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SUMMARY
For plants, light is the source of energy and the most relevant regulator of growth and adaptations to the
environment by inducing changes in gene expression at various levels, including alternative splicing.
Light-triggered chloroplast retrograde signals control alternative splicing in Arabidopsis thaliana. Here, we
provide evidence that light regulates the expression of a core set of splicing-related factors in roots. Alterna-
tive splicing responses in roots are not directly caused by light but are insteadmost likely triggered by photo-
synthesized sugars. The target of rapamycin (TOR) kinase plays a key role in this shoot-to-root signaling
pathway. Knocking down TOR expression or pharmacologically inhibiting TOR activity disrupts the alterna-
tive splicing responses to light and exogenous sugars in roots. Consistently, splicing decisions are modu-
lated by mitochondrial activity in roots. In conclusion, by activating the TOR pathway, sugars act as mobile
signals to coordinate alternative splicing responses to light throughout the whole plant.
INTRODUCTION

Light is essential for plants: it is their source of energy andmakes

carbon fixation possible, allowing life on Earth as we know it.

Light is also the main source of information about the ever-

changing environment for plants. Since their success depends

on this environmental cue, it is not surprising that plants have

evolved a rich variety of mechanisms to sense light wavelength,

direction, and quantity (Gyula et al., 2003; Perrella and Kaiserli,

2016). Different families of photosensory proteins are important

for proper light perception. In addition, chloroplasts are gaining

recognition as key components of plant photosensory networks

(Chan et al., 2016; Mancini et al., 2016). The nucleus controls

most aspects of organelle biogenesis and function by means

of anterograde signals. Conversely, chloroplasts and mitochon-

dria regulate nuclear gene expression with retrograde signals

that modulate transcription and translation (Blanco et al., 2014;

Szechy�nska-Hebda and Karpi�nski, 2013). Previously, we re-

ported that nuclear alternative splicing is modulated by light
Ce
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through a chloroplast retrograde signaling pathway (Petrillo

et al., 2014) and that this process is related to an increase in tran-

scription elongation (Godoy Herz et al., 2019). In addition, we

showed that photosynthesis modulates alternative splicing re-

sponses in roots, suggesting the existence of intercellular mobile

retrograde signals (Petrillo et al., 2014). The central question that

now arises is how light sensed by shoot chloroplasts coordinates

nuclear splicing throughout the whole plant.

Mature chloroplasts photosynthesize carbohydrates that are

further metabolized in the very same leaves or loaded into the

phloem to feed non-photosynthetic tissues (Brunkard, 2020). In

Arabidopsis thaliana, the most prominent phloem-mobile sugar

is sucrose (Wippel and Sauer, 2012). As is the case with light,

sugars play a dual role in plant cells, serving as sources of energy

and carbon as well as acting as signals (Wind et al., 2010). The

roots of most terrestrial plants have translucent plastids (leuko-

plasts) and grow in darkness underground. However, they are

able to respond to the illumination of the shoot (Sakaguchi and

Watanabe, 2017). Photosynthesized sugars are essential to
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Figure 1. Sugars control alternative splicing in roots

(A) Venn diagram showing overlap between affected alternative splicing events in RNA-seq data from different experiments. Differentially alternatively spliced

(DAS) genes were assessed in data from root samples, with shoots exposed to long-day conditions or darkness (Miotto et al., 2019), and data from seedling

samples that received an acute light treatment at the middle of the night period (Mancini et al., 2016). Significantly affected genes are listed in Tables S1, S2,

and S3.

(legend continued on next page)
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induce and maintain root development (Kircher and Schopfer,

2012). Sugar levels modulate gene expression, metabolism,

cell cycle, development, and adaptation to the environment (Li

and Sheen, 2016; Rolland et al., 2006). Different intra- and extra-

cellular sensors can perceive sugars. In addition to these direct

pathways, where the hexokinase 1 (HXK1, AT4G29130) has a

central role, sugars can be perceived by the sucrose non-fer-

menting related protein kinase 1 (SnRK1) and by the target of ra-

pamycin (TOR) kinase. Sugars have been shown to repress

SnRK1.1 (AT3G01090) (Baena-González et al., 2007) and to acti-

vate TOR kinase (AT1G50030) (Dobrenel et al., 2016a). More-

over, it was previously shown that sugars derived from photo-

synthesis activate the root meristem through TOR (Xiong et al.,

2013), modulate G protein activity in a long-distance communi-

cation pathway (Tunc-Ozdemir et al., 2018), and regulate alter-

native splicing in etiolated seedlings (Hartmann et al., 2016).

Here, we show that by activating the TOR pathway in roots,

sugars act asmobile signals to coordinate alternative splicing re-

sponses to light throughout the whole plant.

RESULTS

Light regulates alternative splicing in roots
Light/dark transitions regulate the alternative splicing outcomes

of several genes in Arabidopsis thaliana (Godoy Herz et al., 2019;

Mancini et al., 2016; Petrillo et al., 2014; Shikata et al., 2014). We

previously showed that light regulates alternative splicing via

chloroplast-derived retrograde signals. We also found that

light-induced changes in alternative splicing in roots only occur

as long as communication with the photosynthetic tissue is not

interrupted (Petrillo et al., 2014). Since these previous analyses

were performed using a small set of genes, we expanded the

study to a genome-wide level. We re-analyzed publicly available

RNA-seq datasets derived from strongly contrasting conditions

of light/dark incubation. We analyzed the alternative splicing re-

sponses of dark-grown roots from seedlings whose shoots were

exposed to continuous darkness or long-day (LD) conditions for

4 or 7 days (Miotto et al., 2019). Using the 3-dimensional RNA

sequencing (3D RNA-seq) application (Guo et al., 2020), we

found 183 and 625 genes with significantly different alternative

splicing patterns in roots when shoots were exposed to light (4

or 7 days in LD conditions, respectively) versus darkness (Table

S1). These results suggest that light-derived signals from shoots

(photosynthetic tissues) control the alternative splicing of multi-

ple genes in dark-grown roots.
(B) Gene model and alternative splicing isoforms of At-RS31. *, PTC: premature t

usage of 50ss and 30ss gives rise to 3 isoforms. Usage of gray 30ss generatesmRNA

coding isoform, mRNA1, is generated by the use of black 50 0 and 30ss only.

(C) Exogenous sucrose (Suc) diminishes splicing indexes in dark-treated seedlin

sucrose was added to plant growth media at 100 or 200 mM. Sorbitol (Sor) was

treatments.

(D) Post-treatment dissection was done after the light/dark treatment, immediately

incubation.

(E and F) Roots are not directly responsive to light but they are responsive to su

treatments.

(G andH) Sugar control of alternative splicing is independent of chloroplast function

Ethanol was used as vehicle (Ctrl). In (C) and (E)-(H), Sorbitol (Sor) was used as osmo

darkness. Data represent splicing index means ± standard errors (n = 4). The sam
Nevertheless, it is important to note that some of the affected

events may be responsive to developmental changes. Hence, to

identify the events that could be directly controlled by light-trig-

gered signals, we evaluated alternative splicing changes in

response to a short light treatment in plants developed under

the same growth conditions. In particular, we used RNA-seq da-

tasets generated from seedlings that were given an acute light

pulse in the middle of the night period (Mancini et al., 2016). To

compare this whole-seedling experiment with the root experi-

ments, we analyzed the former data using the 3DRNA-seq appli-

cation with default settings as well. We found 350 genes with

significantly different alternative splicing patterns in response

to the acute light treatment (Table S2).

To identify alternative splicing events that could be

directly regulated by light-triggered signals, we evaluated

the overlapping events from both experiments. The root

samples from 4- and 7-day-old LD- versus dark-grown seedlings

share a total of 91 genes showing differential alternative

splicing (DAS), and 18 of them overlap with those changing in

the acute treatment (overlap significance: representation factor

19.3, p < 2.327e�18) (Figure 1; Table 1). Remarkably, among

these 18 genes, we found At-RS31 (AT3G61860), At-SR30

(AT1G09140), and At-U2AF65A (AT4G36690), 3 genes previ-

ously used to characterize the chloroplast retrograde signaling

pathway controlling alternative splicing in response to light (Pet-

rillo et al., 2014). Moreover, other splicing factors are also part of

this set: At-PRP43b (AT2G47250), At-SR34a (AT3G49430), and

At-RS41 (AT5G52040) (Barta et al., 2010; Wang et al., 2019).

We created a tool that allows visualization of splicing isoform

schematics (https://boxify.boku.ac.at/). Furthermore, Gene

Ontology (GO) term overrepresentation tests of this gene set

showed the highest enrichment in terms related to RNA splicing

and alternative splicing (Table S3).

These findings suggest that splicing-related factors are part of

a core response that fine-tunes root gene expression to cope

with different light conditions perceived by the shoots. Our re-

sults further prompted us to continue using these alternatively

spliced genes as reporters to gain deeper knowledge about

the light-signaling mechanism that coordinates splicing re-

sponses throughout the whole plant.

Sugar mimics the effect of light on alternative splicing
patterns in roots
We established that chloroplast-derived signals from leaves can

reach roots and control alternative splicing outcomes in this
ermination codon. Arrows: primers used for splicing evaluation. The alternative

3, and if the gray 50ss is also recognized, mRNA2 (inclusion of purple exon). The

gs. Whole seedlings were treated under a light/dark protocol (Figure S1) and

used as osmotic control to ensure equal osmolarity (200 mM total) in all of the

before sample collection. Pre-treatment dissection was done before light/dark

gars. Incubation with sucrose (200 mM) was conducted during the light/dark

. Sucrose (100mM) andDCMU (20mM)were addedbefore light/dark treatments.

tic control at the same concentration as sucrose. Lighter bars, light; darker bars,

e letters indicate means that are not statistically different (p > 0.05).
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Table 1. Light controls alternative splicing of a core set of

splicing-related factors

Name Locus Description

ADF11 AT1G01750 actin depolymerizing

factor 11

At-SR30 AT1G09140 encodes a serine-arginine-

rich RNA binding protein

involved in regulation of

splicing (including splicing of

itself)

ALY3, IRP8 AT1G66260 involved in rRNA processing

8, RNA-binding (RRM/RBD/

RNP motifs) family protein

AMY3 AT1G69830 a-amylase-like 3, encodes a

plastid-localized a-amylase.

– AT1G72500 inter-a-trypsin inhibitor,

heavy chain-like protein

ATMYO5,

ATXIF,

MYOSIN 5

AT2G31900 encodes a novel myosin

isoform

– AT2G36320 A20/AN1-like zinc finger

family protein

ATNCER2 AT2G38010 neutral ceramidase 2,

neutral/alkaline non-

lysosomal ceramidase

PRP43b AT2G47250 RNA helicase family protein

ATMS2 AT3G03780 encodes a cytosolic

methionine synthase,

involved in methionine

regeneration via the

activated methyl cycle

(or SAM cycle)

– AT3G06530 armadillo (ARM) repeat

superfamily protein, U3 small

nucleolar RNA-associated

protein

SR34a AT3G49430 Serine/arginine-rich protein

splicing factor 34A

At-RS31 AT3G61860 encodes an arginine/serine-

rich splicing factor

– AT4G35785 RNA-binding (RRM/RBD/

RNP motifs) family protein

At-U2AF65A AT4G36690 U2 small nuclear

ribonucleoprotein auxiliary

factor U2AF subunit

AtUAP56–2 AT5G11170 homolog of human UAP56 A,

UAP56A, encoding an ATP-

dependent RNA helicase

that localizes predominantly

to euchromatic regions

At-RS41 AT5G52040 Encodes an arginine/serine-

rich splicing factor

LIP1 AT5G64813 the light-insensitive period1

(LIP1) gene encodes a small

GTPase that influences the

light input pathway of the

plant circadian network
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organ (Petrillo et al., 2014). A more recent report showed that

sugars modulate alternative splicing in etiolated seedlings in a

similar manner as light (Hartmann et al., 2016). Interestingly,

splicing factors At-SR30 and At-SR34a and other genes from

our ‘‘core set’’ were used in that study to validate the results.

These genes showed light- and sugar-triggered changes in their

alternative splicing events in etiolated seedlings. Furthermore,

sugar addition to plant growth media (Figure S1A) diminishes

the splicing index of At-RS31 when analyzing whole seedlings

(Figures 1B and 1C), resembling the action of light on this splicing

event (Petrillo et al., 2014). Hence, we hypothesized that in

photosynthetically active seedlings, sugars produced in photo-

synthetic cells are the main drivers of light-regulated alternative

splicing in non-photosynthetic cells. To investigate this, we

analyzed the splicing responses of leaves and roots separately.

Importantly, when light/dark treatments are performed on whole

plants (Figure 1D), light regulates At-RS31 alternative splicing in

leaves (Figure 1E) and roots (Figure 1F). When plants are

dissected before the light/dark treatment (Figure 1D), however,

roots disconnected from photosynthetic tissues lose the capac-

ity to change the alternative splicing of At-RS31 in response to

light (Figure 1F). In this treatment scheme, sucrose addition

completely recapitulates light effects in roots, detached or not

(Figure 1F), with milder influence in leaves (Figure 1E). These re-

sults demonstrate that sucrose modulates nuclear alternative

splicing of At-RS31, especially in root cells. Since the difference

between the effect of sucrose in leaves and roots may be due to

an inefficient sugar uptake by leaves from the agar-growth me-

dia, we submerged the plants in liquid growth medium and

applied vacuum infiltration. Using 100 mM sucrose in these con-

ditions mimics light effects on the alternative splicing patterns of

At-RS31, At-U2AF65A, and At-SR30 in leaves as in roots

(Figures 1G, 1H, and S1B). Furthermore, blocking the photosyn-

thetic electron transport with DCMU (3-(3,4-dichlorophenyl)-

1,1-dimethylurea; Karpinski et al., 1997) does not disrupt

sucrose effects on these alternative splicing events (Figures

1G,1H, and S1B), indicating that sugar effects are independent

of the chloroplasts. Even when vacuum infiltration was used,

root cells are more sensitive to sucrose for some of the analyzed

alternative splicing events (Figures 1E–1H and S1B). In addition,

when chloroplast function is disrupted, leaves show similar re-

sponses to light and sugars as roots (Figures 1G and 1H). These

results indicate that sugars derived from photosynthesis, such

as sucrose, can control roots’ alternative splicing responses in

the same fashion as light.

TOR kinase controls alternative splicing responses
to light and sugars in roots
Light drives photosynthesis of carbohydrates that are metabo-

lized to various sugars. These compounds have been reported

to modulate the activity of different plant kinases, including

HXK1, SnRK1, and TOR (Li and Sheen, 2016), that in turn, control

gene expression. Since we previously studied and ruled out

HXK1 and SnRK1 as sensors for this light signaling pathway

(Petrillo et al., 2014), we decided to assess the involvement of

the TOR pathway.

First, we took a global transcriptomic approach. Building on

the experimental design by Xiong and colleagues, we grew
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A. thaliana seedlings to quiescence (Xiong et al., 2013) and then

treated them for 2 h with a physiological concentration of

glucose (15 mM) to activate TOR, or with glucose and Torin2

(5 mM) to attenuate TOR activity (Scarpin et al., 2020). We then

performed RNA-seq and analyzed the data with the 3D RNA-

seq application to assess differences in gene expression and

alternative splicing. We found 1,054 differentially expressed

genes using stringent cutoff parameters (|fold-change| > 2, p <

0.01; Table S4), which massively overlapped with previous tran-

scriptome-wide analyses of TOR signaling in A. thaliana, indi-

cating that our experimental approach affected TOR activity as

expected. Strikingly, we identified 160 genes with differential

transcript utilization (DTU; Table S5). Significant DTU of 19 of

these genes was also detected in at least one of the light-sensi-

tive RNA-seq experiments analyzed above. These genes

included RIK (AT3G29390), an RNA-binding K homology (KH)

protein that forms a complex with developmental regulators

AS1 and AS2; APT5 (AT5G11160), an adenine phosphoribosyl-

transferase acting in AMP salvage; and RPP2A (AT4G19500), a

TIR-NBS-LRR (TNL) receptor that is required for RPP2-mediated

resistance to Peronospora parasitica isolate Cala2. We validated

the DTU results by conducting the seedling treatment assay

another three times, independently, and analyzing the splicing

of At-RS31 and the above-mentioned genes by RT-PCR

(Figure S2A).

Seeing as TOR kinase activity modulates alternative splicing,

we wondered whether members of the core light response of

the roots (Table 1) are affected by the TOR pathway. Light/

dark-treated TOR RNAi transgenic plants (Deprost et al., 2007)

show a small reduction inAt-RS31 alternative splicing responses

in leaves (Figure 2A), evidencing a minor contribution of TOR ki-

nase in this organ. However, this TOR knockdown line shows a

complete abolishment of the light effects on the alternative

splicing of At-RS31 in roots (Figure 2B). At-U2AF65A and At-

SR30 alternative splicing events also show disrupted regulation

in the roots of this TOR-RNAi line (Figure S2B). These results

suggest a role for TOR kinase in alternative splicing regulation

by light in root cells. Since plants with decreased levels of TOR

kinase develop considerably shorter roots (Deprost et al.,

2007), we decided to use a specific inhibitor to exclude an indi-

rect growth effect. By using 20 mM AZD-8055, an ATP competi-

tive TOR kinase inhibitor (Montané and Menand, 2013), light-

induced changes on At-RS31 alternative splicing in leaves are

reduced (Figure 2C). More interesting is that TOR inhibition by

AZD-8055 completely abolishes At-RS31 alternative splicing

changes triggered by light in roots (Figure 2D). The results ob-

tained using the TOR RNAi line and different TOR inhibitors sup-

port a key role of TOR kinase activity in the light-signaling

pathway that controls alternative splicing in roots.

Moreover, we analyzed the alternative splicing patterns of the

core light response splicing- related gene set using 2 AZD-8055

concentrations, a 20-mM dose (as in previous experiment; Fig-

ure 2C) and a lower dose, 2 mM, which is often used when

applying longer treatments (Montané and Menand, 2013).

AZD-8055 treatment during the light/dark incubation (�4 h) dis-

rupts light and sucrose effects on the alternative splicing modu-

lation of At-RS31 and At-U2AF65A (Figure S3) in both leaves and

roots, with a stronger effect in the latter. Similar butmilder effects
are shown by At-SR30 and At-SR34a alternative splicing pat-

terns (Figure S3). The higher AZD-8055 dose (20 mM) was most

effective in all cases (Figure S3). Importantly, this dose did not

cause major changes in a pair of splicing factors, At-SCL30

(AT3G55460) and At-SCL33 (AT1G55310), that are also light

and sugar responsive (Figure S3). This indicates that when

applied for a short time, this high AZD-8055 dose does not glob-

ally disrupt alternative splicing responses to light and/or sugars.

Since roots are not responsive to light per se (Figure 1F) and

TOR kinase is a sensor that integrates stress-, nutrient-, and en-

ergy-related signals (Schepetilnikov and Ryabova, 2018), we hy-

pothesized that this signaling pathway controls alternative

splicing in roots in response to sugars. We used isolated (de-

tached) roots and treated them with sucrose and AZD-8055 to

test this hypothesis. Figure S4 supports this notion, since AZD-

8055 treatment disrupts sucrose-induced changes on At-

RS31, At-U2AF65A, and At-SR30 alternative splicing events in

isolated roots.

These results confirm that TOR kinase is involved in the alter-

native splicing control executed by light and sugars in plants, be-

ing of key relevance in roots.

Chloroplasts and mitochondria regulate TOR pathway
activity
Since the TOR signaling pathway modulates alternative splicing,

we next asked whether chloroplast signals upon light irradiation

could control TOR kinase activity. We used phosphorylation of

Ser240 of the ribosomal protein subunit 6 (RPS6) as a proxy

for TOR pathway activity (Dobrenel et al., 2016b). Western blots

show, as expected, that light activates the TOR signaling

pathway when leaves (Figure 2E) and roots (Figure 2F) are trans-

ferred from extended darkness to light, as evidenced by the

increased phosphorylation of RPS6-S240. AZD-8055 efficiently

inhibits light-activated RPS6-S240 phosphorylation (Figures 2E

and 2F, upper panels). At-RS31 alternative splicing responses

correlate well with the activity of the TOR pathway. In fact, the

higher the phosphorylation level of RPS6-S240, the lower the

splicing index (Figures 2E and 2F). In addition, similar results

were obtained with At-U2AF65A and At-SR30 (Figure S5), indi-

cating a common regulation. Importantly, the induction of

RPS6-S240 phosphorylation by sucrose and its inhibition by

AZD-8055, in leaves as well as in roots, rule out differences in

the uptake and/or efficacy of these compounds between tissues.

Hence, TOR activity is modulated by light and sugars in our

experimental system, and TOR activity closely correlates with

alternative splicing responses to these stimuli.

Since the signaling pathway that controls At-RS31 alternative

splicing involves the chloroplast (Figures 1G and 1H; Petrillo

et al., 2014), we askedwhether blocking the photosynthetic elec-

tron transport would also abolish TOR activation triggered by

light or whether TOR kinase activity is modulated by the chloro-

plast. In line with Xiong et al. (2013), blocking the chloroplast

electron transport chain with DCMU inhibits RPS6 phosphoryla-

tion in response to light in leaves (Figure S6A). These results indi-

cate that chloroplasts control TOR kinase activity in leaves, but

how this signaling pathway is activated in roots to control alter-

native splicing remains to be determined. Xiong et al. (2013)

have shown that the activation of the TOR pathway in roots
Cell Reports 36, 109676, September 7, 2021 5
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Figure 2. TOR kinase modulates alternative splicing responses to light and sugars in roots

(A and B) Knock down of TOR kinase expression abolishes alternative splicing changes induced by light in roots. RNAi TOR, transgenic line expressing an RNAi

against TOR kinase mRNA. WT, wild-type seedlings. Splicing indexes for At-RS31 in response to light/dark are shown for leaves (A) and roots (B).

(C and D) TOR kinase activity is necessary for light-mediated alternative splicing response in roots. TOR kinase inhibitor, AZD-8055 (AZD), was used during the

light/dark treatment. Splicing indexes for At-RS31 in response to light/dark are shown for leaves (C) and roots (D). Dimethyl sulfoxide was used as a vehicle (Ctrl).

(E and F) The TOR kinase pathway is activated by light and sugars. Upper panels, western blot images of RPS6 phosphorylation (RPS6-P) and total RPS6 levels in

light/dark treated seedlings with exogenous sucrose (Suc, 100 mM) in leaves (E) and roots (F). Bottom graphs, splicing indexes in leaves (E) and roots (F) cor-

responding to the samples in the upper panels. Sorbitol (Sor, 100mM) was used as osmotic control. (A-F) Lighter bars, light; darker bars, darkness. Graphs show

means ± standard errors (n = 4). The same letters indicate means that are not statistically different (p > 0.05).
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Figure 3. Mitochondria control alternative splicing in roots through TOR kinase activity

(A and B) Disrupting proton gradients abolishes light/dark splicing changes and TOR kinase activity modulation in roots. The ionophore 2,4-dinitrophenol (DNP)

was used in a 20-mM concentration to incubate plants under the light/dark protocol. Suc, sucrose 100 mM. Sor, sorbitol 100 mM as osmotic control. Splicing

indexes of At-RS31 are shown for leaves (A) and roots (B) in the top panels. Lighter bars, light; darker bars, darkness. Data represent splicing index means ±

standard error (n = 4). The same letters indicate means that are not statistically different (p > 0.05). Bottom panels are western blot images of RPS6 phos-

phorylation (RPS6-P) and total RPS6 levels in leaves (A) and in roots (B).

(C and D) Low oxygen levels cause reduced alternative splicing responses. Plants were grown in constant light for 2 weeks, transferred to darkness for 48 h.

Seedlings were dissected and isolated roots were treated with 50 mM sucrose or sorbitol in the presence of low oxygen (LowO2) or air (NorO2). Data represent

splicing index means ± standard errors (n = 4). The same letters indicate means that are not statistically different (p > 0.05).

(C) HRE1 (hypoxia-inducible ethylene response factor 1) expression.

(legend continued on next page)
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occurs via sugars derived from photosynthesis that, after glycol-

ysis, feed the mitochondria (. Since we demonstrated that alter-

native splicing regulation by light in roots is driven by sugars and

not directly by light, we reasoned that a pathway, similar to the

one described by Xiong et al. (2013), could act to control alterna-

tive splicing in roots. Following this line of thought, uncoupling

the energy generation from the electron transport in the organ-

elles using an ionophore (2,4-dinitrophenol [DNP]) should disrupt

the alternative splicing changes induced by light and sucrose.

This uncoupler has only a mild effect on light-mediated At-

RS31 alternative splicing changes in leaves. Interestingly, DNP

clearly reduces the effects of sucrose, partially restoring light/

dark responses, not only in terms of alternative splicing regula-

tion but also regarding TOR kinase activity (Figure 3A; Xiong

et al., 2013). Roots, however, show a more dramatic response:

DNP abolishes the changes in At-RS31 alternative splicing

induced by light and/or sucrose as well as the activation of the

TOR pathway in roots (Figure 3B). Similar results were obtained

for the alternative splicing events of At-U2AF65A and At-SR30

(Figure S6B). Furthermore, for all of these events, DNP treatment

increases the light splicing indexes in leaves, mirroring the ef-

fects of AZD-8055 and the TOR RNAi knockdown line in roots.

These results indicate that mitochondria have a key role in the

light/sugar signaling pathway that controls alternative splicing

in roots through the activation of TOR kinase.

Since a pharmacological treatment could be causing indirect

effects, we used an inhibitor-independent approach to validate

the role of mitochondria and TOR kinase on root alternative

splicing regulation. We generated a low oxygen atmosphere re-

placing ambient air with nitrogen-enriched air in a closed envi-

ronment. A remarkable increase in the expression of a hypox-

ia-responsive gene, HRE1 (Licausi et al., 2010), confirmed the

low levels of oxygen (Figure 3C). Under these conditions, which

imply low levels of mitochondrial function, isolated roots show

reduced At-RS31 alternative splicing changes in response to su-

crose (Figure 3D). These results indicate that the alternative

splicing regulation of different genes in root cells is linked to

the activity of the mitochondria and the concomitant activation

of the TOR kinase pathway.
DISCUSSION

Our study reveals a central role for TOR kinase in alternative

splicing regulation by light in non-photosynthetic tissues (roots)

and, to a certain extent, also in photosynthetic tissues (leaves).

TOR activation in roots is triggered by sugars that feed glycolysis

and then activate mitochondria (Xiong et al., 2013). Disrupting

mitochondrial activity abolishes the light/sucrose-triggered

changes on alternative splicing in roots and causes a striking in-

hibition of RPS6-S240 phosphorylation (Figures 3 and S6B). We

now have a more complete picture about how alternative

splicing is regulated by light throughout the whole plant. Light

is initially sensed by the chloroplast and activates photosyn-
(D) At-RS31 alternative splicing index.

(E)Workingmodel: different retrograde signals regulate alternative splicing through

different signals that modulate alternative splicing in the nucleus of photosynthet

feeds the mitochondria after glycolysis and activates TOR, thus changing alterna
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thesis. Synthesized sugars are loaded into the phloem and travel

to non-photosynthetic root tissues. There, imported sugars are

metabolized through glycolysis, yielding pyruvate that enters

the mitochondria. Pyruvate fuels oxidative phosphorylation in

the mitochondria that activates TOR and, in turn, modulates

alternative splicing outcomes (Figure 3E). In leaves, even though

a similar mechanism seems to be active, there are other retro-

grade signals derived from the photosynthetic electron transport

(DCMU sensitive) that can modulate nuclear splicing decisions.

These other mechanisms appear to be independent of TOR ki-

nase, as AZD-8055 and DNP did not completely abolish light-

triggered alternative splicing changes in the photosynthetic tis-

sues. However, the phosphorylation of RPS6-S240, which corre-

lates well with splicing changes, may suggest an involvement of

the TOR pathway. To what extent TOR kinase contributes to

light-dependent alternative splicing regulation in leaves, as well

as how that contribution is achieved exactly, are questions that

need further investigation. Interestingly, mammalian TOR regu-

lates U2 auxiliary factor 1 (U2AF1) splicing, showing that this

highly conserved pathway could be acting as a splicing modu-

lator in different organisms (Chang et al., 2019). Since TOR ki-

nase is a major regulator of mRNA translation in all eukaryotic

cells (Chen et al., 2018; Laplante and Sabatini, 2012; Scarpin

et al., 2020), and light/dark transitions are also known to modu-

late translation in plants (Liu et al., 2012), we speculate that light

and sugars could activate the translation of a factor that, in turn,

modulates nuclear splicing decisions (Figure 3E). Alternatively,

TOR could post-translationally modulate the activity of factors

involved in transcription or splicing regulation; many RNA-bind-

ing proteins involved in processing and splicing are significantly

differentially phosphorylated in response to TOR activity (Scar-

pin et al., 2020). Different signaling mechanisms could converge

in the activation of translation in the cytosol. Interestingly, it was

shown that TOR transmits light signals that enhance translation

in de-etiolating seedlings (Chen et al., 2018). The participation

of a newly translated protein (e.g., a splicing regulator) that can

move to the nucleus could be the missing piece in the communi-

cation between different organelles, a crucial and elusive

component of retrograde signaling mechanisms (Figure 3E).

However, other mechanisms connecting TOR activity with nu-

clear decisions in response to sugar were recently reported (Fu

et al., 2021). Further research is needed to shed more light on

the underlying processes linking TOR kinase activity with

splicing decisions and its outcomes.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-RPS6-phospho-S240 (RPS6-P) Dobrenel et al., 2016b N/A

a-RPS6-Total Christian Meyer, Dobrenel et al., 2016b N/A

Goat anti-rabbit Immunoglobulin G (IgG)

Horseradish Peroxidase (HRP) Conjugate

Cell Signaling Technology Cat# 7074; RRID:AB_2099233

Chemicals, peptides, and recombinant proteins

DCMU, 3-(3,4-dichlophenyl)-1,1-

dimethylurea

Sigma-Aldrich Cat# D2425; CAS# 330-54-1; PubChem

Substance ID 57654085

DNP, 2,4-dinitrophenol Sigma-Aldrich Cat# D198501; CAS# 51-28-5; PubChem

Substance ID 24893583

AZD-8055 Chemdea LLC Cat# CD0348

Torin2 Cayman Chemical Cat# 14185; CAS# 1223001-51-1

Deposited data

Torin2 RNA-seq data NCBI SRA, Scarpin et al., 2020 Project PRJNA639161

Root RNA-seq data 4- and 7-days old

seedlings

Gene Expression Omnibus (GEO)

database, Miotto et al., 2019

Accession number GEO: GSE132249

Acute light treatment Gene Expression Omnibus (GEO)

database, Mancini et al., 2016

Accession number GEO: GSE68560

Western blots, RT-PCR and RT-qPCR data Mendeley https://doi.org/10.17632/xt8sznfw4s.1

Experimental models: organisms/strains

Arabidopsis thaliana Col 0 Dr. M. Yanovsky (FIL, Buenos Aires,

Argentina)

N/A

Tor RNAi line,RNAi line of TOR (TARGETOF

RAPAMYCIN) 35-7

Dr. Christian Meyer, Deprost et al., 2007 N/A

Oligonucleotides

Primers for RT-PCR splicing analysis,

see Table S6

This paper N/A

Primers for RT-qPCR, see Table S6 This paper N/A

Software and algorithms

Infostat https://www.infostat.com.ar/ N/A

3D RNA-seq App https://github.com/wyguo/ThreeDRNAseq;

https://3drnaseq.hutton.ac.uk/app_direct/

3DRNAseq/; Guo et al., 2020.

N/A

Galaxy - Salmon https://usegalaxy.org/; Salmon tool;

Patro et al., 2017.

N/A

Boxify – Drawing isoforms and checking

RT-PCR product sizes

https://boxify.boku.ac.at/; this paper. N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ezequiel

Petrillo, petry1@gmail.com or petry@fbmc.fcen.uba.ar

Materials availability

d This study did not generate new unique reagents.
Cell Reports 36, 109676, September 7, 2021 e1

mailto:petry1@gmail.com
mailto:petry@fbmc.fcen.uba.ar
https://doi.org/10.17632/xt8sznfw4s.1
https://www.infostat.com.ar/
https://github.com/wyguo/ThreeDRNAseq
https://3drnaseq.hutton.ac.uk/app_direct/3DRNAseq/
https://3drnaseq.hutton.ac.uk/app_direct/3DRNAseq/
https://usegalaxy.org/
https://boxify.boku.ac.at/


Report
ll

OPEN ACCESS
Data and code availability

d This paper analyzes existing, publicly available data. Accession numbers for the datasets are listed in the key resources table.

Original data (RT-PCR and RT-qPCR results and western blot images) have been deposited at Mendeley and are publicly avail-

able as of the date of publication of this manuscript. The DOI is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions
For most experiments, the Arabidopsis thaliana Col-0 ecotype was used as wild-type. Transgenic plants used in this study were the

RNAi line of TOR (TARGET OF RAPAMYCIN) 35-7 (Deprost et al., 2007). Seeds were stratified for three days in the dark at 4�C and

then germinated on Murashige and Skoog (MS) medium buffered (pH 5.7) with 2-(N-Morpholino) ethanesulfonic acid (MS-MES) and

containing 1.5% agar. Plants were grown at a constant temperature of 23�C under fluorescent lamps emitting white light of an in-

tensity of irradiance between 70 and 100 mmol photons / m2 sec. Growth conditions different from these are indicated in the text

and figure legends.

METHOD DETAILS

Pharmacological, sugar and low oxygen treatments
Subsequent to growing the plants for two weeks in constant light, they were incubated for 48 hours in the dark (Figure S1). For treat-

ments with different compounds, plants on agar plates were submerged with 20 mL of liquid MS-MES medium supplemented with

the drug or ethanol/dimethyl sulfoxide (vehicle) as amock control. This was done after 47 hours of dark treatment (one hour before the

end of the incubation in the dark). Vacuum was applied for five minutes to facilitate drug uptake by the different tissues. The used

drugs and their final concentrations were: 15 mMDCMU (3-(3,4-dichlophenyl)-1,1-dimethylurea; Sigma); 20 mM2,4-DNP (2,4-dinitro-

phenol; Sigma); and 2 or 20 mM AZD-8055 (Chemdea LLC). After the 47 + 1 hours of darkness (with/without drugs) the plants were

incubated in light or dark for additional four hours. Sucrose was added alone or together with indicated drugs at the specified con-

centrations (see figure legends). Sorbitol was used as an osmotic control. Sucrose and sorbitol solutions were directly poured onto

the agar plates to submerge the plants after 47 hours of darkness, letting the plants take up the sugars for one hour in the dark, or

followed by the application of vacuum to facilitate the uptake of respective compounds by all tissues. After the end of the 48 hours of

incubation in the dark, the plants were transferred to light and further incubated for four hours. Controls were kept in the dark.

Low oxygen treatments were carried out similarly but using isolated (detached) roots instead of seedlings. Briefly, after 47 hours of

darkness, plants were dissected, and isolated roots were treated with sorbitol or sucrose (50 mM). After applying vacuum for five

minutes, the atmosphere of the desiccation chamber used for vacuum infiltration was replaced with air saturated in nitrogen (from

a liquid nitrogen canister). The incubation lasted four hours. Air exchange in the desiccation chamber ensured a constant environ-

ment of nitrogen saturation. For the control (normal oxygen level), ambient air was used instead of nitrogen saturated air.

For the glucose and Torin2 treatments: A. thaliana seedlings were grown to quiescence and then supplied with 15 mM glucose or

with 15mMglucose plus 5 mMTorin2 (Scarpin et al., 2020; Xiong et al., 2013). Two hours after the treatment, at least 600 seedlings for

each treatment were collected and their RNA was extracted and used to construct RNA-Seq libraries (Project PRJNA639161). This

experiment was repeated twomore times to generate three replicates. Libraries were sequenced using the Illumina platform (Scarpin

et al., 2020).

RT- PCRs for alternative splicing assessment
Extraction of plant total RNAwas carried out using PeqGold TriFast (PeqLab) or TriPure (Sigma) following themanufacturer’s instruc-

tions. For cDNA synthesis, 1 mg of RNA was used with the Reverse Transcription System (Promega) and oligo-dT as primer following

the manufacturer’s instructions. PCR amplification was performed with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Sci-

entific Inc.) using 2 ml of 1/5 diluted cDNA. The PCR program was: 1) 95�C x 30, 2) 28-32 cycles of 95�C x 30," 58-60�C x 30," 72�C 1’,

3) 72�C x 50. RT-PCR products were electrophoresed and detected using RedSafe (iNtRON Biotechnology) dye and an ultraviolet

transilluminator. The relative intensities of the bands were measured by densitometry using ImageJ. In particular cases, radioactive

alpha-[32P]-dCTP was used to assess the alternative splicing changes as described before (Petrillo et al., 2014). Results were also

validated using Real Time RT-qPCR for individual isoforms. See Table S6 for primer sequences.

RT-qPCR expression analysis
Synthesized cDNAs (above) were amplified with 1.5 U of Taq polymerase (Invitrogen) and SYBR Green (Roche) using the Eppendorf

Mastercycler ep realplex. Primer sequences for RT-qPCR are available in Table S6.
e2 Cell Reports 36, 109676, September 7, 2021
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Western blot
The organic phase of the PeqGold Trifast RNA isolation was used, and proteins were precipitated by addition of cold acetone and

subsequent overnight incubation at�20�C. After centrifugation and ethanol washes of the protein pellets 100 ml of 1X Laemmli buffer

were added. Ten ml of resuspended protein extract were loaded on SDS-PAGE gels. Primary antibodies were a-RPS6-phospho-S240

(1:5,000) (Dobrenel et al., 2016b) and a-RPS6 total (was generated similarly to RPS6-pS240 but using an unphosphorylated epitope

(Dobrenel et al., 2016b)). HRP-conjugated goat anti-rabbit was used as secondary antibody (1:10,000-1:3000).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
Statistical analyses were carried out using InfoStat (https://www.infostat.com.ar/) 2018e. Same letters indicate means that are not

statistically different (p > 0.05) for variance analyses with comparisons using Fisher LSD (Least Significant Difference) test from

this package.

Statistical significance of the overlap between two groups of genes was calculated using the program at http://nemates.org/MA/

progs/overlap_stats.html. The program calculates probability and a representation factor. A representation factor > 1 indicates more

overlap than expected while a representation factor < 1 indicates less overlap than expected.

3D RNA-seq app analyses
This section of the Method details was adapted from the output ‘‘Results’’ of the 3D RNA-seq package (Guo et al., 2020).

The fastq files of the RNA-seq data were first analyzed online using Galaxy RNA-seq tools (https://usegalaxy.org), in particular

‘‘Salmon quant’’ that performs dual-phase, reads or mapping-based estimation of transcript abundance from RNA-seq reads (Gal-

axy Version 0.14.1.2). That was the input for the 3D RNA-seq App. This software was developed for rapid and accurate differential

expression (DE), differential alternative splicing (DAS) gene and differential transcript usage (DTU) (3D) analysis (Calixto et al., 2018;

Guo et al., 2020). The At-RTD2 database (https://ics.hutton.ac.uk/atRTD/) was used as input since it covers most of the known alter-

natively spliced isoforms in A. thaliana (Zhang et al., 2017). Using the loci (AGIs) as inputs at https://boxify.boku.ac.at/ it is possible to

obtain sequences and schemes for all splicing variants represented in the At-RTD2 database. By adding primers listed in Table S6,

the user can also obtain RT-PCR product sizes, sequences, and primer positions on the schemes of analyzed splicing variants.

The RNA-seq data of the root experiment (GSE132249) had four factor groups (Dark.X4d, Dark.X7d, Light.X4d and Light.X7d) and

each had two biological replicates (eight samples in total). The RNA-seq data for the acute light experiment (GSE68560) had two fac-

tor groups (Dark, Light) and each had three biological replicates (six samples in total).

Read counts and transcript per million reads (TPMs) were generated using tximport R package version 1.10.0 and lengthSca-

ledTPM method (Soneson et al., 2015) with inputs of transcript quantifications from tool salmon (Patro et al., 2017). Low expressed

transcripts and genes were filtered based on analyzing the data mean-variance trend. The expected decreasing trend between data

mean and variancewas observedwhen expressed transcripts were determined aswhich hadR 1 of the eight samples with count per

million reads (CPM) R 1, which provided an optimal filter of low expression. A gene was expressed if any of its transcripts with the

above criteria was expressed. The TMM method was used to normalize the gene and transcript read counts to log2-CPM (Bullard

et al., 2010). The principal component analysis (PCA) plot showed the RNA-seq data did not have distinct batch effects allowing for

further direct analysis of data. The Limma R package was used for 3D expression comparison (Law et al., 2014; Ritchie et al., 2015).

To compare the expression changes between conditions of experimental design, the contrast groups were set as Light.X7d-

Dark.X7d, Light.X4d-Dark.X4d, Dark.X7d-Dark.X4d, Light.X7d-Light.X4d in the case of Root experiment, as Light-Dark for the acute

light treatment experiment, and as Glc-Glc.torin2 for the inhibitor RNA-seq experiment. For DE genes/transcripts, the log2 fold

change (L2FC) of gene/transcript abundance were calculated based on contrast groups and significance of expression changes

were determined using t test. P values of multiple testing were adjusted with BH to correct false discovery rate (FDR) (Benjamini

and Yekutieli, 2001). A gene/transcript was significantly DE in a contrast group if it had adjusted p value < 0.01 and L2FC R 1. At

the alternative splicing level, DTU transcripts were determined by comparing the L2FC of a transcript to the weighted average of

L2FCs (weights were based on their standard deviation) of all remaining transcripts in the same gene. A transcript was determined

as significant DTU if it had an adjusted p value < 0.01 andDPSR 0.1. For DAS genes, each individual transcript L2FCwere compared

to gene level L2FC, which was calculated as the weighted average of L2FCs of all transcripts of the gene. Then p values of individual

transcript comparison were summarized to a single gene level p valuewith F-test. A genewas significantly DAS in a contrast group if it

had an adjusted p value < 0.01 and any of its transcript had a D Percent Spliced (DPS) ratio R 0.1.

Venn Diagrams
Tables of significantly affected genes obtained from the 3DRNA-seq tool analyses were the input for Venny 2.1 (An interactive tool for

comparing lists with Venn’s diagrams, developed by Oliveros JC, https://bioinfogp.cnb.csic.es/tools/venny/index.html).

Gene Ontology classification
Gene ontology (GO) classification and GO term overrepresentation tests were performed using PANTHER software tools (v.15.0)

available at http://pantherdb.org (Mi et al., 2019).
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Alternative splicing isoforms web tool
We created a webtool called boxify (https://boxify.boku.ac.at) that allows for the easy creation and customization of publication-

ready isoform figures for Arabidopsis thaliana (based on the AtRTD2 transcriptome annotation: Zhang et al., 2017) and that can

aid in the visualization and design of PCR primer pairs.
e4 Cell Reports 36, 109676, September 7, 2021
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Figure S1

Figure S1. A) Standard treatment protocol. Seedlings were grown in Murashige and Skoog/2-(N-

morpholino)ethanesulfonic acid buffered (MS-MES) agar plates (~15 seedlings per 10 cm Ø plate) for a period of two weeks

and then transferred for 48 hours to darkness. After this period, seedlings were either transferred to light or kept in darkness

for, approximately, additional four hours (light/dark treatment). Sorbitol, sucrose and the used drugs, were added in liquid

media (20 mL) on top of the agar-growth media (20 mL) and vacuum was applied in order to ensure equal uptake by the

different plant tissues. These compounds were added one hour before the end of the 48 hour darkness period (red arrow).

Sample collection was performed at the end of the light/dark treatment and it is shown by the black arrow. When needed,

prior sample collection, plants were dissected and leaves and roots were collected separatedly (post-treatment dissection). In

particular experiments, plants were dissected before light/dark treatments (pre-treatment dissection). Related to Figures 1-3.

B) Sucrose effects on alternative splicing do not involve chloroplasts. Alternative splicing changes are shown for At-

U2AF65A (left) and At-SR30 (right). A. thaliana seedlings were grown on MS-MES agar plates (~15 seeds per plate) for a

period of two weeks under constant light, then transferred to darkness for 48 hours. Sorbitol (Sor, 100 mM) or sucrose (Suc,

100 mM) supplemented liquid media, with DCMU or without it (ethanol was used as control, Ctrl), were added on top of agar

media one hour before the end of the 48 hours darkness period. Vacuum infiltration was applied for five minutes to increase

the uptake of the different compounds by all the tissues. After the light (lighter bars) / dark (darker bars) treatments (~4h),

leaves (green bars) and roots (grey bars) were dissected for sample collection. The graphs show splicing index means ±

standard error (n=4). Same letters indicate means that are not statistically different (p>0.05). Statistics were done using

InfoStat with Fisher LSD for comparisons. Related to Figures 1G-H.
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Figure S2

Figure S2. TOR regulates alternative splicing. A) Modulating TOR activity impacts alternative splicing of At-RS31,

RPP2A, APT5 and RIK. A. thaliana seedlings were grown on MS-MES agar plates (~15 seeds per plate) to quiescence and

then supplied with either 15 mM glucose (control) or 15 mM glucose + 5 µM Torin2 (treatment). Following RT-PCR, splicing

indexes were measured in both conditions and then related according to the following: ∆ splicing index = splicing index

(treatment) / splicing index (control). The graphs show ∆ splicing index means ± standard deviation (n=3). Statistical

significance was assessed via Student’s t-test by comparing measured values with values drawn from normal distributions of

mean = 1 (no change of splicing index upon treatment) with the same standard deviation as in the respective measured data.

Student’s t-test: ** P < 0.01; * P < 0.05. Related to Figure 2. B) A transgenic RNAi knockdown line of TOR (RNAi TOR)

shows disrupted responses to light on the splicing regulation in roots. Alternative splicing changes are shown for At-

U2AF65A and At-SR30. A. thaliana wild type (WT) and transgenic (35-7 TOR RNAi) line seedlings were grown on MS-MES

agar plates (~15 seeds per plate) for a period of two weeks under constant light, then transferred to darkness for 48 hours.

After light (lighter bars) / dark (darker bars) treatments for additional four hours, roots were dissected for sample collection.

The graphs show splicing index means ± standard error (n=4). Same letters indicate means that are not statistically different

(p>0.05). Statistical analyses were done using InfoStat with Fisher LSD for comparisons. Related to Figures 2B and 2D.
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Figure S3
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Figure S3: TOR kinase inhibition disrupts light and sucrose regulation of At-RS31, At-U2AF65A, At-SR30 and At-SR34a

but it has minor effects on At-SCL30a and At-SCL33 alternative splicing events in roots. A-B) Alternative splicing changes

are shown for At-RS31 (A, left), At-U2AF65A (A, middle), At-SR30 (A, right), At-SR34a (B, left), At-SCL30a (B, middle) and At-

SCL33 (C, right). Upper panels are leaves and bottom panels roots. A. thaliana seedlings were grown on MS-MES agar plates

(~15 seeds per plate) for a period of two weeks under constant light, then transferred to darkness for 48 hours. Sorbitol (Sor, 100

mM) or sucrose (Suc, 100 mM) supplemented liquid media, with two concentrations of AZD-8055 2 µM (AZD 2) and 20 µM (AZD

20) or without it (DMSO was used as control, Ctrl). Compounds were added in solution on top of agar media one hour before the

end of the 48 hours darkness period. Vacuum infiltration was applied for five minutes to increase the uptake by all the tissues.

After the light (lighter bars) / dark (darker bars) treatments (~4h), leaves (green bars) and roots (grey bars) were dissected for

sample collection. The graphs show splicing index means ± standard error (n=3). Same letters indicate means that are not

statistically different (p>0.05). Statistics were done using InfoStat with Fisher LSD for comparisons. Related to Figures 2E-F.
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Figure S4. TOR kinase activity is necessary for isolated (detached) roots to change the alternative splicing of At-RS31,

At-U2AF65A and At-SR30 in response to sucrose. Sucrose (Suc) addition mimics light effects on alternative splicing,

reducing the splicing index values in isolated roots in a dose dependent manner. The inhibition of TOR kinase activity by AZD-

8055 (AZD) abolishes the effect of sucrose. A. thaliana plants were grown on MS-MES agar plates (~15 plants per plate) for a

period of two weeks under constant light and then incubated in the dark for 48 hours. Roots were detached and transferred to 6-

well plates with liquid media supplemented with sucrose 0, 15 or 50 mM. Sorbitol was used as osmotic control (to reach a total

50 mM concentration, together with sucrose, in every treatment). Twenty µM AZD-8055 (AZD, light blue bars) was used for

treatments and dimethyl sulfoxide was used as control (Ctrl, grey bars). Vacuum was applied for five minutes to increase the

uptake of the different compounds. The graphs show splicing index means ± standard error (n=3). Same letters indicate means

that are not statistically different (p>0.05). Statistical analyses were done using InfoStat with Fisher LSD for comparisons.
Related to Figures 2C-F.
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Figure S5

Figure S5. The inhibition of TOR kinase activity by AZD-8055 disrupts alternative splicing responses in roots. Alternative splicing

changes are shown for (A) At-U2AF65A and (B) At-SR30. A. thaliana seedlings were grown on MS-MES agar plates (~15 seeds per

plate) for a period of two weeks under constant light, then transferred to darkness for 48 hours. Sorbitol (Sor, 100 mM) or sucrose (Suc,

100 mM) supplemented liquid media, with 20 µM AZD-8055 (AZD) or without it (dimethyl sulfoxide as control, Ctrl), were added on top of

the agar media one hour before the end of the 48 hours darkness period. Vacuum infiltration was applied for five minutes to increase the

uptake of the different compounds by all the tissues. After the light (lighter bars) / dark (darker bars) treatments for additional four hours,

leaves and roots were dissected for sample collection. The graphs show splicing index means ± standard error (n=4). Same letters

indicate means that are not statistically different (p>0.05). Statistical analyses were done using InfoStat with Fisher LSD for comparisons.
Related to Figures 2E-F, TOR kinase activity (RPS6-P/RPS6) can be seen there.
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Figure S6
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Figure S6. A) TOR kinase activity is modulated by the photosynthetic electron transport. Light (L) activates TOR kinase as

revealed by the increase in the phosphorylation of RPS6 (RPS6-P) in light vs. dark (D). The inhibition of TOR kinase activity by AZD-

8055 (AZD) diminishes the effect of light while blocking the electron transport with DCMU completely abolishes light induced

phosphorylation of RPS6. Western blots to detect RPS6 phosphorylation and total levels in leaves after light/dark treatment in the

presence of DCMU (15 µM) or AZD-8055 (20 µM). A. thaliana plants were grown on MS-MES agar plates (~15 plants per plate) for a

period of two weeks under constant light and then incubated in the dark for 48 hours. Ethanol (for DCMU) and dimethyl sulfoxide (for

AZD) were used combined as control (Ctrl) and supplemented to the same amounts in all the treatments. Vacuum was applied for five

minutes to increase the uptake of the different compounds. Related to Figures 1G-H and 2C-D. B-C) Proton gradients disruption

by an uncoupler obliterates alternative splicing changes induced by light and sucrose in roots. Alternative splicing changes

are shown for (B) At-U2AF65A and (C) At-SR30. A. thaliana seedlings were grown on MS-MES agar plates (~15 seeds per plate) for

a period of two weeks under constant light, then transferred to darkness for 48 hours. Sorbitol (Sor, 100 mM) or sucrose (Suc, 100

mM) supplemented media, with 20 µM DNP (dinitrophenol) or without it (ethanol was used as control, Ctrl), were added on top of the

agar media one hour before the end of the 48 hours darkness period. Vacuum infiltration was applied for five minutes to increase the

uptake of the different compounds by all the tissues. After light (lighter bars) / dark (darker bars) treatments for additional four hours,

leaves and roots were dissected for sample collection. The graphs show splicing index means ± standard error (n=4). Same letters

indicate means that are not statistically different (p>0.05). Statistical analyses were done using InfoStat with Fisher LSD for
comparisons. Related to Figures 3A-B, TOR kinase activity (RPS6-P/RPS6) can be seen there.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Sor Suc Sor Suc

Ctrl DNP

s
p

li
c
in

g
 i

n
d

e
x

At-U2AF65A
Leaves

a a

b b

c

d

e

f

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Sor Suc Sor Suc

Ctrl DNP

s
p

li
c
in

g
 i

n
d

e
x

At-U2AF65A
Roots

a a

b b
b

a a a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Sor Suc Sor Suc

Ctrl DNP

s
p

li
c
in

g
 i

n
d

e
x

At-SR30
Leaves

a

d

b
b

c

e

f

g

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Sor Suc Sor Suc

Ctrl DNP

s
p

li
c
in

g
 i

n
d

e
x

At-SR30
Roots

a

b
b

c

d

e e

f

A

B C


	CELREP109676_annotate_v36i10.pdf
	Light regulates alternative splicing outcomes via the TOR kinase pathway
	Introduction
	Results
	Light regulates alternative splicing in roots
	Sugar mimics the effect of light on alternative splicing patterns in roots
	TOR kinase controls alternative splicing responses to light and sugars in roots
	Chloroplasts and mitochondria regulate TOR pathway activity

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Plant material and growth conditions

	Method details
	Pharmacological, sugar and low oxygen treatments
	RT- PCRs for alternative splicing assessment
	RT-qPCR expression analysis
	Western blot

	Quantification and statistical analysis
	Statistics
	3D RNA-seq app analyses
	Venn Diagrams
	Gene Ontology classification

	Additional resources
	Alternative splicing isoforms web tool





