR device. PAP1

and LDOX were significantly induced after HL treatment at 400

ppm CO2 (Figure 3F and 3G), and the expression changes were

comparable to those observed in young WT plants treated with

bright LED light in a growth cabinet (Figure 2H). By contrast, a

limited CO2 supply of 50 ppm suppressed the HL induction of

PAP1 and abolished LDOX induction (Figure 3F and 3G).

Likewise, the suppression of photosynthetic activity by DCMU

abolished anthocyanin accumulation in Col-0 and adg1-1 in HL

(Figure 3H–3J), and this effect could be fully rescued at the

metabolic and transcriptional levels by feeding of exogenous

SUC to both genotypes (Figure 3H–3J). We also found that

plants shifted to 24 h of HL at different time points during short-

day (SD) or long-day (LD) growth conditions accumulatedmorean-

thocyanins the later theywere shifted during the day. These exper-

iments revealed a positive correlation of FB activation with starch

content before the HL shift (Supplemental Figure 3A and 3B).

Moreover, PAP1 and LDOX expression after 8 h of HL and

anthocyanin contents after 24 h of HL were also positively

correlated with sugar content before the HL shift (t0)

(Supplemental Figure 3C–3K).
Transcriptome analysis revealed dynamic regulation of
the HL acclimation response in tpt-2

To gain further insights into the HL acclimation response and its

dependence on TP export, we performed a whole-transcriptome

sequencing analysis (mRNA sequencing [mRNA-seq]) of WT and

tpt-2 after 9 and 18 h of HL. We selected these time points

because the anthocyanin branch of FB was not induced in tpt-2

compared with WT at 9 h of HL treatment. By contrast, after

18 h of HL, LBG expression reached a maximum in WT but was

induced in tpt-2 relative to 9 h HL (Figure 2). Hence, ratiometric

analysis of gene expression changes between these time

points would also disclose other dynamic changes in the tpt-2

transcriptome. From the initial comparison of WT and tpt-2, we

found only a minor overlap of commonly differentially expressed

genes (DEGs, adjusted p < 0.05) between 9 and 18 h of HL

(Figure 4A and Supplemental Figure 4A; Supplemental Data 2).

Although this already indicated a dynamic transcript expression

in tpt-2, relative changes between the mutant and WT were

also influenced by changes in the WT between 9 and 18 h of

HL treatment (Supplemental Figure 4A). Gene Ontology term
(H) Anthocyanin content (expressed as cyanidin equivalents) after 24 h HL

presence of increasing amounts of DCMU (0–10 mM).

(I) Anthocyanin content (expressed as cyanidin equivalents) after 24 h HL in Co

or presence of 10 mM DCMU.

(J) Same conditions as in (I), but samples were harvested after 8 h HL exposure

0 before the transfer to incubation buffer, and SANDwas used as the reference

at t(0) in Col-0. All values are means ± standard deviations.

Statistical significance of differences between WT/control and mutants/treatm

and C, Dunnett’s multiple comparisons test, nR 3) or 24 h HL (inD, Tukey’s m

different CO2 concentrations (t0 in F andG, Dunnett’s multiple comparisons tes

n = 3). Letters indicate significant differences at p % 0.01. Values are means
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(GO term) enrichment analysis revealed phenylpropanoid/

flavonoid/anthocyanin biosynthesis and regulation, starch

metabolic process, and cellular carbohydrate metabolic

process as the most strongly downregulated gene groups in

tpt-2 versus WT at 9 h of HL (Supplemental Data 2, log2 FC

[fold change] <�1). Among the downregulated genes in tpt-2 at

9 h of HL, we found GPT2, whose expression was previously re-

ported to depend on TP export from chloroplasts during HL

(Weise et al., 2019). Furthermore, the large subunits of ADP-

glucose pyrophosphorylase 3 (APL3) and granule-bound starch

synthase 1 (GBSS1), both involved in starch biosynthesis (regula-

tion), were repressed in tpt-2. It is worth noting that components

of light-signaling pathways, such asCRYs, PHYs, or components

of the E3 ubiquitin ligase COP1/SPA, and the downstream factors

HY5 and its interactor BBX20-22, were not repressed in tpt-2

relative to WT throughout the HL kinetics (Supplemental Data

1). Transcripts related to trehalose metabolism (trehalose-6-

phosphate synthase [TPS8,9,10,11]) were upregulated in tpt-2

at 9 h of HL (log2 FC > 1). Upregulated and downregulated tran-

scripts in tpt-2/WT at 9 h of HL were also associated with the

terms cellular response to oxygen levels/hypoxia (Supplemental

Data 2).

We next focused on the dynamic changes in the tpt-2 transcrip-

tome by analyzing the DEGs at 9 h HL for their expression

changes at 18 h HL. Among the deregulated transcripts at 9 h

HL, approximately 35% (1109 transcripts) showed opposite

expression at 18 h HL in tpt-2 (i.e., they were induced or

repressed; adjusted p < 0.05, Figure 4B and 4C, clusters II and

III). Transcripts that we classified as late-induced in tpt-2were as-

signed to GO terms related to flavonoid biosynthesis and carbo-

hydrate metabolic process (Figure 4D and Supplemental Data 3,

filtered for �1 > log2 FC > 1). In addition to APL3, GBSS1, and

GPT2, transcripts encoding FB enzymes and regulators (e.g,

LBGs, MYB75 [PAP1], MYB90 [PAP2], MYB113, MYB114, TT8)

were markedly induced after 18 h of HL treatment in tpt-2

(Figure 4D, clusters I and II; Supplemental Data 5). By contrast,

dark inducible 1 (DIN1/SEN1/STR15), DIN10, and TPS8 and 11,

regulated by SnRK1 signaling, were induced relative to WT at

9 h of HL but showed late repression in tpt-2 after 18 h of HL.

In addition, we compared the tpt-2 dataset (9 h HL) with the result

of a previous transcriptome analysis ofWT plants shifted to 3 hHL

under similar conditions (Supplemental Data 6; Garcia-Molina

et al., 2020), and we found a significant overlap of DEGs in both

sets (Figure 4E and 4F). Of the common DEGs, 50% were

repressed in WT plants at 3 h HL but almost exclusively

upregulated in tpt-2/WT after 9 h HL (Figure 4E). Nearly all of

the transcripts in this cluster showed late repression in tpt-2 at
in Col-0 incubated in buffer with 90 mM SOR or SUC in the absence or

l-0 and adg1-1 incubated in buffer with 90mMSOR or SUC in the absence

. Gene expression was calculated using the 2�DDCt method relative to Col-

gene. The dashed lines in (J) and (K) show the mean anthocyanin content

ent was calculated using 1-way ANOVA relative to Col-0 after 8 h HL (in B

ultiple comparisons test, n = 3) or to expression values before incubation at

t, n = 6) or 2-way ANOVA (Tukey’s multiple comparisons test inA andH–J,

± standard deviations.

thor(s).



Figure 4. mRNA-seq analysis of HL-treated plants revealed a delayed HL response in tpt-2.
(A) Venn diagram depicting the overlap of significant DEGs (adjusted p < 0.05) between Col-0 and tpt-2 incubated for 9 h (red) and 18 h (blue) in HL.

(B andC) Venn diagram (B) and (C) heatmap showing transcripts differentially expressed in tpt-2/Col-0 at 9 h HL and their change in expression after 18 h

relative to 9 h HL in tpt-2 (tpt-2 18 h/9 h HL) (adjusted p < 0.05). A significant number of up- or downregulated DEGs in tpt-2 relative to Col-0 after 9 h HL

(legend continued on next page)
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18 h HL (cluster I, Figure 4F) and belonged to, for example,

carbohydrate metabolism (including trehalose metabolism) and

response to hypoxia (Supplemental Data 6). By contrast, 279

transcripts induced in WT plants after 3 h of HL were

downregulated at 9 h of HL in tpt-2, and some of them

showed late induction in tpt-2 after 18 h of HL (Figure 4F,

cluster II). These transcripts belonged to carbohydrate

metabolic process, protein folding, and ribosome biogenesis

and function (Supplemental Data 6). In summary, plants that

lack TPT cannot induce transcriptome adjustments during the

early phases of HL acclimation as observed for WT plants.

It has been shown that HL acclimation also involves and depends

on the transcriptional adjustment of phytohormone biosynthesis

(Huang et al., 2019), and phytohormones are involved in the

transcriptional and post-translational regulation of FB. Hence,

we analyzed the RNA-seq dataset for the expression of gene

products involved in phytohormone biosynthesis and signaling

(Supplemental Data 4, �1 > log2 FC > 1, adjusted p < 0.05).

From the group of auxin-responsive genes analyzed, only small

auxin-up RNA (SAUR) 21, 20, 22, and 64 were moderately upre-

gulated in tpt-2 throughout the HL treatment. Among the ABA-

related transcripts tested, PYL5 and PYL7 were moderately

induced at 9 h HL in tpt-2/WT (two-fold), and PYL7was repressed

after 18 h HL in tpt-2 (Supplemental Data 4). Two transcripts

related to jasmonate (JA) biosynthesis were deregulated in

tpt-2/WT at 9 h HL. Acyl-CoA oxidase 4 (ACX4) was significantly

upregulated, jasmonic acid carboxyl methyltransferase (JMT)

was downregulated, and both transcripts showed opposite

expression in tpt-2/WT relative to values published for HL accli-

mation kinetics of WT plants (Supplemental Figure 4B). In

addition, we found that JA biosynthesis genes, particularly

gene products for precursor biosynthesis inside the chloroplast

(lipoxygenase, allene oxide synthase, and allene oxide cyclase),

were strongly induced in tpt-2 at 18 h HL relative to 9 h HL

(Supplemental Figure 4C; Supplemental Data 4). Although JA

promotes anthocyanin biosynthesis and FB was induced in

tpt-2 after long-term HL, the JA-deficient aos1-1 and jassy mu-

tants (Guan et al., 2019) showed WT-like anthocyanin accumula-

tion during HL treatment (Supplemental Figures 4D–4F).

The impact of SnRK1 on HL induction of FB

The gene expression analyses identified a large number of DEGs

strongly upregulated (9 h HL) but later repressed (18 h HL) in

tpt-2 that were also reported to be regulated by SnRK1

(Figure 5; Supplemental Data 7; Baena-Gonzalez et al., 2007).

These transcripts were almost exclusively deregulated in the
were induced or repressed in tpt-2 after 18 h of HL treatment (in total, 1109). D

further repressed in tpt-2 18 h/9 h HL. Cluster II encompasses DEGs upregulate

h HL. Cluster III contains DEGs downregulated at 9 h HL in tpt-2 relative to C

(D) Expression of genes encoding enzymes and transcriptional regulators of

relative changes in tpt-2 at 18 h compared with 9 h HL. Clusters I and II contain

induced after 18 h HL in tpt-2 relative to 9 h HL. Cluster III contains transcripts t

in tpt-2.

(E and F) Comparison of DEGs in tpt-2/Col-0 (9 h HL) with DEGs after a short

NL conditions were extracted from Garcia-Molina et al. (2020) (FDR < 0.05). O

found in the tpt-2 dataset and used for comparison (E).

(F)Heatmap comparing relative expression changes of transcripts in Col-0 tre

(18 h HL/9 h HL). Changes in gene expression are given as log2 FC relative to

ward.D method was used for all heatmaps.
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same direction by the overexpression of KIN10 in protoplasts

(KIN10ox) and tpt-2 after 9 h HL, but they were overall repressed

or induced, respectively, after 18 h HL in tpt-2 (Figure 5B).

Furthermore, the tpt-2 transcriptome at 9 h HL showed a positive

correlation with changes in gene expression induced by KIN10ox

and starvation conditions. After prolonged HL treatment, expres-

sion changes in tpt-2 were positively correlated with those

observed after SUC and GLC feeding (Figure 5B and

Supplemental Figure 5A). The late-repressed DEGs in tpt-2 were

related to GO terms for carbohydrate metabolism, catabolic pro-

cess, starvation, and absence of light (Supplemental Data 7), and

late-induced transcripts weremainly associatedwith ribosome as-

sembly and function and protein translation (Supplemental Data 7).

We also performed a direct comparison of transcripts deregulated

in KIN10ox (Baena-Gonzalez et al., 2007) and WT plants exposed

to 0.5 and 3 h HL (Garcia-Molina et al., 2020) and found that

approximately 50% of the DEGs in KIN10ox showed expression

changes in HL-treated WT (Supplemental Figure 5B). Overall,

these DEGs showed an opposite trend in expression (i.e., they

were induced in HL-treated WT but repressed in KIN10ox and

vice versa; Pearson correlation coefficient r = �0.71, p < 0.05). In

summary, this analysis revealed dynamic changes in the expres-

sion of transcripts responsive to carbohydrate availability and

pointed to SnRK1 as a potential downstream component of sugar

signaling during HL treatment.

To test whether SnRK1-dependent signaling was compromised in

tpt-2 during HL, a targeted analysis of transcripts regulated by KI-

N10oxwas performed using theHLkinetics sample set.Adenosine

kinase 1 (ADK1), repressed by KIN10ox, was significantly induced

inWT plants within the first hours but was not induced in tpt-2 until

12 h of HL treatment (Figure 5C). Two SnRK1-induced transcripts,

TPS8 and DIN10, were repressed within 3 h of HL treatment in WT

plants, but this repressionwasmarkedlydelayed in tpt-2 (Figure5D

and 5E). By contrast, SnRK1 marker genes were upregulated in

adg1-1 at the end of the night, but repression of TPS8 and DIN10

was more pronounced compared with WT after 8 h of HL

(Figure 5F and 5G), reflecting low and high sugar content in

darkness and HL, respectively, in the starch-deficient mutant

adg1-1. The catalytic SnRK1 subunit KIN10 and other subunits in

tpt-2 were not differentially expressed between WT and tpt-2

(Supplemental Figure 5C and Supplemental Data 1). Because the

overexpression of KIN10 represses PAP1 in protoplast assays

(Baena-Gonzalez et al., 2007) and PAP1 demonstrated dynamic

changes in expression in tpt-2 throughout the HL treatment

(Figures 2H and 5H), we hypothesized that SnRK1 was also

involved in the regulation of FB during HL treatment.
EGs in cluster I were downregulated in tpt-2/Col-0 after 9 h HL and were

d in tpt-2/Col-0 after 9 h HL but significantly downregulated in tpt-2 18 h/9

ol-0 but induced at 18 h HL treatment in tpt-2 relative to 9 h HL.

phenylpropanoid and flavonoid biosynthesis in tpt-2/Col-0 at 9 h HL and

transcripts that were strongly suppressed in tpt-2/Col-0 at 9 h HL but were

hat showed only minor (relative) changes between 9 and 18 h HL treatment

-term (3 h) HL shift of Arabidopsis WT plants. DEGs after 3 h HL relative to

f the 1327 DEGs after 3 h of HL treatment, transcripts for 1236 genes were

ated with 3 h HL (Garcia-Molina et al., 2020), tpt-2/Col-0 (9 h HL), and tpt-2

the control, and hierarchical row clustering (Euclidean distance) using the

thor(s).



Figure 5. Comparative transcriptome analysis indi-
cated deregulation of SnRK1 signaling in tpt-2 during
HL acclimation.
(A) Venn diagram showing the overlap between DEGs in

tpt-2/Col-0 after 9 h HL and overexpression of KIN10 in

protoplasts (KIN10 OX) extracted from Baena-Gonzalez

et al. (2007) (Supplemental Data 7). Of the 985 reported

transcripts for KIN10 OX, 475 were deregulated in the

same direction in tpt-2 after 9 h HL (compare Venn dia-

grams for UP/UP and DOWN/DOWN).

(B) Heatmap comparing the relative expression of DEGs

in tpt-2/Col-0 9 h HL (adjusted p < 0.05) and in tpt-2

(18 h/9 h HL) with the expression changes induced

by KIN10 overexpression in protoplasts, SUC and

senescence (SEN) starvation, GLC, and SUC feeding

(Supplemental Data 7). Changes in gene expression

are given as log2 FC relative to the control in each

dataset. Hierarchical column and row clustering

(Euclidean distance) using the ward.D method were

applied.

(C–E) Relative expression of SnRK1-repressed (C) ADK1,

and SnRK1-induced (D) TPS8 and (E) DIN10 during the

HL shift kinetics of Col-0 and tpt-2.

(F and G) Expression of (F) TPS8 and (G) DIN10 in Col-0

and adg1-1. Gene expression was calculated using the

2�DDCt method relative to Col-0 (t0, end of night) with

SAND as the reference gene. Insets show the expression

of TPS8 and DIN10 after 8 h HL. Statistical significance

of differences between WT and tpt-2 at each time

point was analyzed using Student’s t test (p < 0.05,

asterisk inside the tpt-2 symbols) or 1-way ANOVA

(Dunnett’s multiple comparisons test); adjusted p

values are shown. Values are means ± standard de-

viations (n = 4).

(H) Expression of PAP1 in the indicated datasets/

comparisons. Expression values for PAP1 in protoplasts

overexpressing KIN10 were extracted from previously

published data (Baena-Gonzalez et al., 2007). Changes

in gene expression are given as log2 FC relative to

the control in each dataset. PAP1 was significantly

deregulated in KIN10 OX relative to control protoplasts,

tpt-2/WT (9 h HL), and tpt-2 18 h/9 h HL.
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Previous studies have suggested the repression of SnRK1

activity by regulatory sugar phosphates such as T6P. Over-

expression of a T6P phosphatase (encoded by otsB,

Supplemental Figure 6A) led to diminished expression
Plant Communications
of PAP1 and LDOX during early time points of

HL treatment (Figure 6A) and significantly fewer

anthocyanins compared with WT seedlings

after 24 h of HL (Figure 6C). HL induction of

LBGs (PAP1, TT8, and LDOX) but not of EBGs

(CHS and FLS1) was perturbed in two KIN10ox

lines compared with WT plants (Figure 6B

and Supplemental Figure 6B). This result

indicated that an excess of KIN10 particularly

repressed the anthocyanin branch of FB during

short-term HL exposure. Consequently, the antho-

cyanin content was reduced by approximately

70% in the KIN10ox lines compared with the

WT after 24 h of HL exposure (Figure 6C and 6D).

The overexpression of KIN10 in the adg1-1

mutant background (partially) suppressed the
more robust activation of anthocyanin biosynthesis observed

for the adg1-1 single mutant (Figure 6E–6J), indicating that

SnRK1 acts downstream of the chloroplast-derived sugar

signal.
4, 100423, January 9 2023 ª 2022 The Author(s). 9



Figure 6. Overexpression of KIN10 diminished HL-induction of FB
(A) Expression of PAP1 and LDOX in Col-0 and Col-0 expressing otsB (light purple) after 8 h HL.

(B) Expression of CHS, FLS1, PAP1, TT8, and LDOX in Landsburg erecta (Ler) (orange) and 2 independent overexpression lines for KIN10 in the Ler

background (ox1 and ox2, pink and light pink) after 8 h HL. Plants were shifted at the end of the night. Gene expression was calculated relative to the

corresponding WT background after 8 h HL using the 2�DDCt method with SAND as the reference gene. Values are means ± standard deviations (nR 3),

and p values for Student’s t test between mutant and WT background are shown.

(C) Anthocyanin accumulation (expressed as cyanidin equivalents) in the lines shown in (A) and (B) after 24 h HL determined from 2 independent HL shift

experiments. Values are means ± standard deviations (n = 7 from 2 independent shifts), and p values for Student’s t test between the mutant and the

corresponding WT background are shown.

(D) Phenotypes of Ler, KIN10ox #1, and #2 after 24 h HL. Top: adaxial; bottom: abaxial.

(E and F) Staining of starch in seedlings exposed to 24 h HL (E) and (F) phenotypes of Ler, KIN10ox 1, adg1-1, and the adg1-1 KIN10ox double mutant

after 24 h HL.

(G–J) Anthocyanin content after 24 h HL (G) and (H) PAP1, (I) LDOX, and (J) KIN10 expression after 8 h HL in the different genotypes. Note that for adg1-1

KIN10ox, seeds from different plants obtained after crossing and selection were used (same color of circle, see section ‘‘methods’’). Each data point

(circle) represents the result from 10–15 seedlings per ‘‘line’’ analyzed as 1 sample. Gene expression was calculated relative to Ler using the

2�DDCt method with SAND as the reference gene. Values are means ± standard deviations. In (G)–(J), for Col-0, KIN10ox 1, and adg1-1, n = 4. For

adg1-1 KIN10ox in (G), n = 10, and in (H)–(J), n = 18. Statistical significance of differences was analyzed using 1-way ANOVA (Tukey’s multiple

comparisons test), and letters indicate significant differences at p < 0.05.
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Tostudy theeffectofSnRK1suppression, an inducibleRNAi line for

KIN11 (SnRK1a2), the second catalytic subunit of SnRK1, in the

background of a KIN10 (SnRK1a1) knockout mutant was analyzed
10 Plant Communications 4, 100423, January 9 2023 ª 2022 The Au
(snrk1a1-3amiRNAiKIN11; Pedrotti et al., 2018) . This linehad tobe

used because constitutive snrk1a1/a2mutants are not viable, and

single knockout results in no obvious phenotype (Baena-Gonzalez
thor(s).



Figure 7. Inactivation of SnRK1 induced FB in HL
(A–D) Phenotype (A) and (B) anthocyanin content (expressed as cyanidin equivalents) after 24 h HL and (C) PAP1 and (D) LDOX expression in snrk1a1-3

amiRNAi KIN11 induced (+) or not (–) induced with b-Est (see methods) after 4 and 8 h HL, respectively. Gene expression was calculated relative to b-Est

at EoN using the 2�DDCt methodwith SAND as the reference gene. Statistical significance of differences was analyzed using Student’s t test (nR 3) in (B)–

(D), and p values are shown.

(E–G) Anthocyanin content after 24 h HL (E) and PAP1 (F) and LDOX (G) expression in leaves incubated with 30 mM SOR or 30 mM SUC. For statistical

analysis, 2-way ANOVA (Dunnett’s multiple comparisons test, n = 3) was used, and letters indicate significant differences at p < 0.05.

(H and I) Relative expression of PAP1 (H) and (I) LDOX in Col-0 after 6 h of HL treatment in the absence (w/o) or presence of 1 mM AZD8055 (AZD).

Seedlings were grown on MS plates for 10 d in SD conditions. Gene expression was calculated relative to the control (w/o) using the 2�DDCt method with

SAND as the reference gene. Statistical significance of differences between control and AZD treatment was analyzed using Student’s t test. Values are

means ± standard deviations (n = 4), and the p values are shown. For all experiments, plants were shifted to HL at the end of the night.
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etal., 2007;Nukarinenetal., 2016;Belda-Palazonetal., 2020).After

spraying b-estradiol (b-Est), KIN11 was efficiently suppressed but

still detectable (Supplemental Figure 6C), and SnRK1-induced

DIN10 was downregulated compared with control plants at the

end of the night (Supplemental Figure 6D). After being subjected

to HL, +b-Est plants had a visibly darker appearance (Figure 7A),

which was attributed to higher anthocyanin contents (Figure 7B)

and more pronounced induction of PAP1 and LDOX compared

with control plants (Figure 7C and 7D). However, the suppression

of SnRK1 had no impact on the HL induction of EBGs

(Supplemental Figure 6E and 6F). In the presence and absence of

SUC, b-Est-induced snrk1a1-3 amiRNAi KIN11 accumulated

more anthocyanins in HL compared with the non-induced control

(Figure 7E), and the knockdown of SnRK1 resulted in the same

anthocyanin level as in the non-induced plants fed with SUC.

Compared with the non-induced control, expression of PAP1 and

LDOX was strongly induced in b-Est-induced snrk1a1-3 amiRNAi

KIN11 after 8 h of HL in SOR-containing buffer (Figure 7F and

7G). Whereas SUC stimulated the expression of both transcripts

by a factor of 7–8 when KIN11 was still present, the suppression

of SnRK1 resulted in a less pronounced SUC induction of PAP1

and LDOX (approximately 0.5- to 0.75-fold) (Figure 7F and 7G).

The HXK1mutant gin2-1, defective in GLC-mediated regulation of

gene expression (Moore et al., 2003), accumulated WT-like

amounts of anthocyanins under HL (Supplemental Figure 6G).
Plant Com
Inactivation of SnRK1 during HL shifts or increased sugar

content may also activate TOR. To test the involvement of TOR,

Col-0 was grown in the absence or presence of the TOR inhibitor

AZD8055 and shifted toHL. The inhibition of TOR further increased

the expression of PAP1 and LDOX in HL-treated Col-0 (Figure 7H

and 7I). MAP kinase (MPK) 3 and 6 phosphorylation depends on

SnRK1 (Cho et al., 2016), and MPK3, -4, -6, and -11 have been

shown to phosphorylate PAP1 (Li et al., 2016; Kreynes et al.,

2020). Furthermore, MPK6 functions in the immediate regulation

of gene expression downstream of TP export upon HL shifts

(Vogel et al., 2014). However, two allelic mpk6 mutants were not

affected in anthocyanin accumulation during a 24-h HL shift

(Supplemental Figure 6H).
DISCUSSION

Carbon fixation, TP export, and increase in cellular
sugar level are essential for HL induction of FB

The time-resolved targeted and global gene expression analysis

revealed dynamic regulation of the HL-induced transcriptome

response in tpt-2. Based on the results presented here, we pro-

pose that TPT deficiency did not render the plants entirely insensi-

tive toHL, but instead, dynamic changes in the signal connected to

TP export from chloroplasts caused the delayed stimulation of FB

genes in tpt-2. Several lines of evidence support a role for TP
munications 4, 100423, January 9 2023 ª 2022 The Author(s). 11
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export from chloroplasts as a metabolic retrograde signal and for

cellular sugar content in the induction of FB pathway genes and

accumulation of anthocyanins during HL. First, in WT seedlings,

the stimulation of FB genes and anthocyanin accumulation during

HL treatment was positively correlated with cellular sugar

content before the HL shift. Second, limitation of carbon fixation

significantly attenuated the activation of FB during short-term HL

exposure (Figure 3). In agreement with this result, mutants

impaired in photosynthesis owing to perturbed chlorophyll

accumulation showed lower amounts of anthocyanin after HL

exposure compared with the WT (Richter et al., 2020). Also,

perturbed FB gene expression and anthocyanin accumulation

resulting from diminished photosynthetic activity caused by

DCMU application were rescued by SUC feeding (Figure 3),

corroborating studies with strawberry leaf discs (Creasy, 1968).

Third, genetic perturbation of starch biosynthesis resulted in

pronounced accumulation of soluble sugars (Supplemental

Figure 1C–1E), stimulation of FB pathway gene expression, and

anthocyanin production in HL-treated adg1-1 (Figures 1 and 3;

Blasing et al., 2005; Ragel et al., 2013; Schmitz et al., 2014).

Stronger activation of FB in adg1-1 was suppressed in the adg1-

1 tpt-2 double mutant and by DCMU but rescued through exoge-

nous SUC application (Figure 3). Lastly, diminished anthocyanin

accumulation in tpt-2 was fully rescued by SUC feeding in

HL, providing strong evidence for the lack of a sugar signal in

tpt-2. WT-like starch accumulation (Figure 2), ROS response

(Supplemental Figure 2), and regulation of photosynthetic genes

(Figures 2H, 2L, and 7I) in tpt-2 indicated that photosynthesis, car-

bon fixation, or plastid-to-nucleus communication were overall not

perturbed in the mutant. Therefore, a specific function for TP

export from chloroplasts and subsequent conversion in cytosolic

sugar biosynthesis pathways to regulate FB genes (and others)

during HL is strongly supported. This conclusion agrees with the

PAP1-dependent positive impact of sugars on the expression of

FB genes even in standard growth conditions (Teng et al., 2005;

Solfanelli et al., 2006). Furthermore, transcripts induced under

energy-limiting conditions were enriched among the DEGs during

early time points of the HL shift, and sugar-responsive transcripts

showed a delayed response in tpt-2 (Figure 5 and Supplemental

Figure 5). For example, GPT2 was markedly repressed at 9 h of

HL relative to WT but strongly upregulated after 18 h of HL in

tpt-2. GPT2 is induced in GLC-fed potato leaves (Quick et al.,

1995) or by high sugar content in the starch biosynthesis

mutants adg1 and pgm (Kunz et al., 2010; Weise et al., 2019)

and upon HL treatment of Arabidopsis WT plants (Huang et al.,

2019). Hence, the late induction of FB genes is most likely

explained by a delayed increase in sugar content in tpt-2

(Figure 2), thereby supporting the suggested model of sugar-

dependent regulation of FB during HL.

Given the lack of a primary route for TP export, it remains unclear

which alternative pathway/transporter enables cytosolic sugar

pools to increase in HL-treated tpt-2. WT-like anthocyanin accu-

mulation in gpt2, pglct, and xpt (Supplemental Figure 1F)

suggests that these routes for carbohydrate exchange are not

essential for HL induction of FB in the presence of a functional

TPT. Nevertheless, we cannot exclude the possibility that one of

these transporters partially compensated for the lack of TPT in

tpt-2. For example, XPT has also been reported to transport TP

(Eicks et al., 2002) and could partially complement the lack of

TPT in HL as it does under normal growth conditions in TPT-
12 Plant Communications 4, 100423, January 9 2023 ª 2022 The Au
deficient mutants (Hilgers et al., 2018). Alternatively, starch

degradation already occurring in TPT-deficient plants during the

day (Hausler et al., 1998; Schneider et al., 2002; Walters et al.,

2004), subsequent export of maltose through maltose exporter 1

(MEX1; Niittyla et al., 2004), and conversion in the cytosol could

also contribute to the increasing sugar content of tpt-2 exposed

to long-term HL. Indeed, a function of MEX1 in cold-induced

anthocyanin accumulation has been reported (Purdy et al.,

2013), and maltose feeding can stimulate FB (Teng et al., 2005).

Future analyses of double mutants deficient in TPT and other

plastid-localized sugar transporters could reveal which alternative

export pathways are responsible for the late increase in sugar

content and sugar-dependent regulation of FB under long-term

HL.

Previously, ROS were shown to negatively or positively affect the

expression of FB genes through, for example, redox-dependent

regulation of transcriptional FB repressors such as TCP14 or -15

(Viola et al., 2016). However, time-resolved analysis of the WT

and the tpt-2 mutant enabled separation of the (early) ROS

response from a metabolic sugar signal regulating FB during HL

acclimation. More precisely, the expression of GPX7 was rapidly

stimulated upon HL exposure (3 h HL), then declined and strongly

increased again after 9 h HL in WT and tpt-2 (Supplemental

Figure 2). Whereas FB gene expression paralleled that of ROS

marker genes during early time points in WT, tpt-2 showed

a WT-like ROS response, but, at the same time, failed to

stimulate crucial positive regulators (PAP1 and TT8) of LBGs

(LDOX and DFR). The substantial increase in GPX7 (and others,

Supplemental Figure 2) after prolonged HL paralleled the

expression of FB genes in tpt-2 but not inWT, in which the expres-

sion of FB pathway genes reached a maximum or was even

repressed in the case of PAP1. Unchanged expression of ascor-

bate biosynthesis genes (e.g., VTC2, Supplemental Data 1) and

WT-like total ascorbate level in the tpt-2 mutant (Schmitz et al.,

2014) may exclude diminished ascorbate level as causative for

the deregulation of FB in tpt-2 (Page et al., 2012; Plumb et al.,

2018). We do not rule out a function of ROS in the regulation of

EBGs (e.g., CHS, FLS1) or LBGs under long-term HL (e.g.,

several days) or under other and/or more severe abiotic stress

conditions, but we concluded that ROS are most likely not

involved in the stimulation of, in particular, LBGs at early time

points of HL treatment. In addition to ROS, phytohormones such

as JA (Shan et al., 2009; Qi et al., 2011) or ethylene (Jeong et al.,

2010) also affect FB. Ethylene biosynthesis or ethylene-

responsive genes and other phytohormone biosynthesis

pathways were not enriched among the DEGs, and only JA

biosynthesis genes showed late induction in HL-treated tpt-2

(Supplemental Figure 4B and 4C; Supplemental Data 4). Although

some FB genes were responsive to exogenous JA feeding

(Dombrecht et al., 2007), JA contents did not change when WT

plants were subjected to 7 h of HL (Balfagon et al., 2019), and

anthocyanin accumulation was WT-like in JA-deficient aos1-1

and jassy mutants (Supplemental Figure 4). These findings

suggest that JA availability is most likely not a determining factor

for anthocyanin accumulation after short-term HL treatment, but

a potential role for JA in the late induction of FB genes in tpt-2 or

WT cannot be ruled out under different conditions.

At this point, we want to highlight that diminished anthocyanin

accumulation in tpt-2 during HL exposure has been reported
thor(s).
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previously by Schmitz et al. (2014). However, using microarray-

based transcriptomics, no changes in the expression of FB

pathway genes were observed. Although we cannot entirely

exclude the possibility that the different experimental conditions

(shift to 300 mmolm�2 s�1 and another light source) had an impact

on the different outcomes of the experiments, the time point of

harvest may explain most of the differences: Schmitz et al. har-

vested plant material after 4 h and 48 h of the HL shift. However,

our time-resolved analysis revealed only minor differences in the

expression of FB pathway genes between WT and tpt-2 after 4 h

HL and WT-like expression of PAP1, DFR, and LDOX after pro-

longed HL exposure (i.e., 24 h HL). Hence, owing to the selection

of time points, the previous study could not detect the dynamic

changes and altered transcriptional response of FB during HL

acclimation in tpt-2.
SnRK1 downregulates HL induction of anthocyanin
biosynthesis

Transcriptome changes throughout the HL exposure revealed late

induction and repression of sugar-responsive genes in tpt-2, and

we propose that increasing cellular sugar content serves to induce

FB at the transcriptional level uponHL exposure. Changes in sugar

content are sensed and translated into adjustments of gene

expression by, for instance, HXK1, TOR, and SnRK1 and down-

stream components (Baena-Gonzalez and Lunn, 2020; Li et al.,

2021). Our analysis showed that HXK1-dependent GLC signaling

is not essential for FB activation when plants are exposed to HL

(Supplemental Figure 6E). Instead, knockdown of SnRK1 activity

resulted in faster activation of FB and almost complete insensitivity

to SUC. By contrast, overexpression of KIN10 diminished FB

induction in HL and suppressed the more robust activation of FB

in the adg1-1 background (Figures 6 and 7). Therefore, the

results presented here support a model in which SnRK1

functions downstream of the chloroplasts, and inhibition of

SnRK1 is a prerequisite for HL-induced anthocyanin biosynthesis.

This conclusion is supported by the targeted and global gene

expression analysis, which showed altered SnRK1-dependent

signaling in tpt-2 over the course of the HL experiment (Figures 4

and 5) and differential expression of SnRK1-regulated transcripts

in HL-treated WT (Supplemental Figure 5B). Based on the

expression profile of well-established marker genes for SnRK1-

dependent signaling, we concluded that the delayed increase in

sugar content (Figure 2) led to delayed inactivation of SnRK1,

thereby permitting the activation of FB only after prolonged HL

treatment in tpt-2. When SUC feeding was applied (Figure 3),

anthocyanin accumulation was restored to the WT level in tpt-2.

In this regard, more pronounced repression of SnRK1 marker

genes (Figure 5) and activation of FB in adg1-1 in HL (Figures 1

and 3) are probably explained by high sugar (Supplemental

Figure 1) and T6P contents in starch-deficient mutants (Carillo

et al., 2013), resulting in more substantial suppression of SnRK1

activity compared with WT plants. High sugar content most likely

also partially suppresses SnRK1 activity even when KIN10 is over-

expressed, thereby leading to stronger activation of FB in adg1-1

KIN10ox compared with the KIN10ox line (Figure 6). The newly

established connection between FB activation in HL and SnRK1

activity receives strong support from previous studies: PAP1 was

repressed by SnRK1 in protoplast assays, and excess of KIN10

diminished sucrose-induced activation of FB in planta (Baena-

Gonzalez et al., 2007; Ramon et al., 2019). By contrast, FB was
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activated and pathway genes were partially de-repressed in partial

loss-of-function snrk1a1�/�snrk1a2+/� and snrk1a1-3 amiRNAi

KIN11 mutants, even under normal growth conditions (Nukarinen

et al., 2016; Peixoto et al., 2021; Wang et al., 2021).

Overexpression of T6P phosphatase supposedly activated

SnRK1 but repressed FB in stably transformed lines (otsB,

Zhang et al., 2009). On the contrary increased T6P level in T6P

synthase (otsA) overexpressor plants induced FB (Schluepmann

et al., 2003; Zhang et al., 2009; Wingler et al., 2012). In addition

to the transcriptional regulation of FB pathway genes, the

inactivation of SnRK1 leads to indirect post-translational stabiliza-

tion of PAL, which catalyzes the initial step of phenylpropanoid

biosynthesis upstream of FB (Wang et al., 2021). Based on the

new results, we propose that anthocyanin accumulation during

HL acclimation is the result of both transcriptional and post-

translational activation of FB through SnRK1 inhibition.

TOR activity is stimulated by GLC (Xiong et al., 2013; Li and

Sheen, 2016) and repressed by SnRK1-dependent phosphoryla-

tion of the RAPTOR component (Nukarinen et al., 2016).

Therefore, high sugar content and inactivation of SnRK1 during

HL could lead to TOR activation, which may induce FB. However,

diminished TOR activity in raptor1B or inducible tor knockdown

mutants results in increased flavonoid contents (Caldana et al.,

2013; Wang et al., 2017; Salem et al., 2018). Inhibition of TOR

by AZD even further stimulated rather than repressed FB

pathway genes in HL (Figure 6), suggesting that active TOR is

not essential for HL stimulation of FB but may have a

repressive function in FB. However, perturbed TOR function

leads to starch and sugar accumulation (Caldana et al., 2013;

Salem et al., 2018; Zhang et al., 2018). Because of the strong

correlation between cellular sugar and T6P content (Carillo

et al., 2013; Yadav et al., 2014; Peixoto et al., 2021), FB could

be (further) stimulated when TOR activity is suppressed (in HL)

because high sugar levels may result in more substantial

inactivation of SnRK1 (as in the sugar-overaccumulating starch

mutants). The involvement of TOR and its interconnection with

SnRK1 in the regulation of FB during HL acclimation should be

analyzed in the future using (double) mutants with altered activ-

ities of both factors.
Potential downstream components of the sugar signal
and the connection with light signaling

MPK6 was shown to be activated by a TP-dependent signal,

thereby permitting the adjustment of nuclear gene expression

within 10 min of HL exposure (Vogel et al., 2014). Although it is

still a matter of debate, phosphorylation of PAP1 by MPK3, -4,

-6, or -11 may adjust the stability or activity of the TF and

eventually the accumulation of anthocyanins (Li et al., 2016;

Kreynes et al., 2020, 2021; Yang et al., 2021). Interestingly,

phosphorylation of MPK3 and -6 depends on SnRK1 in response

to the submergence of leaves (Cho et al., 2016), which would

provide a connection between TP export, SnRK1, MPK activity,

and the regulation of FB. However, mpk6 mutants were indistin-

guishable from WT plants in terms of anthocyanin accumulation

(Supplemental Figure 6F; Li et al., 2016), indicating that at least

MPK6 is dispensable for HL-induced anthocyanin accumulation.

Components of light-signaling pathways also regulate FB.

Hence, the question arises of how SnRK1 may interact with
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those pathways to regulate FB during HL. CRY- and PHY-

dependent inactivation of the constitutive photomorphogenic1/

suppressor of phyA-105 (COP1/SPA)-containing E3 ubiquitin

ligase complex in the light permits stabilization of HY5 and its

interacting B-box-containing proteins (BBX20, BBX21, and

BBX22, Bursch et al., 2020) but also PAP1 and PAP2 (Maier

et al., 2013; Ponnu et al., 2019), and direct binding of these

TFs to their target genes promotes FB (Shin et al., 2013;

Bursch et al., 2020). Consequently, cry1, hy5, and bbx202122

mutants showed low expression of FB regulators and pathway

genes and diminished anthocyanin contents when exposed to

monochromatic light but also HL (Kleine et al., 2007; Stracke

et al., 2010; Ponnu et al., 2019; Bursch et al., 2020), thereby

resembling mutants with active SnRK1 in terms of FB regula-

tion. Because physical interaction of SnRK1 with components

for ubiquitin-mediated protein turnover has been reported (E3 li-

gases and 26S proteasome; Farras et al., 2001; Nietzsche et al.,

2014), it is tempting to speculate that SnRK1 (in)directly re-

presses the function of positive regulators of FB (e.g., HY5,

BBX, PAP1, TT8). A potential function of SnRK1 as a repressor

of highly energy-demanding FB is supported by, for example,

SnRK1-mediated destabilization of WRINKLED1, a TF that reg-

ulates fatty acid biosynthesis (Zhai et al., 2018). Future

experiments will reveal how and at which point light- and

sugar-dependent signaling pathways converge at the molecular

level to permit the activation of FB.

Taken together and in conjunction with previous studies

revealing a crucial function for TP export in the regulation of nu-

clear gene expression under (short-term) HL (Vogel et al., 2014;

Weise et al., 2019), our study emphasizes the critical role of

chloroplasts as sensors for changes in the environment and

as emitters of metabolic signals for the adjustment of nuclear

gene expression and pathways relevant for acclimation

responses, such as FB. Although a shift in light intensity leads

to the partial photoinhibition of photosynthetic complexes and,

thus, would result in lower photosynthetic electron transfer

rates and carbon fixation, sophisticated protection (e.g., non-

photochemical quenching, flavonoid accumulation) and repair

mechanisms ensure high photosynthetic activity and CO2 fixa-

tion rates in HL. Even beyond the light saturation point at

approximately 400–500 mmol photons m�2 s�1 in Arabidopsis

(Schumann et al., 2017), photosynthesis is still active,

producing sufficient amounts of photosynthates for growth

and reproduction. Therefore, a (transient) rise in cellular sugar

content could serve as a metabolic signal informing the cell

about changing light intensities (Schmitz et al., 2014 and

results presented above). The accumulation of anthocyanins is

a widespread response of plants exposed to adverse

environmental conditions. It is of great interest to test whether

FB is also regulated by a sugar signal when plants are

exposed to other abiotic stress conditions (e.g., low

temperatures). In this context, comparative gene expression

analysis (Figures 4 and 5) also revealed that other cellular

processes and pathways, such as the biogenesis of

ribosomes, which function as hubs for plant acclimation

(Garcia-Molina et al., 2020), were affected when TP export

was perturbed. Hence, the importance of TP as a metabolic

retrograde signal (Pfannschmidt, 2010) and the connected

cytosolic sugar biosynthesis and signaling pathways for HL

acclimation should be analyzed in more detail in the future.
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Genotypes and growth conditions

If not otherwise stated, A. thaliana WT and mutant plants were grown on

soil in SD (10 h light) at 100 mmol photons m�2 s�1 at 22�C. Genotypes

used in this study are listed in Supplemental Data 8. Homozygous

mpk6-2 and mpk6-3 were obtained from K.-J. Dietz (University Bielefeld,

Germany); gpt2-1, adg1-1 tpt2-1, xpt-1, xpt-2, and gin2-1 from R. H€ausler

(University of Cologne, Germany); and jassy from S. Schwenkert (Ludwig-

Maximilians-Universit€at Munich, Germany). Mutant lines overexpressing

T6P from Escherichia coli (otsB) were provided by A. Wiese-Klinkenberg

(Forschungszentrum J€ulich, Germany) and snrk1a1-3 amiRNAi KIN11 by

W. Dr€oge-Laser (University of W€urzburg, Germany). The aos1-1 mutant

(SALK_017756) was obtained from I. Feußner (University of G€ottingen,

Germany). The tDNA insertion mutants pglct-2 and tpt-2 and the ethyl

methanesulfonate mutant adg1-1 were obtained from the Nottingham

Arabidopsis Stock Centre (NASC). Gene knockout was confirmed by

qPCR analysis or lack of starch in adg1-1. To induce the knockdown of

KIN11, snrk1a1-3 amiRNAi KIN11 lines were grown for 3 weeks in SD

and were sprayed with or without 20 mM b-estradiol in water supple-

mented with 0.05% Tween 20 for another 7 days.

The adg1-1 KIN10 overexpression lines were obtained by crossing KI-

N10ox 1with adg1-1. In the T2 generation, phosphinothricin-resistant (se-

lection for 35S:KIN10-HA) and starch-deficient (for adg1-1 mutation)

plants were selected. Overexpression of KIN10-HA was confirmed by

means of western blotting and hemagglutinin (HA)-specific antibody,

and the presence of the point mutation in ADG1was confirmed by Sanger

sequencing. In the T3, seeds of plants homozygous for adg1-1were sown

on soil and sprayed with phosphinothricin. Plants were sprayed 3 times

within 7 days starting 7 days after germination and were kept for another

5 days without any treatment before the HL shift was performed. Several

adg1-1 KIN10ox lines were obtained and analyzed.

Treatment of plants

Standard HL shift experiments were carried out with 18- to 21-d-old plants

exposed to 500 mmol photons m�2 s�1 for the indicated time periods un-

der a constant temperature (22�C) in a Conviron Adaptis A/GEN1000

growth chamber equipped with a white LED light source. Plants were

either shifted at the end of the night or 2 h after the onset of light. For young

plants, samples contained leaves of approximately 10 seedlings pooled

from at least 3 different pots. Experiments were repeated at least one

time. For HL shift experiments with snrk1a1-3 amiRNAi KIN11, rosette

leaves of 4-week-old plants were harvested for each sample, and each

sample contained leaves from two individual plants.

For HL shift experiments in normal (400 ppm) or low (50 ppm) CO2 condi-

tions (21% oxygen), rosette leaves were mounted on a LI-COR LI-6400XT

device (LI-COR, USA) and incubated at 500 mmol photons m�2 s�1 (10%

blue and 90% red LED light) for 4 h. The flow rate was set to 300 mmol s�1,

the block temperature to 22�C, and the relative humidity to 60%. After 4 h,

one leaf disc (2 cm2) was punched out from the treated area of the leaf and

directly frozen in liquid nitrogen. Six leaves from individual rosette plants

were analyzed on consecutive days.

Sugar (SUC) feeding and DCMU application were performed by incu-

bating plants in 20 mM Tris buffer (pH 7.4). SUC was applied at 30

(�1%; g/v) or 90 mM (�3%; g/v). As an osmotic control, 30 or 90 mM

SOR was used. DCMU stock was prepared in DMSO, and control buffers

contained the same amount of DMSO. Plants were transferred to the

buffer at the end of the night and pre-incubated for 30 min in darkness

before the HL shift.

For AZD treatment, seeds were surface sterilized by incubation in 70%

ethanol (plus 0.05% Triton X-100) for 10 min. Subsequently, seeds were

washed with 70% ethanol, followed by a washing step in 100% ethanol.
thor(s).
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After decanting the ethanol, seeds were dried and plated on 0.53 Mura-

shige and Skoog (MS) medium (4.4 g/l (w/v) MS including vitamins, 0.5

g/l (w/v) MES, 0.8% agar, pH 5.7). MS plates were supplemented with 1

mM AZD8055 (MedChemExpress [USA], HY-10422). After stratification

at 4�C for 2 d, plants were grown in SD conditions for 10 d before the

HL shift.

Detection of ROS

Superoxide radical accumulation was analyzed using nitro blue tetrazo-

lium chloride (NBT, Sigma-Aldrich [USA], 93862). Leaves of half-rosettes

from approximately 4-week-old plants were incubated in NBT staining so-

lution (25 mM HEPES/KOH, 1 mg/ml NBT, pH 7.5). After 15–30 min vac-

uum infiltration, leaves were further incubated for 2 h at room temperature

(RT) in the dark. Hydrogen peroxide content was analyzed using 3,30-di-
aminobenzidine (DAB, Merck-Millipore [USA], D8001). The DAB staining

solution (20 mM Tris/acetate, 1 mg/ml DAB [Sigma-Aldrich], pH 5) was

prepared 1 h before use. After vacuum infiltration, the leaves were kept

in darkness for 24 h at RT. Chlorophyll was destained with 80% (v/v)

ethanol for 20 min at 80�C in a water bath. Hydrogen peroxide contents

were also analyzed using 20,70-dichlorofluorescein diacetate (H2DCF-

DA, Sigma-Aldrich, 35845). To this end, leaves were incubated in

20 mM Tris/HCl (pH 7.4) with or without 10 mM H2DCF-DA. After 15–

30min vacuum infiltration at RT, leaves were left in the solution for another

0.5–2 h at RT in the dark. For the analysis, leaf discs were cut, and the fluo-

rescence signal was detected using a Zeiss (Germany) LSM 800 confocal

laser-scanning microscope (633 magnification) at an excitation wave-

length of 488 nm. The DCF signal was detected with an emission wave-

length of 500–575 nm. Chlorophyll fluorescence emission was recorded

between 650 and 680 nm. The settings for analysis were the same for

all analyzed samples. The mean fluorescence signals for DCF were quan-

tified using ImageJ (https://imagej.nih.gov/ij/).

Quantification of starch and starch staining

Starch was extracted from dried or frozen leaf material using 80% (v/v)

ethanol and incubation at 80�C for 30 min. After centrifugation (10 min,

13 000 rpm, RT), the soluble carbohydrate-containing supernatants

were transferred to new tubes and prepared for sugar analysis (see

below). The starch-containing pellet was resuspended in 750 ml of 0.5 M

NaOH and incubated for 30 min at 95�C before adding 750 ml of 1 M

CH3COOH. Starchwas digested bymixing 100 ml of the starch suspension

with 100 ml of amyloglucosidase solution (1 mg/ml in 200 mM CH3COOH

and 100 mM NaOH) for 2 h shaking at 1050 rpm at 55�C. Then, 100 ml of a

1:5, 1:10, or 1:20 dilution of the starch digestion diluted in H2Odd was

mixed with 200 ml of glucose oxidase (GlcOx) reagent (1 mg glucose oxi-

dase, 1.5 mg horseradish peroxidase [HRP], 5 mg dianisidine/HCl per

50ml 0.5M Tris/HCl [pH 7.0], 40% [v/v] glycerol). For the glucose standard

curve, 0–1mMglucosewasmixedwith 200 ml of the GlcOx. The standards

and samples were incubated at 30�C for 30 min before the reaction was

stopped by the addition of 400 ml of 5 M HCl. After a short centrifugation

(30 s, RT), the absorbance of the samples at 540 nmwas determined using

a 96-well plate reader (SpectraMax M2 microplate reader [Molecular De-

vices, USA]). The amount of starch was determined as glucose equiva-

lents, and the glucose content was calculated using the standard curve.

For the staining of starch in intact seedlings, chlorophyll was destained

with 80% (v/v) ethanol for 20 min at 80�C. Subsequently, seedlings were

incubated for 1 h with Lugol’s iodine solution. After destaining with water

for 2 h at RT, starch accumulation was documented.

Quantification of soluble sugars

Concentrations of the free sugars SUC, GLU, and FRC were quantified

photometrically as previously described (Atanasov et al., 2020).

Supernatants from the first step of the starch extraction (see above)

were collected and dried in a speed vacuum concentrator. Sugars were

extracted from dried pellets in H2Odd by constantly shaking at 500 rpm

and 22�C. For sucrose quantification, sample extracts were incubated
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for 10 min with 30% KOH at 95�C, followed by incubation for 30 min at

40�C with an anthrone reagent (0.14% w/v anthrone in 14.6 M H2SO4).

Together with a standard calibration curve, sample absorbance was

determined at 620 nm. Glucose concentrations were determined from

extracts in a coupled hexokinase/glucose-6-phosphate dehydrogenase

assay, resulting in NADPH + H+ formation, detectable at 340 nm.

Following glucose quantification, phosphoglucose isomerase was added

to themixture to determine fructose concentrations. The absolute amount

was calculated using the standard calibration curves.

Anthocyanin extraction and quantification

Anthocyanins were extracted from ground and frozen leaf material using 1

ml of anthocyanin extraction buffer (18% 1-propanol, 1% HCl in water).

Homogenates were incubated for 2 h at RT in darkness. After centrifuga-

tion for 10 min at RT (13 000 rpm), supernatants were transferred to cu-

vettes, and the absorption at 547, 650, and 720 nmwas recorded. The ab-

sorption of anthocyanins was calculated using the following formula:

(A537�A720) � 0.253(A650�A720). Absorption values were transformed

into cyanidin equivalents using cyanidin chloride as a standard (Sigma-Al-

drich, 79457) and normalized to either grams fresh weight (fw) or dry

weight (dw).

Protein extraction and western blot analysis

Total leaf proteins were extracted from ground and frozen leaf material us-

ing protein extraction buffer (56 mM Na2CO3, 56 mM dithiothreitol [DTT],

2% [w/v] SDS, 12% [w/v] SUC, and 2 mM EDTA). After the powder was

resuspended, samples were incubated at 90�C for 10min, and protein ex-

tracts were obtained by centrifugation (10 min, 13 000 rpm, RT). Protein

extracts were separated on 12% polyacrylamide-SDS gels and blotted

onto a nitrocellulose membrane. After blocking for 1 h in 4%milk solution

in TBS-T (50 mM Tris/HCl, 150 mM NaCl, pH 7.5; 0.1% [v/v] Tween 20),

membranes were incubated overnight at 4�C with the primary antibody

in 1% milk solution in TBS (phospho-AMPK, 1:2000, Cell Signaling Tech-

nology [USA], #2535). The next day, membranes were washed and incu-

bated with the secondary antibody for 2 h at RT (goat anti-rabbit immuno-

globulin G [IgG] coupled with HRP, 1:10 000, 1% milk solution, TBS).

Signals were detected using ClarityWestern ECL substrate (Bio-Rad, Ger-

many) and an ECL Chemostar CCD camera (Intas, Germany).

RNA extraction and qPCR analysis

Whole-leaf RNA was extracted using a previously published protocol

(Oñate-Sánchez and Vicente-Carbajosa, 2008). In brief, frozen and

ground leaf material was resuspended in 300 ml cell lysis buffer (2%

[w/v] SDS, 68 mM sodium citrate, 132 mM citric acid, 1 mM EDTA).

After the addition of 100 ml DNA/protein precipitation solution (4 M NaCl,

16 mM sodium citrate, 32 mM citric acid), samples were vortexed and

incubated on ice for 10 min. Subsequently, samples were centrifuged at

13 000 rpm (4�C) for 10 min, and 300 ml of the supernatant was used to

precipitate the RNA with 300 ml isopropanol. After precipitation (5 min,

13 000 rpm, RT), pellets were washed with 800 ml 75% ethanol,

centrifuged again, and dried. The RNA was resuspended in 20–25 ml of

H2Odd (RNAse free) and stored at �80�C until further use.

For qPCR analysis, 1–2 mg of DNase I (Thermo Fisher [USA])-treated RNA

was transcribed into cDNA using RevertAid reverse transcriptase (Thermo

Fisher) according to the manufacturer’s protocol. qPCR analysis was car-

ried out in a CFX96-C1000 96-well plate thermocycler (Bio-Rad) with

ChamQ Universal SYBR qPCR Master Mix (Absource Diagnostics, Ger-

many) in 6-ml reactions containing 1 ml of diluted (1:5) cDNA. Relative

gene expression was calculated using the 2�DDCt method with SAND

(AT2G28390) as the reference gene. The primers used for qPCR analysis

are listed in Supplemental Data 9.

For RNA-seq, RNA was treated with DNase I and purified using a phenol/

chloroform/isoamyl alcohol precipitation protocol. After washing with

75% ethanol (v/v), RNA was dried and resuspended in RNase-free water.
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RNA-seq and data analysis

RNA-seq was performed by Novogene (UK/China). Three biological rep-

licates for Col-0 and tpt-2 after 9 and 18 h of HL treatment were analyzed.

mRNA was purified from total RNA using poly-T oligo-attached magnetic

beads. After fragmentation, the first-strand cDNA was synthesized using

random hexamer primers, followed by second-strand cDNA synthesis.

The libraries were tested with a Qubit fluorometer and real-time PCR for

quantification and an Agilent Bioanalyzer for detection of size distribution.

Quantified libraries were sequenced on the Illumina HiSeq 4000 platform,

according to effective library concentration and data amount (4 GB raw

reads). Raw data in fastq format were processed using in-house perl

scripts to obtain clean data by removing adapter-contaminated, poly-N,

and low-quality reads. At the same time, Q20, Q30, and GC content of

the clean data were calculated. Paired-end clean reads were aligned to

the TAIR10 reference genome and gene model annotation files using HI-

SAT2 version 2.0.5, and featureCounts version 1.5.0-p3 was used to

count the number of reads that mapped to each gene. Fragments per kilo-

base of transcript sequence per million base pairs sequenced (FPKM) was

calculated for each gene based on its length and mapped read counts.

Differential gene expression analysis (three biological replicates per con-

dition) was performed using the DESeq2 R package (1.20.0). The resulting

p values were adjusted using Benjamini and Hochberg’s approach for

controlling the false discovery rate. Post-sequencing analysis of data

was performed using the Galaxy webserver (Galaxy Europe, https://

usegalaxy.eu/), the Venny tool for preparation of Venn diagrams (https://

bioinfogp.cnb.csic.es/tools/venny/), and R studio (heatmap package:

‘pheatmap’ and correlation analysis: ‘corrplot’). GO term analysis was

performed using GOTermFinder with settings for A. thaliana (https://go.

princeton.edu/cgi-bin/GOTermFinder). The transcriptome data were

compared with the expression data published in Huang et al. (2019),

Baena-Gonzalez et al. (2007), and Garcia-Molina et al. (2020).
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