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TOR and RPS6 transmit light signals to enhance protein
translation in deetiolating Arabidopsis seedlings
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Deetiolation is an essential developmental process transforming
young plant seedlings into the vegetative phase with photosyn-
thetic activities. Light signals initiate this important developmental
process by triggering massive reprogramming of the transcrip-
tome and translatome. Compared with the wealth of knowledge
of transcriptional regulation, the molecular mechanism underlying
this light-triggered translational enhancement remains unclear.
Here we show that light-enhanced translation is orchestrated by a
light perception and signaling pathway composed of photorecep-
tors, CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1), the phyto-
hormone auxin, target of rapamycin (TOR), and ribosomal protein
S6 (RPS6). In deetiolating Arabidopsis seedlings, photoreceptors,
including phytochrome A and cryptochromes, perceive far-red and
blue light to inactivate the negative regulator COP1, which leads
to activation of the auxin pathway for TOR-dependent phosphor-
ylation of RPS6. Arabidopsis mutants defective in TOR, RPS6A, or
RPS6B exhibited delayed cotyledon opening, a characteristic of the
deetiolating process to ensure timely vegetative development of a
young seedling. This study provides a mechanistic view of light-
triggered translational enhancement in deetiolating Arabidopsis.
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lants are capable of transforming sunlight energy to chemical

energy stored in carbohydrates. The presence or absence of
light also serves as important environmental cues for plants to
deploy appropriate developmental programs for coping with the
environment. For example, with growth in the dark, “skoto-
morphogenesis” represents the morphology of young seedlings
with closed cotyledons, an apical hook, and long hypocotyls. How-
ever, “photomorphogenesis” represents the light morphology of
plants with open cotyledons, development of chloroplasts for
photosynthesis, and short hypocotyls (1).

In plants, light signals are perceived by at least four families of
photoreceptors, including phytochrome (phy), cryptochrome
(CRY), phototropin (phot), and UV B resistance locus 8 (UVRS).
CRY and phot families perceive blue and UV A, whereas the phy
family perceives red and far-red (FR) light (2). The phy family is
found in most plants, and five phy members (phyA-E) were
identified in Arabidopsis (3). phyA and phyB are the primary
photoreceptors for far-red and red light, respectively (4, 5).

A number of positive signaling components downstream of
photoreceptors have been identified in the past few decades (6).
Many are transcription factors. For example, Arabidopsis de-
fective in a positive regulator ELONGATED HYPOCOTYL 5
(HYS), a bZIP transcription factor, showed a long hypocotyl
phenotype under a broad spectrum of light, which suggests that
HYS5 acts downstream of all photoreceptors (7, 8). In contrast,
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) is a key
negative regulator of photomorphogenesis and an E3 ligase re-
sponsible for the degradation of photoreceptors (9-11) and vari-
ous photomorphogenesis-promoting transcription factors such as
HY5, HY5S HOMOLOG (HYH), LONG AFTER FAR-RED
LIGHT 1 (LAF1) and LONG HYPOCOTYL IN FAR-RED
LIGHT 1 (HFR1). COP1 actions could be repressed by various
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photoreceptors upon light treatments, thus triggering photomor-
phogenesis (1, 12).

Despite the abundant knowledge of transcriptional and post-
translational regulation in photomorphogenesis, translational
control by light signals is much less discussed. We previously showed
that light activates the translation of thousands of mRNAs in
deetiolating seedlings (13, 14). The selective and dynamic trans-
lation of mRNAs encoding components of photosynthetic ma-
chinery is also regulated by diurnal signals (15). These findings
indicate that translational control constitutes an important regu-
latory step in light-regulated gene expression. What remains to be
revealed is the underlying molecular mechanism responsible for
the massive translation triggered by light signals in deetiolating
Arabidopsis seedlings.

Target of rapamycin (TOR) has been inferred to regulate ribo-
some biogenesis, translation initiation, and the elongation process,
at least in part by phosphorylating its substrates, such as ribosomal
S6 kinase (S6K) in mammals (16). The phosphorylation of S6K is
also TOR dependent in plants (17, 18). In plants, TOR is a central
regulator for sensing intracellular energy status, nitrogen mobiliza-
tion, glucose utilization, stresses, and hormone coordination (19,
20). For example, glucose from photosynthesis can activate TOR
kinase to regulate root meristem development (21).
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Fig. 1. phyA activates translation in the light and COP1 represses it in
the dark. (A) Bar graph shows the ribosome loading efficiency of etio-
lated 4-d-old Col-0 or phyA221 seedlings grown in the dark or treated
with FR4h. (B) Bar graph shows the ribosome loading efficiency of etio-
lated 2-d-old Col-0 or cop? seedlings grown in the dark or treated with
L4h. (C) Bar graph shows the ribosome loading efficiency of 4-d-old wild-
type Ws or hy5 hyh seedlings grown in the dark or L4h. Values are mean
percentages + SE from three biological replicates. Bars with the different
letters represent significant difference [Tukey’s honestly significant dif-
ference (HSD) P < 0.05].

Previous studies indicated that the phosphorylation of ribo-
somal protein S6 (RPS6) primarily depends on the TOR-S6K
signaling pathway (22). RPS6 is the substrate of S6K, and its
phosphorylation can be stimulated by nutrients and growth fac-
tors in plants and mammals (18, 21, 23). In terms of translation
control, Arabidopsis with reduced TOR expression has fewer
mRNAs under active translation and an early senescence

phenotype (24). The protein synthesis rate of the reporter gene
GUS was increased in plants overexpressing TOR or RPS6A4/B but
reduced in for and 7ps6 mutants (25). In plants grown under light—
dark cycles, the degree of RPS6 phosphorylation was higher in the
light period (26). The degree of RPS6 phosphorylation also
appeared to be associated with the photosynthetic activities (27).
Increased phosphorylated RPS6 was found associated with poly-
somes in adult plants in the light period (28). This evidence im-
plies that photosynthesis could trigger TOR-RPS6 phosphorelay
to regulate translation in adult plants with photosynthetic activi-
ties. Whether the TOR-RPS6 pathway is responsible for the
globally enhanced translation in young seedlings during their first
few hours of light exposure and before the full establishment of
photosynthetic capacity is unknown.

In this study, we discovered that the TOR-S6K-RPS6 pathway
contributes to the light-triggered translation enhancement in
deetiolating Arabidopsis seedlings before they acquire photo-
synthetic activities. The TOR-S6K-RPS6 pathway can be trig-
gered by far-red and blue light photoreceptors but is repressed by
a key negative regulator COP1 in the dark. Our study puts TOR-
S6K-RPS6 into the biological context of functioning downstream of
COP1 for translation control. An intact TOR-S6K-RPS6 pathway
is required for de novo protein synthesis and timely cotyledon
opening in deetiolating Arabidopsis. Our study revealed a regu-
latory cascade involving photoreceptors, COP1, auxin, TOR, and
RPS6 as an action mode controlling light-enhanced translation.

Results

phyA and COP1 but Not HY5/HYH Regulate Light-Enhanced Translation.
Light could trigger a translational enhancement in deetiolating
seedlings, but whether this phenomenon is under the control of
photoreceptors or light signaling molecules is unknown. Because
phyA is the sole photoreceptor for FR light in plants, we first
examined whether FR alone could activate translation. Polysome
profiling analysis showed that in the wild type (Col-0), 4-h FR light
treatment could trigger a significant shift of RNAs from non-
polysome (NP) to polysome (PL) fractions (Fig. 14 and SI Appendix,
Fig. S14, Upper). The FR-induced translation was compromised in
the phyA211 mutant (Fig. 14 and SI Appendix, Fig. S14, Lower).
This result indicates that FR-mediated translational enhancement
depends on the FR photoreceptor phyA.

COP1 is a negative regulator repressing photomorphogenesis
in the dark by directing photoreceptors and many positive regu-
lators for degradation via 26S proteasome (12). We next examined
whether COP1 also plays a negative role in the translation in
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dark-grown seedlings. Compared with the wild type (Col-0),
the copl mutant showed a significant increase in RNAs in the PL
fraction in darkness (Fig. 1B and SI Appendix, Fig. S1B). The pro-
portion of RNAs in the PL fraction in the dark-grown cop! mutant
was comparable to that in Col-0 treated with 4-h light (L4h). The light
treatment did not further increase the translation in the cop! mutant
(Fig. 1B). Therefore, COP1 represses global translation in the dark.
Previous studies reported that two transcription factors, HYS and
its homolog HYH, are key positive regulators for photomorphogenic
development (29). We next investigated whether light-mediated
translational enhancement depends on transcriptional activation
through these two transcription factors. PL% did not differ between
Col-0 and the hy5 hyh double mutant when grown in the dark
(Dark) or treated with L4h (Fig. 1C and SI Appendix, Fig. S1C).
Therefore, HYS and HYH function primarily in transcriptomic
adjustment but are not required for translational regulation at
the early photomorphogenic stage investigated in this study.

Light Activates RPS6 Phosphorylation to Promote Translation and
Cotyledon Opening. Previous studies indicated that RPS6 phos-
phorylation increases the binding affinity of RPS6 to 5'-m7-
GpppG mRNAs in vitro (30), which suggests a positive role for
RPS6 in increasing translation efficiency. To assess whether
RPS6 is involved in light-triggered translation enhancement, we
first examined whether RPS6 is differentially phosphorylated in
Arabidopsis seedlings before and after light treatment. Total
proteins from 4-d-old etiolated seedlings with white light treat-
ment for 4 h (L4h), 12 h (L12h), or 24 h (L24h) were isolated
and subjected to both SDS/PAGE and Phostag-PAGE analyses;
the latter analysis can resolve proteins with differential phos-
phorylation status. Although the RPS6 protein abundance
remained unchanged, the degree of RPS6 phosphorylation in-
creased with time of light treatments (Fig. 24). We also used
phosphatase treatment to confirm that RPS6 proteins with mo-
bility shifts in response to light signals are indeed phosphorylated
RPS6 (SI Appendix, Fig. S2).

Whether RPS6s are crucial for photomorphogenic develop-
ment was next investigated. Four-day-old etiolated seedlings of
Col-0, rps6a, and rps6b mutants were exposed to white light for
the indicated times to observe cotyledon opening kinetics. Cot-
yledon opening was clearly delayed in rps6 mutants compared
with Col-0 (Fig. 2B). Between these two rps6 mutants, rpséa
exhibited a more severe phenotype than rps6b, which is consis-
tent with RPS6A playing a more crucial role in plant develop-
ment (31). Nevertheless, RPS6A and RPS6B are both required
for timely cotyledon opening during the deetiolation process.

We next examined whether like white light, monochromatic light,
such as FR, blue (B), or red (R) light, could activate RPS6 phos-
phorylation. Four to 6 h of both FR and B light increased RPS6
phosphorylation (Fig. 2 C and D). The FR- and B-induced RPS6
phosphorylation was diminished in mutants defective in corre-
sponding photoreceptors: phyA and phyA cryl cry2? triple mutant
(Fig. 2 C and D). However, R light could not induce an appreciably
increased phosphorylation of RPS6 even by extending the R light
treatment to 24 h (Fig. 2E). Also, in contrast to the increased de
novo protein synthesis under B light, R light alone failed to trigger
de novo protein synthesis (Fig. 2F and SI Appendix, Fig. S3). To
exhaust the exploration of the impact of R light on RPS6
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Phostag-PAGE analyses.

phosphorylation, etiolated Arabidopsis seedlings were treated with
high-fluence R light (140 pE) for 1 and 2 d. In contrast to the
marked RPS6 phosphorylation within hours in B or FR light, RPS6
phosphorylation was observed under 140 pE R light only after 2
d (SI Appendix, Fig. S4). Thus, perception of FR and B light by
phyA and CRYs could quickly lead to a coherent phosphorylation
of RPS6 and translation enhancement. However, R light works
much less efficiently in evoking RPS6 phosphorylation. These
observations are consistent with the more apparent cotyledon
opening in deetiolating seedlings treated with FR and B rather
than R light (32).

Light-Activated RPS6 Phosphorylation Is Independent of Photosynthesis
and Exogenous Glucose but Requires Auxin. TOR is known to activate
S6K for the phosphorylation of RPS6 (21, 33). TOR kinase activity
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Fig. 4. COP1 represses RPS6 phosphorylation and auxin pathway. (A) Two-
day-old etiolated (dark, D) seedlings of Col-0 and cop? were treated with L4h.
Total protein from each treatment was extracted and subjected to SDS/PAGE
and Phostag-PAGE analyses for RPS6 and RPS6 phosphorylation. (B) Two-day-
old etiolated seedlings of Col-0 and cop1 were treated with (+) or without (-)
yucasin. Representative photographs of seedlings are shown. (Scale bar: 2.5 mm.)
(C) Total proteins isolated from 4-d-old etiolated seedlings treated with 0.1%
DMSO, 100 nM naphthalene acetic acid (NAA), or 100 nM NAA plus 15 mM
glucose (NAA+GIc) underwent SDS/PAGE and Phostag-PAGE analyses.
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Fig. 5. Light activates TOR-dependent RPS6 phosphor- A ES) _XVE-'TOR-Rl!_Ai
ylation to enhance translation and cotyledon opening. D Lzt D Lizh B C
(A) Four-day-old XVE:TOR-RNAI seedlings (dark, D) were — —TOR - tor-es
grown with (+) or without (-) 20 uM estradiol in L12h. w - TOR %’,200 TOR for.es — %3'2
Total protein from each treatment was extracted and %-.—- RPS6 & 150 %2.5
subjected to SDS/PAGE and Phostag-PAGE analyses. (B) § - p— - $100 . 22
Four-day-old etiolated seedlings of the inducible XVE: E——— TUB 3 o 15
TOR-RNAI line grown with (tor-es) or without (TOR) es- w _ 2 50 * * 2 1
. . . . Q f— o 3 * i T
tradiol were treated with 15 uE white light to observe g " }8 © 9 o o1 a8 72 C1es & 05
cotyledon opening for 7 d. Cotyledon opening angles are g — —i | Light treatment (h) 0 TOR tor-es
shown as mean + SE *P < 0.001 vs. wild type (TOR) (n = g S — - -

13-20). Representative image showed cotyledons from

7-d-old seedlings. (Scale bar: 1 mm.) (C) De novo protein synthesis was determined for TOR or tor seedlings. Four-day-old etiolated seedlings were collected in the dark
(D) or treated with 11-h white light (L). Bars with the different letters represent significant difference (Tukey’s HSD P < 0.05).

can also be activated by photosynthesis and glucose to regulate the
cell cycle and metabolism-related genes for plant growth (21). We
next studied whether the phosphorylation of RPS6 in deetiolating
Arabidopsis seedlings results from increased photosynthesis or
photosynthates (sugar). For this purpose, we treated Col-0 with
or without 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), an
inhibitor of photosystem II. ST Appendix, Fig. S5 A and B show that
20 uM DCMU could effectively suppress photosystem II activity in
deetiolating Arabidopsis seedlings. However, the phosphorylation of
RPS6 was still increased after light treatment in the presence of
DCMU (Fig. 34). Supplying exogenous glucose could not effectively
activate RPS6 phosphorylation compared with light in etiolated
seedlings (Fig. 3B). These findings suggest that the increased
phosphorylation of RPS6 can be independent of photosynthesis
and its derived glucose. They are also consistent with our obser-
vation that FR light, despite its inability to trigger photosynthesis
(34), could still effectively enhance RPS6 phosphorylation and
translation (Figs. 14 and 2C).

A recent report indicated that light could stimulate auxin
biosynthesis to activate TOR in leaf primordia for regulating
true leaf development in Arabidopsis (35). Therefore, we tested
whether auxin is also involved in regulating light-induced phos-
phorylation of RPS6 in the deetiolating stage. The light-induced
RPS6 phosphorylation was abolished on pretreatment with
yucasin, a chemical inhibitor of YUCCAs, to block auxin bio-
synthesis (Fig. 3C). Together, these results indicate that light
signals, instead of sugars derived from photosynthetic activities,
activate RPS6 phosphorylation in an auxin-dependent manner.

COP1 Represses the Auxin Pathway and RPS6 Phosphorylation in
Darkness. Results in Fig. 1B indicated that COP1 plays a negative
role in repression of translation in dark-grown seedlings. We then
examined whether repression of translation by COP1 was associ-
ated with phosphorylation of RPS6. The level of RPS6 phos-
phorylation in etiolated cop! seedlings was comparable to that in
Col-0 seedlings treated with 4 h of light (Fig. 44). Four hours of
light treatment did not further increase the phosphorylation of
RPS6 in copl (Fig. 44), which was similar to the comparable PL%
observed for both the dark- and light-grown cop! mutant (Fig. 1B).
Yucasin treatment compromised the constitutively open coty-
ledon observed in the dark-grown copl mutant (Fig. 4B) and also
delayed the light-induced cotyledon opening in wild-type Col-0 (S
Appendix, Fig. S6). These results indicate that auxin is required for
the cotyledon opening phenotype seen in both the dark-grown
copl mutant and light-grown Col-0. This finding prompted us to
examine whether the treatment with auxin or auxin combined with
glucose could bypass the inhibitory role of COP1 on RPS6 phos-
phorylation in dark-grown wild-type seedlings. Neither auxin alone
nor auxin plus glucose was sufficient to trigger RPS6 phosphory-
lation in etiolated seedlings (Fig. 4C). Thus, COP1 may function to
repress factors downstream of auxin biogenesis. However, our
study cannot exclude the possibility that COP1 also represses ad-
ditional factors to regulate cotyledon opening during etiolation.
Taken together, in dark-grown wild-type seedlings, COP1 func-
tions to repress the auxin pathway to keep translation in check until
light derepresses the actions of COP1. Also, although auxin could
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substitute the light treatment in activating cell proliferation activity
in the shoot apex (35), auxin could only trigger RPS6 phosphoryla-
tion in the presence of light signals in deetiolating young seedlings.

Light Activates TOR-Dependent RPS6 Phosphorylation for Enhanced
Translation and Cotyledon Opening. RPS6 phosphorylation mainly
depends on the TOR-S6K pathway (21, 33), a pathway inferred to
function in translation initiation and the elongation stage in
mammals (16). We next examined whether the TOR-S6K pathway is
responsible for the light-induced RPS6 phosphorylation by moni-
toring the phosphorylation of RPS6 in seedlings with reduced ex-
pression of TOR. TOR proteins were confirmed to be undetectable
in an inducible TOR-RNAi line (XVE:TOR-RNAi) (17) upon the
addition of 20 pM estradiol in both etiolated and deetiolating
seedlings (Fig. 54, Upper). Without TOR protein, light treatment
could not induce RPS6 phosphorylation (Fig. 54). These results in-
dicate that light-induced RPS6 phosphorylation is TOR dependent.

Whether the activation of the TOR-RPS6 pathway affects the
deetiolating process remains to be evaluated. The defective
cotyledon opening phenotype observed in rps6a and rps6b mutants
(Fig. 2B) prompted us to examine this phenotype in the wild type
and TOR-RNA:i line. Estradiol-treated TOR-RNAi seedlings (tor-es)
showed significantly delayed cotyledon opening even after 7 d of
white light treatment (Fig. 5B). The role of TOR in light-regulated
translational enhancement was also evaluated by examining the
light-induced de novo protein synthesis in the wild type and XVE:
TOR-RNAi line. The de novo protein synthesis was clearly en-
hanced by light in wild-type seedlings, but such increase was com-
promised in XVE:TOR-RNAi seedlings in the presence of estradiol
(tor-es) (Fig. 5C and SI Appendix, Fig. S7). These results together
demonstrated the essential role of TOR in light-enhanced RPS6
phosphorylation and de novo protein synthesis.

COP1 Represses TOR Activity During Skotomorphogenic Development.
We next addressed whether COP1 has negative roles in translation
by regulating TOR protein level or activity in dark-grown seed-
lings. TOR protein abundance was comparable in etiolated and
deetiolating Col-0, copl, and phyA mutants (Fig. 64 and SI Ap-
pendix, Fig. S8). However, compared with etiolated Col-0 seedlings,
the dark-grown copl mutant showed increased S6K phosphoryla-
tion level (Fig. 6B). In addition, enhanced RPS6 phosphorylation in
the dark-grown copl mutant could be repressed by torin2, a specific
inhibitor for the TOR ATP-binding site (Fig. 6C). These data
demonstrate that COP1 represses TOR activity rather than TOR
protein level in etiolated seedlings.

To further establish the regulatory relation between COP1 and
TOR, we generated a copl XVE:TOR-RNA:i line by crossing the
copl mutant with the TOR-RNAi line. In the absence of estradiol
(ES-), copI showed a constitutive photomorphogenic phenotype
with an open apical hook and cotyledons as previously reported
(36), whereas XVE:TOR-RNAi had typical skotomorphogenic
phenotypes with an apical hook and closed cotyledons like wild-
type seedlings (Fig. 6D, ES—). When estradiol was added in
the growth media (ES+), cop! exhibited similar phenotypes as with
ES—, but XVE:TOR-RNAi showed stunted growth with shorter hy-
pocotyl length (Fig. 6D, ES+). However, copl XVE:TOR-RNAi
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Fig. 6. A functional TOR is required for photomorphogenic development of dark-grown cop? mutant. (A) Two-day-old etiolated seedlings of Col-0 and cop?
were treated with white light for 0 h (dark, D), 4 h (L4h), or 12 h (L12h). (B) Two-day-old etiolated seedlings of Col-0 and cop? mutant were treated with L4h.
TOR activity was measured by detection of S6K phosphorylation with anti-phospho-p70 S6 kinase (Thr389) antiserum. Levels of TOR (A4) and S6K-Pi (B) were
normalized to tubulin in etiolated Col-0 from three biological replicates and presented as mean + SE (C) RPS6 phosphorylation patterns in 2-d-old etiolated
seedlings of cop1 treated with or without 10 pM Torin2. (D) cop1, XVE:TOR-RNAi and cop1 XVE:TOR-RNA| were grown with DMSO (mock, ES-) or treated with
estradiol (ES+) for 2 d in the dark. Photographs of representative seedlings are shown. (Scale bar: 2.5 mm.) (E) Cotyledon opening angle and (F) hypocotyl
length of 2-d-old dark-grown seedlings shown in D were measured. Values are mean percentage + SE. Bars with different letters represent data groups with sig-
nificant difference (Tukey’s HSD P < 0.05, n = 28-56). Not detected (ND) samples remained closed cotyledons. (G) RPS6 phosphorylation patterns in 2-d-old etiolated
seedlings of cop? XVE:TOR-RNAI in the absence (-) or presence (+) of estradiol (ES). (H) An action model illustrated based on this study.

showed a cop! phenotype under ES— but a for-like phenotype un-
der ES+ (Fig. 6D). Quantitative data for both cotyledon opening
and hypocotyl length are shown in Fig. 6 E and F. Compared with
copl, the slightly compromised cotyledon opening angles in cop!
XVE:TOR-RNAi in the absence of estradiol (ES—) (Fig. 6F) likely
reflected the leakiness of the XVE system used, as described pre-
viously (37). Interestingly, in contrast to the opposite roles of COP1
and TOR in cotyledon opening, both COP1 and TOR are required
for full hypocotyl elongation in etiolated seedlings (Fig. 6F).

The above genetic study indicated that, for cotyledon opening,
TOR is epistatic to COP1 (i.e., COP1 functions upstream of
TOR). Consistent with this notion, the phosphorylation of RPS6
in dark-grown copl was compromised when TOR was silenced in
the copl XVE:TOR-RNA:i line (Fig. 6G). These results indicate
that both the phosphorylation of RPS6 and the constitutive
cotyledon opening of copl rely on the presence of TOR.

Discussion

In addition to transcriptomic reprogramming, light also enhances
the translation of thousands of transcripts (13, 14). This study un-
covered a mechanistic perspective underlying light-enhanced
translation. Our data support a signaling cascade starting from
the well-established light perception by photoreceptors for the
repression of COP1 activity. One key finding in this study was the
inhibitory role of COP1 in the TOR-S6K-RPS6 phosphorelay
that depends on the auxin pathway, for control of de novo pro-
tein synthesis and cotyledon opening in deetiolating seedlings
(Fig. 6H). Many studies have concluded that COP1 negatively
regulates photoreceptors and multiple transcription factors by
targeting them for degradation in the dark to promote skoto-
morphogenesis (12). Along with results from this study, COP1 is
a master switch repressing transcription and translation in
darkness to ensure that photomorphogenic development remains
dormant until young seedlings perceive light signals. Phyto-
chrome interacting factors (PIFs) function to repress the ex-
pression of light-inducible genes in dark-grown seedlings (38).
Consistent with their negative roles in photomorphogenesis, the
Pifq/pifl345 mutant exhibited a copI-like phenotype (39). PIF1
could also enhance the substrate recruitment and E3 activity of
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COP1 (40). Whether the reduced COP1 activity in pifg leads to
partial derepression of the light-triggered translation in pifg as in
copl remains to be studied.

We previously reported that light enhances massive translation (13,
14) and photoreceptors are involved in transmitting the light signals
(this study). Of note, the light-activated phytochrome B has been
shown to negatively regulate the translation of protochlorophyllide
reductase (PORA) mRNA in cytosol (41). Additional mRNAs whose
translation is negatively affected by light await to be identified.

The translational enhancement by light was independent of key
transcriptional regulators HYS and HYH in early photomorphogenic
development (Fig. 1C and SI Appendix, Fig. S1C). Thus, target
mRNAs of light-enhanced translation differ from those induced by
HYSHYH at early stages of photomorphogenic development. In-
deed, we previously found that light enhances the translation of
thousands of transcripts preexisting in dark-grown seedlings (13). This
observation supports the idea that light targets largely nonoverlapping
genes for transcriptional or translational control.

During photomorphogenesis, light has distinct morphological
affects on hypocotyls and cotyledons. The light-induced inhibition
of hypocotyl elongation could be achieved by repressing auxin
signaling, a process dependent on photoreceptors, CRY1 and
phyB, and the transcriptional regulator HY5 (42, 43). However,
our current study indicated a positive role of auxin pathway in
light-induced cotyledon opening (SI Appendix, Fig. S6A4). Our data
agree with light-triggered auxin signaling in shoot and root apexes
(35, 44). The different roles of auxin signaling between hypocotyls
and cotyledons might reflect the light-triggered reduction of auxin
level in hypocotyls but increased auxin level in cotyledons (45).

TOR acts as a central coordinator in many organisms to re-
spond to stresses or varying availability of nutrients and energy.
In plants, TOR integrates light, photosynthesis, metabolites
(glucose/sucrose), or phytohormone (auxin) signaling pathways
in the seedling stage (21, 35, 44, 46). In this study, phosphorylation
of RPS6 depended on light and auxin pathway but was independent
of photosynthetic activities, which differed from a previous study
finding that TOR-dependent cell proliferation in shoot apex
depended on light, auxin, and photosynthesis (35). However, light
and sugar worked additively to activate TOR for the increased
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expression of WUSHEL (WUS) for shoot apical meristem activation
(46). The above studies were conducted in different tissues and
developmental stages. The molecular and physiological readouts
of TOR signaling also varied. The different requirements of light,
metabolites, and auxin for TOR activation in these studies suggest
complex and sophisticated tissue- and/or stage-dependent modes
of TOR activation poised for distinct physiological responses.

Our study indicated that during the first few hours of young
seedlings transitioning from the dark to light environment,
TOR could be quickly activated by light signals to trigger RPS6
phosphorylation for timely enhancement of translation to es-
tablish the photosynthetic apparatus and the opening of the
apical hook and cotyledons. This immediate photomorphogenic
development may next be followed by the coordinated activation
of TOR by light, auxin, and sugar in the shoot apical meristem
and leaf primordia to initiate the vegetative developmental
program (35).

The degree of RPS6 phosphorylation is positively associated with
the time of white light treatment, as resolved by Phostag-PAGE
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(Fig. 24). Candidate phosphorylation sites of RPS6 proteins in-
clude multiple serines at C-terminal regions. The RPS6 C terminus
appears to be evolutionally conserved in multiple eukaryotes, including
yeast, plants, invertebrates, and vertebrates (47-49). Whether light-
enhanced translation is fine tuned by RPS6s carrying different
phosphorylation codes awaits future characterization.

Materials and Methods

Detailed description of plant materials, plant growth conditions, and
methods for the isolation of total, nonpolysomal, and polysomal RNAs,
protein analyses, cotyledon opening kinetic assay, and the analyses of de
novo protein synthesis can be found in S/ Appendix, SI Material and Method.
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