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Summary

The survival of seed plants in natural environments requires the successful emergence from the 

soil. In this process, the ethylene signaling pathway is utilized by plants to sense and respond to 

the mechanical resistance of the soil. Here, we report that CONSTITUTIVE 

PHOTOMORPHOGENESIS 1 (COP1), a central repressor of light signaling, is a key component 

required for seedlings to sense the depth of soil overlay. Mutation in COP1 causes severe defects 

in penetrating soil, due to decreased level of EIN3, a master transcription factor in ethylene 

pathway that mediates seedling emergence. We show that COP1 directly targets the F-box proteins 

EBF1 and EBF2 for ubiquitination and degradation, thus stabilizing EIN3. As seedlings grow 

towards the surface, the depth of soil overlay decreases, resulting in a gradual increase of light 

fluences. COP1 channels the light signals while ethylene transduces the information on soil 

mechanical conditions, which cooperatively control EIN3 protein levels to promote seedling 

emergence from the soil. The COP1-EBF1/2-EIN3 module reveals a mechanism by which plants 

sense the depth to surface and uncovers a novel regulatory paradigm of an ubiquitin E3 ligase 

cascade.
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Introduction

To colonize the land, terrestrial flowering plants (angiosperms) have evolved tremendous 

developmental plasticity to adapt to the subterranean environments. The seeds buried under 

soil or litter can survive through hostile conditions and germinate when the environments 

become favorable. After germination, seedlings need to adjust their growth in accordance 

with the subterranean environment to reach the soil surface [1, 2]. Soil overlay brings about 

at least two consequences to the germinating seedlings: a dark environment and mechanical 

pressure. To grow in the dark, seedlings adopt a developmental strategy known as 

skotomorphogenesis, which is characterized by long hypocotyls, small and closed 

cotyledons, and curved apical hooks, an optimal shape to vigorously grow towards the 

surface [1, 3-5]. In addition, the etioplast development in cotyledons allows the seedlings to 

make a rapid transition to autotrophic growth upon light radiation at the soil surface [2, 5]. 

Meanwhile, mechanical impedance boosts seedlings ethylene production, which suppresses 

hypocotyl elongation and increases radical expansion, a stature fit for enhancing the lifting 

capacity of etiolated seedlings and protecting against mechanical injuries [6-9]. The crucial 

roles of ethylene in this process have been demonstrated by the observations that mutants 

lacking ethylene responses (ethylene-insensitive) showed defects in soil emergence [10, 11]. 

These studies show that both light and mechanical pressure (ethylene) of the soil provide 

important cues that instruct plants how to grow morphologically and physiologically in the 

soil. However, whether and how the signals on lights and mechanical pressure (ethylene) are 

integrated to modulate plant growth in complex soil conditions is largely unknown.

Ethylene is a gaseous plant hormone that performs wide-ranging and dramatic effects on 

plant growth, development, and stress responses [9, 12, 13]. Ethylene is perceived by a 

family of five endoplasmic-reticulum (ER)-localized receptors. In the absence or low 
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ethylene, the receptors are in an uncharged active state associated with CTR1, which 

represses the downstream signaling pathway. Upon binding to ethylene, the receptors 

disassociate from CTR1, causing de-repression of CTR1 on EIN2, resulting ultimately in 

EIN3 and EILs accumulation. EIN3 and EIL1 are master transcription factors in conducting 

a myriad of ethylene responses [14-17], and EIN3 level is tightly regulated by the 26S 

proteasome-mediated degradation pathway through two F-box proteins, EBF1 and EBF2 

(EBF1/2) [18-20]. Ethylene triggers EIN2 cleavage and translocation, inducing EIN2-

dependent proteasomal degradation of EBF1/2 to stabilize EIN3 proteins [21-24]. Our 

previous studies have further shown that EIN3 protein levels are quantitatively increased in 

response to soil overlay. EIN3 specifically activates two downstream pathways in the 

hypocotyl and cotyledons, respectively mediated by ERF1 and PIF3, to coordinately regulate 

hypocotyl elongation and chlorophyll biosynthesis in response to soil conditions during 

seedling emergence [11].

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) was originally identified as a central 

repressor of light-induced plant morphogenetic changes, evidenced by cop1 mutant 

seedlings exhibiting constitutive photomorphogenesis in the dark [25-27]. COP1 is a RING 

E3 ubiquitin ligase and comprises three protein-protein interaction domains: a N-terminal 

RING-finger region followed by a Coiled-coil domain, and seven WD40 repeats at its C-

terminus [28-30]. The COP1 protein is evolutionally conserved in both plants and animals, 

and it acts as a vital regulatory point of diverse developmental processes. In plants, COP1 

functions as a master switch of light signaling pathway, by maintaining skotomorphogenesis 

and repressing photomorphogenesis [27, 31]. Downstream of COP1, there are at least two 

groups of transcription factors conducting light-induced developmental transition: 

phytochrome-interacting factors (PIFs) in promoting skotomorphogenesis, and regulators 

including HY5, LAF1 and HFR1 in promoting photomorphogenesis [5, 31]. Extensive 

studies have consolidated that in the dark, COP1 targets HY5, LAF1 and HFR1 for 

ubiquitin-proteasome mediated degradations and stabilized PIFs through unknown 

mechanisms [5, 29, 32-36]. In mammalian cells, COP1 E3 ubiquitin ligase targets c-Jun and 

ETS transcription factors for degradation, thereby serving as a tumor suppressor [37, 38]. 

Based on current evidence, the major biochemical scheme that COP1 employs to regulate 

biological processes is direct protein interaction and ubiquitination of the key factors.

Although seedling etiolated growth and ethylene signaling transduction have been 

extensively studied in the past decades, most genetic works were conducted under soil-free 

growth conditions. Only in recent years, we utilized Arabidopsis genetic tools to study soil 

responses of plants. Our previous works have uncovered the prominent role of the ethylene 

pathway in responding to mechanical pressure of the soil, and have identified critical 

regulatory factors in this response such as EIN3, ERF1, and PIF3 [11]. In this study, we 

identify COP1 as a crucial regulator for seedling soil emergence that specifically transduces 

the information, not on mechanical pressure of the soil, but on the light fluences in the soil. 

Mechanistically, COP1 directly targets EBF1/2 upstream of EIN3 to mediate soil responses.
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Results

COP1 functions upstream of EIN3 to promote seedling emergence

Skotomorphogenesis is a developmental strategy adopted by plant seedlings in terrestrial 

environments [1, 2]. To determine whether etiolated growth is functionally involved in 

seedling emergence from soil overlay, we examined the role of COP1 in regulating seedlings 

emergence phenotypes. In the assay, we plated seeds on 1/2 MS agar medium and evenly 

covered them with a layer of soil. After 7 days of growth in white light, the emergence 

frequencies were recorded. Our results showed that without soil covering, the cop1 mutants 

grew similarly to wild-type (WT, Col-0) (Figure 1A and 1B). However, when covered under 

a layer of soil (SiO2 powder), most of cop1 mutant seedlings failed to emerge from the soil 

(Figure 1A and 1B). We further examined the seeding emergence with different particle size 

sands. Similar to the SiO2 powder, the cop1 mutants exhibited severe defects in emergence 

from either 50-70 or 120-200 mesh sands covering, while WT grew well in the same soil 

conditions (Figure 1C and 1D). Moreover, for a specific sand type, the survival rate of cop1 
mutants dramatically decreased with increasing soil depths (Figure 1A to 1D). To verify the 

requirement for the COP1 gene in seedling emergence from the soil, we used the 50-70 

mesh sands as the standard soil conditions and investigated the emergence phenotypes of 

another cop1 mutant allele cop1-6. Like cop1-4, cop1-6 grew similarly to WT without soil 

covering, but showed severe defects in seedling emergence when covered by a layer of soil 

(Figure 1E and 1F). In addition, expressing COP1 in cop1 mutant background (35S:COP1/

cop1-6) rescued the emergence defect and restored the emergence frequency of cop1 to 

wild-type levels (Figure 1E and 1F). We further examined the soil penetration ability of 

seedlings under complete darkness. The results showed that almost all the cop1 mutants 

failed to emerge from the soil, and this severely impaired ability could be fully restored by 

expressing COP1 in cop1 mutants (Figure 1G). These observations demonstrate that COP1 

is essential for seedling emergence from the soil.

It has been recently shown that EIN3, the master transcription factor of the ethylene 

signaling pathway, plays a crucial role in promoting seedling emergence [11]. Thus we 

analyzed the genetic relationship of COP1 and EIN3. We crossed the EIN3 over-expressing 

transgene EIN3ox into cop1 (EIN3ox/cop1), and examined the emergence frequencies of 

EIN3ox, cop1 and EIN3ox/cop1. The results showed that all the lines grew well without soil 

covering (Figure 1H and 1I). Once buried under soil, while WT and EIN3ox were able to 

penetrate the soil, most of the cop1 mutants failed to emerge as in previous experiments 

(Figure 1H and 1I). However, almost all of the EIN3ox/cop1 seedlings successfully grew out 

of soil, indicating that over-expression of EIN3 can rescue the soil emergence defect of cop1 
(Figure 1H and 1I). These data suggest that COP1 functions upstream of EIN3 to promote 

seedlings emergence.

Similarly, when grown under complete darkness, overexpression of EIN3 can also rescue the 

cop1's phenotype in emerging from the soil (Figure 1J). By closely examining the 

phenotypes of seedlings grown in the dark, we found that consistent with previous studies 

[25], the cotyledons of cop1 were fully opened (Figure 1K and 1L), and dramatically 

expanded (Figure 1M and 1N). However, over-expressing EIN3 in cop1 (EIN3ox/cop1) 

Shi et al. Page 4

Curr Biol. Author manuscript; available in PMC 2017 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



largely restored the cotyledon phenotypes of cop1, resulting in closed and much less 

expanded cotyledons, similar to WT (Figure 1K to 1N). Therefore, the impaired seedling 

emergence of cop1 associated with an abnormal developmental pattern in the dark 

underneath the soil surface, which can be partially corrected by over-production of EIN3.

EIN3 activity is eliminated in cop1 mutant

Since cop1 displayed severe defects in seedling emergence similar to the ein3eil1 mutant 

[11] and can be rescued by overexpressing EIN3 (Figure 1H to 1J), the function of EIN3 is 

possibly impaired in cop1 mutants. To investigate the activity of EIN3 in cop1, we 

introduced a 5 × EBS:GUS reporter line into different backgrounds by genetic crossing. This 

transgene harbors five tandem repeats of the EIN3 Binding Sequence (EBS) in the promoter 

fused with a GUS reporter gene and can be used to monitor the transcription activity of 

EIN3 in plants [39]. We found that EIN3ox notably increased the 5 × EBS:GUS expression, 

whereas the elevation in EIN3ox was dramatically decreased by the mutation of COP1 
(Figure 2A). It was previously reported that several genes, including ERF1, EBF2 and PIF3, 

are directly activated by EIN3 [40-42]. Our results showed that the expression patterns of all 

of these genes were down-regulated in cop1 to the extend similar to ein3eil1 and 

cop1ein3eil1 triple mutant (Figure 2B to 2D). Moreover, overexpressing EIN3 in the cop1 
mutant largely restored these genes' expression to wild-type level (Figure 2B to 2D). We 

further examined the expression of some EIN3-repressed genes. Both cop1 and cop1ein3eil1 
evidently upregulated these genes similar to ein3eil1, while EIN3ox/cop1 largely suppressed 

the expression of these genes to a level similar to wild-type (Figure 2E and 2F). Therefore, 

EIN3 activity is dramatically suppressed in cop1 mutant, indicating that COP1 is required to 

maintain EIN3 function in etiolated seedlings.

COP1 is required to prevent 26S proteasome-mediated degradation of EIN3 protein in 
seedlings

To investigate the regulation of COP1 on EIN3, we used a transgenic Arabidopsis line that 

expresses EIN3-Luciferase fused proteins driven by the native EIN3 promoter. We found 

that in cop1 mutants, EIN3 protein levels were notably decreased in etiolated seedlings 

(Figure 3A), while the transcript level of EIN3 gene did not significantly change (Figure 

S1). To study posttranscriptional regulation of EIN3, we generated a transgenic line that 

constitutively expressed EIN3-Myc fusion proteins in the eil3eil1 mutant (35S:EIN3-Myc/

ein3eil1), and crossed it into cop1 mutant background. Immunoblot results showed that the 

EIN3-Myc protein levels were markedly decreased in cop1ein3eil1 compared to ein3eil1 
(Figure 3B). Treatment with MG132, a 26S proteasome-specific inhibitor, significantly 

restored EIN3 protein abundance in cop1ein3eil1 seedlings (Figure 3B), suggesting that 

EIN3 is post-translationally protected by COP1 from 26S proteasome-mediated degradation 

in plants. Moreover, the repression of EIN3 protein degradation by COP1 can be 

reconstituted in a cell-free assay by using purified full-length EIN3-His recombinant 

proteins. When added into the cell extracts of WT seedlings, EIN3 proteins were gradually 

degraded (Figure 3C). However, when added into cop1 cell extracts, the EIN3 proteins were 

extremely unstable and were rapidly degraded to an undetectable level within half an hour 

(Figure 3C). In both cases, MG132 prevented EIN3 degradation, confirming EIN3 

degradation was mediated by the 26S proteasome in the cell extracts (Figure 3C). 
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Additionally, fluorescence microscopy showed that the constitutively expressed EIN3-GFP 

proteins were dramatically decreased in the nucleus of cop1 (Figure 3D). Together, these 

results indicate that COP1 is essential for EIN3 protein accumulation by repressing the 26S 

proteasome-mediated EIN3 degradation.

COP1 promotes proteasomal degradation of both EBF1 and EBF2

Previous studies have shown that two F-box proteins EBF1 and EBF2 target EIN3 for 26S 

proteasome-mediated degradation by acting as substrate receptors for the SCF E3 ligase 

complex [18-20]. We wanted to know whether COP1 affects the accumulation of EBF1 and 

EBF2, given the E3 ligase activity of COP1 and our finding that COP1 stabilizes EIN3. We 

crossed the constitutively expressed EBF1-TAP or EBF2-TAP transgenic lines into the cop1 
mutant background. Immunodetection of EBF1-TAP and EBF2-TAP showed that levels of 

both proteins were highly elevated in the cop1 mutants (Figure 4A and 4B), suggesting that 

COP1 functions to destabilize EBF1 and EBF2. Moreover, MG132 treatment visibly 

elevated the protein levels of both EBF1 and EBF2 in WT, but no obvious changes were 

observed in the cop1 mutant (Figure 4A and 4B). Quantitatively analyzing the protein levels 

of EBF1 and EBF2 indicated that they were five times and three times higher in cop1 than in 

WT, respectively, while MG132 treatment increased their protein abundances in WT to 

comparable levels as in cop1 (Figure 4A and 4B). Therefore, COP1 acts to decrease EBF1 

and EBF2 proteins through the 26S proteasome pathway.

COP1 directly interacts with EBF1 and EBF2

To assess whether COP1 is an E3 ligase for EBF1 and EBF2, we first examined if COP1 

directly interacts with EBF1 and EBF2 proteins. COP1 protein contains three recognizable 

domains: a RING-finger domain (Ring), a Coiled-coil domain (Coil) and seven WD40 

repeats (WD40) (Figure 5A). In our yeast two-hybrid assays, both EBF1 and EBF2 were 

shown to directly interact with the N-terminal 282-amino acid fragment of COP1, which 

contains the Ring and Coil domains (Figure 5A). To further identify the domains that 

interact with EBF1 and EBF2, we used a series of deletion constructs of the N-terminal 

region of COP1 in the assays. Both EBF1 and EBF2 interacted with several mutant 

derivatives of COP1, including the Coil domain or the Ring domain alone, and deletion 

mutants lacking either the Coil or the Ring domain (Figure 5A). No interaction was detected 

when both the Coil and Ring domains were deleted (Figure 5A), indicating that these two 

domains are responsible for the interactions with EBF1 and EBF2. Interestingly, the C-

terminal WD40 domain of COP1, which has been shown to target several known 

transcription factors [30], did not interact with either EBF1 or EBF2 in the assays (Figure 

5A). These data suggest that the RING-finger and the coiled-coil domains within the N-

terminal region of COP1 are involved in the interactions with EBF1 and EBF2.

Furthermore, an in vitro pull-down assay using recombinant fusion proteins further showed 

that COP1-His directly interacted with both MBP-EBF1 and MBP-EBF2, but not MBP 

alone (Figure 5B). To verify their interactions in vivo, we performed bimolecular 

fluorescence complementation (BiFC) assays in tobacco leaves. The results demonstrated 

that coexpression of COP1-YFPc with either EBF1-YFPn or EBF2-YFPn reconstituted 

functional YFP proteins in the nucleus, but GST protein controls did not (Figure 5C), 
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indicating that COP1 directly interacts with EBF1 and EBF2 in nucleus of plant cells. 

Consistently, firefly luciferase complementation imaging (LCI) assay further supported the 

observation that EBF1 and EBF2 primarily interacted with the N-terminal region of COP1 in 
vivo by reconstituting the activity of luciferase in plants (Figure S2). Moreover, co-

immunoprecipitation assays using transgenic plants expressing EBF1-GFP or EBF2-GFP 

and purified COP1-His recombinant proteins confirmed their interaction in Arabidopsis 
seedlings (Figure 5D). These in vitro and in vivo results demonstrate that COP1 directly 

interacts with both EBF1 and EBF2 proteins.

EBF1 and EBF2 proteins are directly ubiquitinated by COP1

The regulation of EBF1 and EBF2 by COP1 and their direct interaction in vitro and in vivo 
suggest that COP1 may act as an E3 ligase for EBF1 and EBF2. We performed an in vitro 
ubiquitination assay in which we used the EBF1-MBP and EBF2-MBP recombinant proteins 

purified from E. coli as substrates, and a purified COP1-His recombinant protein as the E3 

ligase. In the presence of the universal E1, E2 and ubiquitin, both EBF1 and EBF2 were 

polyubiquitinated by COP1 (Figure 6A and 6B). Moreover, with an increase of COP1 in the 

reaction, the polyubiquitinated levels of both EBF1 and EBF2 proteins were accordingly 

elevated (Figure 6A and 6B). Taken together, our results indicate that both EBF1 and EBF2 

can be directly ubiquitinated by COP1 E3 ubiquitin ligase.

COP1 is not required for ethylene and mechanical pressure induced stabilization of EIN3

Since both COP1 and ethylene stabilize EIN3 by negatively regulating EBF1 and EBF2, we 

investigated whether COP1 is involved in ethylene-regulated EIN3 protein accumulation. We 

examined the EIN3 levels in etiolated seedlings under various ethylene-related chemical 

treatments, including 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of 

ethylene biosynthesis, as well as Ag+ and aminoethoxyvinylglycine (AVG), the inhibitors of 

ethylene action and biosynthesis, respectively. The results showed that the EIN3 protein 

levels were notably elevated with ACC treatment, and decreased in Ag+ or AVG 

supplemented medium, and this occurred even in the cop1 mutants (Figure S3A and S3B). 

We further examined the stability of EIN3 in response to increasing concentrations of ACC 

in the medium. Immunoblot analysis showed that EIN3-Myc accumulation was induced by 

increasing ACC concentrations in both ein3eil1 and cop1ein3eil1 mutant seedlings (Figure 

S3C and S3D). Although the quantitative levels of EIN3 in these mutants were different, 

cop1 mutant nonetheless displayed normal patterns of ethylene responsive regulation on 

EIN3 protein, suggesting that the regulation of EIN3 by ethylene does not require COP1.

In order to specify the role of COP1-EBF1/2-EIN3 pathway in seedling emergence, we 

examined the light effect on soil-induced EIN3 accumulation. Consistent with our previous 

report [11], soil covering of dark-grown seedlings enhanced the constitutively expressed 

EIN3-Myc proteins levels about two to three fold in both ein3eil1 and cop1ein3eil1 (Figure 

7A). Notably, when the seedlings were grown in light, soil overlay caused a greater impact 

as it dramatically elevated the EIN3-Myc level in ein3eil1 for over ten fold (Figure 7B). 

However, in light-grown cop1ein3eil1, the soil covering-induced increase of EIN3-Myc was 

substantially weaker, with about four fold, even though cop1ein3eil1 and ein3eil1 had 

similar EIN3-Myc protein levels without soil covering (Figure 7B). These results suggest 
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that light is a critical factor in soil-induced EIN3 protein accumulation, and that the light 

factor of the soil response is largely dependent on the action of COP1.

Differ from soil overlay in the dark, soil overlay in the light can reduce the light irradiation 

in addition to imposing mechanical pressure. To delineate the role of COP1 in soil-induced 

EIN3 stabilization under light conditions, we designed experiments to investigate the 

responses to light and mechanical pressure separately. We first pressed the etiolated 

seedlings with glass plates in the dark to achieve mechanical pressure independently of light, 

and found that the level of EIN3 was remarkably up-regulated and progressively increased 

upon longer periods of pressing (Figure 7C). Moreover, the accumulation of EIN3-Myc 

caused by mechanical pressure was similar in cop1ein3eil1 to ein3eil1 (Figure 7D), 

suggesting that COP1 is not involved in mechanical pressure alone. Thus, it is likely that the 

mechanical pressure response is mediated via the ethylene pathway independently of COP1.

COP1 is primarily responsible to modulate EIN3 levels according to the changing light 
fluences during soil emergence

It has been shown that light transmission is affected by both the texture and depth of soil 

[43-45]. In our assay, the seeds were covered by water-saturated soil of different particle 

sizes. By measuring the light fluences under water-saturated soil overlay, we found that 

regardless of the particle sizes, the light intensity dramatically decreased when the soil depth 

increased (Figure 7E). Interestingly, light transmission in dry sands was much lower than 

that in water-saturated status, and the light intensity decreased even more rapidly with 

increasing depths of soil (Figure S4A), consistent with the previous reports [43-45].

Next, we examined the effect of light intensity changes on EIN3 stability. During seedling 

emergence, the distance to soil surface decreases, resulting in gradually increased light 

fluences (Figure 7E). Therefore, the series of increasing light intensities from darkness to 

strong light simulate the light fluence changes during growth towards the soil surface. We 

found that with the increase of light intensity, the levels of EIN3-Myc in ein3eil1 gradually 

decreased (Figure 7F). Quantitative analysis showed that the EIN3-Myc protein level in the 

dark was eight fold greater compared with the strong light condition (Figure 7F). However, 

EIN3-Myc accumulation in cop1ein3eil1 mutant failed to change with light fluences, but 

rather displaying a constitutively low level similar to ein3eil1 grown under strong light 

(Figure 7F). This result suggests that COP1 is required for EIN3 stability in the dark and for 

quantitative modulation of EIN3 levels in response to light intensity changes. Moreover, the 

levels of HY5, a well-characterized substrate of COP1 [29], were progressively elevated in 

35:EIN3-Myc/ein3eil1 but not in 35:EIN3-Myc/cop1ein3eil1 when light intensity was 

increased (Figure 7F), indicating that the activity of COP1 gradually decreases with 

increasing light fluences. Therefore, light signals quantitatively act to reduce EIN3 levels 

through negatively regulating COP1 activity. This may be a mechanism to turn down EIN3 

activity according to the changes of soil depth when emerging seedlings grow towards the 

soil surface and perceive increased amounts of light.
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Discussion

Successfully emerging from soil is crucial for the survival of seed plants in natural 

environments and farm systems. However, the underlying molecular mechanism by which 

plants overcome soil barrier to grow out is poorly understood. By using a set of soil assays, 

our previous study has identified the ethylene signaling pathway as a key soil pressure 

sensory and response system that modulates morphogenesis of germinating seedlings under 

the soil environments [11]. In this process, the master transcription factor EIN3 plays an 

essential role by activating two separate pathways through PIF3 and ERF1 in the cotyledons 

and the hypocotyl, respectively, that coordinate the organ-specific soil responses in 

germinated seedlings [11].

In this study, we report that COP1, a central regulator of etiolated plant growth, is required 

for seedlings to emerge from the soil. In this pathway, COP1 primarily mediates light rather 

than mechanical stress signals to modulate EIN3 levels in the soil. The mechanism by which 

COP1 stabilizes EIN3 is by direct interaction and ubiquitination of EBF1 and EBF2 

(EBF1/2), the two F-box proteins that target EIN3 for degradation. Taken together, we 

propose a model in which COP1 and ethylene are recruited to respond to soil-imposed 

darkness and mechanical stress effects, respectively (Figure S4B). These two pathways 

converge on EBF1/2 to cooperatively adjust EIN3 levels, allowing the seedling to rapidly 

and precisely respond to the changing soil and light environments as it grows towards the 

surface (Figure S4B). Interestingly, although cop1 mutants respond to both the precursor and 

inhibitor of ethylene in a similar pattern as WT, the fold-changes of EIN3 protein level in 

cop1 mutants are greater than in WT. We think this may be caused by the higher levels of 

EBF1/2 protein in cop1 mutants. As ethylene inhibits EBF1/2's ability to down-regulate 

EIN3 at both the protein stability and protein activity of EBF1/2 [22-24, 46], the greater 

range of changes in EBF1/2 by ethylene in cop1 mutants would presumably bring about a 

stronger effect compared to WT that has lower levels of EBF1/2. Moreover, considering the 

complex regulation of EBF1/2 at multiple-levels by ethylene [41, 46-48], there might be 

other points of signaling interaction between ethylene and COP1 upstream EIN3. 

Nevertheless, our results not only support the long-assumed hypothesis that 

skotomorphogenesis is an adaptive developmental program evolved to cope with terrestrial 

survival, but also reveal a genetic pathway, defined by the COP1-EBF1/2-EIN3 module, 

which enables the plants to coordinate growth and physiological activities according to light 

fluence changes in the soil during emergence. We have learned from this study that plants 

can sense the depth of the soil covering and timing of their emergence through combined 

information on mechanical pressure and on dim light (light fluences) of the soil.

Studying the mechanism of seedling emergence is critical in order to develop method to 

increase plant survival and crop yield. The key question in seedling emergence is how plants 

sense and integrate these environmental factors to precisely adjust their developmental 

patterns. During soil emergence, one of the first responses is the production of the gaseous 

phytohormone ethylene, which is stimulated upon mechanical impedance [6, 7, 11]. Light is 

another major factor in regulating seedling penetration of the soil. Germinated seedlings 

grown in the dark adopt a distinct morphogenetic program termed skotomorphogenesis, 

which provides an adaptive advantage to grow under the soil where light is low or absent [1, 
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3, 5]. Recently, mechanical stress was also found to activate the biosynthesis of other plant 

hormones, such as jasmonate and gibberallin acids [49-51]. It will be of interest to explore 

whether these hormones can also modulate seedling emergence. In addition, growth in 

waterlogged soil could cause hypoxia, which was recently reported to regulate 

skotomorphogenesis [52]. Considering our and other recent studies, seedling emergence can 

serve an effective model to study the basic question in biology of how plants integrate 

various signals to adapt to changing environments.

Our findings also offer novel insights into the mechanism of how key transcription factors 

are stabilized. In light-regulated seedling morphogenesis, COP1 functions as a central 

repressor by degrading positive transcription factors, such as HY5, as well as stabilizing 

negative transcription factors, like PIF3 [5, 31]. Although extensive studies have revealed 

that COP1 directly degrades HY5 and other positive regulators by the ubiquitin-proteasome 

system, it remains poorly understood how COP1 positively regulates the accumulation of 

key negative transcription factors. EIN3 was previously shown to promote hypocotyl 

elongation and repress cotyledon development in the light, which negatively regulates 

seedling photomorphogenesis [21, 42, 53]. In addition, EIN3 cooperates with PIF1 in 

regulating seedling greening [54, 55]. The scheme that COP1 promotes accumulation of 

EIN3 by targeting its negative regulators EBF1/2 could be applicable to other COP1-

promoting factors. Besides ethylene, SCF F-box proteins-mediated protein degradation has 

emerged as a universal mechanism in response to various plant hormones, including auxin, 

abscisic acid, gibberellins and jasmonate [56, 57]. Because seedling morphogenesis is 

coordinately regulated by environmental and various hormonal signals, it is appealing to 

hypothesize that the COP1 E3 ligase-mediated degradation of other E3 ligases might be a 

common mechanism by which light signaling is integrated with other hormonal pathways.

Experimental Procedures

Plant material and growth condition

The wild type (WT) Arabidopsis seedlings used in this study is Columbia-0 ecotype. 

EIN3ox, ein3eil1, cop1-4, cop1-6, 35S:COP1/cop1-6, 5XEBS-GUS/Col-0, EIN3p-EIN3-

Luciferase/ein3eil1, EIN3-GFP/ein3eil1, EBF1-TAP/Col-0, EBF2-TAP/Col-0 were 

previously reported [11, 39, 46, 54, 58]. Multiple mutants were generated by crossing and 

homozygous lines were genotyped. Plants were grown under long-day photoperiod white 

light at 22 °C.

Soil experiment

The soil experiment was performed as previously described [11]. Surface-sterilized seeds 

were plated on 1/2 MS medium (2.2 g/L MS salts, 0.5% sucrose, pH 5.7, and 8g/L agar). 

The silicon dioxide (SiO2) powder (Sigma), soil (50-70 mesh particle size sand, Sigma), or 

120-200 mesh particle size sand was autoclaved and then evenly spread onto the medium. 

After stratification in 4 °C for 4 days, the plates were transferred to white light for 6h to 

induce germination. The plates were then incubated under white light or in darkness for the 

indicated time. At least 100 seeds were used for each experimental treatment and three 

biological replicates were used for statistical analysis.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. COP1 acts upstream of EIN3 to promote seedling emergence from the soil
(A-D) Soil emergence phenotypes (A and C) and quantitative analysis (B and D) of Col-0 

(wild type) and cop1-4 mutant. Seedlings were grown under continuous white light for 7 

days without (0 mm soil) or with increasing depths overlay of SiO2 powder (A and B) and 

various particle size sands (C and D). Mean ±s.d., n=3.

(E-F) Soil emergence phenotypes (E) and quantitative analysis (F) of Col-0, cop1-4, cop1-6 
and 35S:COP1/cop1-6. Seedlings were grown under continuous white light for 7 days 

without (0 mm soil) or with 2.5mm soil (50-70 mesh sands) overlay. Mean ±s.d., n=3.

(G) Quantitative analysis of 4-day old etiolated Col-0, cop1-4, cop1-6 and 35S:COP1/

cop1-6 seedlings without (0 mm soil) or with 2.5mm soil (50-70 mesh sands) overlay. Mean 

±s.d., n=3.

(H-I) Soil emergence phenotypes (H) and quantitative analysis (I) of Col-0, cop1-4, EIN3ox 

and EIN3ox/cop1-4. Seedlings were grown under continuous white light for 7 days without 

(0 mm soil) or with 2.5mm soil (50-70 mesh sands) overlay. Mean ±s.d., n=3.

(J) Quantitative analysis of 4-day old etiolated Col-0, cop1-4, EIN3ox and EIN3ox/cop1-4 
seedlings without (0 mm soil) or with 2.5mm soil overlay. Mean ±s.d., n=3.

(K-L) Images (K) and angles (L) of cotyledon opening of 3-day old etiolated Col-0, cop1-4, 

EIN3ox and EIN3ox/cop1-4 seedlings. Mean ±s.d., n>20.
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(M-N) Images (M) of cotyledons and areas (N) of single cotyledons of 7-day old etiolated 

Col-0, cop1-4, EIN3ox and EIN3ox/cop1-4 seedlings. Mean ±s.d., n>20.
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Figure 2. EIN3 transcriptional actions are largely abolished by COP1 mutation
(A) GUS staining images of 3-day old etiolated seedlings of 5XEBS-GUS in Col-0, EIN3ox 

and EIN3ox/cop1-4 backgrounds.

(B-F) qRT-PCR results showing the gene expressions of ERF1 (B), EBF2 (C), PIF3 (D), 

Lhcb1b1 (E) and Lhcb1b2 (F) in 4-day old dark-grown seedlings. The expressions were 

normalized to PP2A. Mean ±s.d., n=3.
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Figure 3. COP1 stabilizes EIN3 protein
(A) White light (Left) and bioluminescence (Right) images of 4-day old etiolated seedlings 

of EIN3p-EIN3-Luciferase in ein3eil1 and cop1ein3eil1 backgrounds. The color-coded bar 

indicates the intensity of lucifersase activity. C.P.S stands for Counts Per Second.

(B) Western blot analysis of EIN3 protein levels. Seedlings over-expressing EIN3-Myc in 

ein3eil1 and cop1ein3eil1 backgrounds were grown on 1/2MS medium in the dark for 4 days 

without (DMSO) or with MG132 pre-treatment for 12 h before harvesting. Col-0 was used 

as a negative control. RPT5 was used as a loading control.

(C) Cell-free degradation of recombinant EIN3-His proteins in 4-day old etiolated Col-0 

(top) and cop1-4 (bottom) seedlings. Equal amount of EIN3-His proteins were added into 

the cell extracts and incubated for the indicated periods of time, and then analyzed by 

immunoblots. “-” stands for the no EIN3-His protein control. Actin was used as a loading 

control.

(D) Fluorescence microscopic analysis of the EIN3-GFP protein levels. Seedlings over-

expressing EIN3-GFP in ein3eil1 and cop1ein3eil1 backgrounds were grown on 1/2MS 

medium for 4 days in the dark.
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Figure 4. COP1 is responsible for the 26S proteasome-mediated EBF1 and EBF2 protein 
degradation
Western blots showing the EBF1(A, left panel) or EBF2 (B, left panel) protein levels. 

Seedlings over-expressing EBF1-TAP of EBF2-TAP in Col-0 (WT) and cop1-4 mutant 

backgrounds were grown on 1/2MS medium in the dark for 4 days without (DMSO) or with 

MG132 pre-treatment for 12 h before harvesting. Col-0 was used as a negative control. 

RPT5 was used as a loading control. Right panel shows the quantification analysis of the 

three biological replicates of EBF1 (A, right panel) or EBF2 (B, right panel) protein levels 

after normalizing to RPT5. The protein levels EBF1-TAP/EBF2-TAP in Col-0 backgrounds 

without MG132 treatment (DMSO) was set as 1. Mean ±s.d., n=3.
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Figure 5. EBF1 and EBF2 physically interact with COP1 in vitro and in vivo
(A) N-terminal fragments of COP1 directly interact with EBF1 and EBF2 in yeast two-

hybrid assays. Left diagrams indicate the various fragments of COP1 fused with the 

activation domain. Full length EBF1 and EBF2 fused with LexA DNA binding domain were 

the prey constructs in the assay.

(B) COP1 and EBF1/2 directly interact in pull-down assays. Purified COP1-His was used as 

prey and was pulled down by the baits EBF1-MBP, EBF2-MBP and MBP, respectively. 

Anti-MBP and anti-His were used for the immunoblot analysis.

(C) BiFC assay reveals that COP1 interacts with EBF1 and EBF2 in the nucleus of 

Nicotiana benthamiana leaf cells. Full length COP1 or EBF1 and EBF2 were fused to the 

split N-terminal or C-terminal (YFPn or YFPc) fragments of YFP. GST fused to YFPn or 

YFPc fragments were used as negative controls. Red arrow indicates the position of YFP 

speckles. Bar = 20 μm.

(D) Semi-in vivo co-immunoprecipitation assay of COP1 with EBF1 and EBF2 proteins. 

EBF1-GFP and EBF2-GFP overexpression transgenic plants and Col-0 control were grown 

in the dark for 4 days. Equal amount of COP1-His proteins were added into the cell extracts 

and immunoprecipitated using anti-GFP antibody and immunoblotted using indicated 

antibodies.
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Figure 6. COP1 directly ubiquitinates both EBF1 and EBF2 proteins
(A-B) In vitro ubiquitination assays of EBF1 (A) or EBF2 (B) by COP1. Purified 

recombinant COP1-His and EBF1-MBP or EBF2-MBP were used in the assays. The 

ubiquitination of EBF1 or EBF2 was analyzed by western blot using an anti-MBP antibody.
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Figure 7. COP1 modulates the level of EIN3 proteins in response to the increased light fluences 
as seedlings grow towards the surface
(A-B) Western blots showing EIN3 protein levels in the 4-day old seedlings grown in the 

dark (A) or white light (B). Seedlings over-expressing EIN3-Myc in ein3eil1 (E3Mee) and 

cop1ein3eil1 (E3Meec-4) backgrounds were grown on 1/2MS medium with or without 

2.5mm soil (50-70 mesh Sand) covering. Bottom panels show the quantification analysis of 

the three biological replicates of EIN3-Myc protein levels after normalizing to Actin. The 

protein levels of EIN3-Myc/ein3eil1 without soil covering was set as 1. Mean ±s.d., n=3.

(C-D) Western blots showing the EIN3-Myc protein levels in ein3eil1 (C) or cop1ein3eil1 
(D) background seedlings upon mechanical stresses. Seedlings were grown on 1/2MS 

medium for 4 days in the dark, then were pressed by a glass plate with the pressure of about 

150Pa for the indicated periods of time. Bottom panels show the quantification analysis of 

the three biological replicates of EIN3-Myc protein levels after normalizing to Actin. The 

protein level of EIN3-Myc/ein3eil1 without mechanical stress was set as 1. Mean ±s.d., n=3.

(E) Light fluence in the soil increases as seedlings grow towards the soil surface. The light 

fluence was measured under the water-saturated soils with indicated particle sizes and 

depths.

(F) Western blots showing the EIN3 and HY5 protein levels in ein3eil1 and cop1ein3eil1 
seedlings grown under indicated light fluences (μmolm2s-1) for 4 days. Dark-grown 4 day-

old Col-0 was used as a negative control. Bottom panel shows the quantification analysis of 

the three biological replicates of EIN3-Myc protein levels after normalizing to Actin. The 

protein level of EIN3-Myc/ein3eil1 in the dark was set as 1. Mean ±s.d., n=3.
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