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Abstract

Ethylene is one of the most important hormones for plant developmental processes and

stress responses. However, the phosphorylation regulation in the ethylene signaling path-

way is largely unknown. Here we report the phosphorylation of cap binding protein 20

(CBP20) at Ser245 is regulated by ethylene, and the phosphorylation is involved in

root growth. The constitutive phosphorylation mimic form of CBP20 (CBP20S245E or

CBP20S245D), while not the constitutive de-phosphorylation form of CBP20 (CBP20S245A) is

able to rescue the root ethylene responsive phenotype of cbp20. By genome wide study

with ethylene regulated gene expression and microRNA (miRNA) expression in the roots

and shoots of both Col-0 and cbp20, we found miR319b is up regulated in roots while not in

shoots, and its target MYB33 is specifically down regulated in roots with ethylene treatment.

We described both the phenotypic and molecular consequences of transgenic over-expres-

sion of miR319b. Increased levels of miR319b (miR319bOE) leads to enhanced ethylene

responsive root phenotype and reduction of MYB33 transcription level in roots; over expres-

sion of MYB33, which carrying mutated miR319b target site (mMYB33) in miR319bOE is

able to recover both the root phenotype and the expression level of MYB33. Taken together,

we proposed that ethylene regulated phosphorylation of CBP20 is involved in the root

growth and one pathway is through the regulation of miR319b and its target MYB33 in roots.

Author Summary

Ethylene is one of the most essential hormones for plant developmental processes and

stress responses. However, the phosphorylation regulation in the ethylene signaling path-

way is largely unknown. Here we found that ethylene induces the phosphorylation of

CBP20 at S245, and the phosphorylation is involved in root growth. Genome wide study

on ethylene regulated gene expression and microRNA expression together with genetic

validation suggest that ethylene- induced phosphorylation of CBP20 is involved in root

growth and one pathway is through the regulation of miR319b and its target gene MYB33.
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This study provides evidence showing a new link of cap binding protein phosphorylation

associated microRNA to root growth in the ethylene response.

Introduction

The plant hormone ethylene (C2H4) is essential for a myriad of physiological and developmen-

tal processes [1–3]. A linear ethylene signaling pathway has been established [4] that plants

perceive ethylene by ER-located receptors, which are similar to the bacterial two component

histidine kinases [5, 6]. In the absence of ethylene, the receptors activate a Raf-like protein

kinase CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) [7]. Activated CTR1 inhibit an ER-

tethered protein ETHYLENE INSENSITIVE 2 (EIN2) through phosphorylation [8, 9]. EIN2 is

degraded and the degradation is mediated by two F-box proteins: ETP1 and ETP2 [10]. In the

presence of ethylene, the EIN2 C-terminal (EIN2-C) is dephosphorylated, cleaved and translo-

cated into both the nucleus and P-body [9, 11, 12]. In the nucleus, the EIN2 CEND transduces

signals to the transcription factors ETHYLENE INSENSTIVE3 (EIN3) and ETHYLENE

INSENSITIVE3-LIKE1 (EIL1), which are sufficient and necessary for activation of all ethyl-

ene-response genes [13, 14]. In P-body, EIN2C mediates translation repression of EBF1 and

EBF2 [15, 16], which are the two F-box proteins, which target EIN3 for degradation [17, 18].

Recently new study discovered that noncanonical histone acetylation H3K23Ac is involved in

ethylene regulated gene activation in an EIN2 and partial EIN3 dependent manner [19].

Protein phosphorylation plays critical roles in ethylene response. Such as ethylene receptors

are similar in sequence and structure to bacterial two-component histidine kinases, and ethyl-

ene controls autophosphorylation of the histidine kinase domain in ethylene receptor ETR1

[20], the histidine kinase activity of ETR1 is not required for but plays a modulating role in the

regulation of ethylene responses [21]. Furthermore, biochemical and functional analysis of

CTR1, a protein similar to the Raf family protein kinases that negatively regulates ethylene sig-

naling in Arabidopsis [22]. Recently study has demonstrated that in the absence of ethylene,

CTR1 targets to EIN2 C-terminal end for phosphorylation with its kinase domain [9]. How-

ever, the phosphorylation regulation in ethylene signaling is still under developed.

In this study, we found that ethylene induces phosphorylation of CBP20 at Ser245. Constitu-

tive phosphorylation mimic form of CBP20S245D or CBP20S245E rescues the root less sensitive

phenotype of cbp20 mutant in ethylene, but the constitutive dephosphorylation mimic form of

CBP20S245A is unable to rescue cbp20 mutant phenotype. Through small RNA sequencing and

mRNA sequencing, we found a set of miRNAs and their targets are specifically regulated in

roots by ethylene in a CBP20 dependent manner. Among them, the expressions of miR319b
and its potential target MYB33 display anti-correlation pattern in a CBP20 dependent manner

in Col-0 roots. Small RNA northern blot in roots shows that miR319 is specific up regulated by

ethylene treatment, which requires CBP20 phosphorylation. Genetic study shows that over

expression of miR319b leads to the down regulation of MYB33, resulting in enhanced ethylene

sensitive phenotype in roots, which is similar to its target myb33 mutant phenotype. The phe-

notype of miR319bOE is rescued by adding mutated MYB33 (mMYB33), which containing

mutation at miR319 targeting site. Furthermore, we provided evidence showing that miR319b,

while not miR159 influences the expression of MYB33 in the presence of ethylene in roots.

Overall, our results demonstrate that ethylene regulated phosphorylation of CBP20 is involved

in the root growth. One model is through the regulation of miR319b and its target MYB33 in

roots in response to ethylene, providing a new link of cap binding protein phosphorylation

associated microRNA to root growth in the ethylene response.

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 2 / 23



Results

Ethylene regulated phosphorylation of CBP20 is involved in root growth

in ethylene response

Previous studies have shown that phosphorylation plays critical roles in ethylene signaling and

many ethylene regulated phosphorylation proteins have been identified [11, 23]. By searching

the phosphorylation MS/LS data under ethylene treatment, we found that the CBP20, a com-

ponent of cap-binding complex, is highly phosphorylated at Ser245 site with ethylene treatment

(Fig 1A and 1B and S1A Fig). Protein alignment with CBP20s from different species showed

that CBP20 is highly conserved, and the Ser245s are all identical through different species

examined (S1B Fig), suggesting the function of CBP20 is conserved and the phosphorylation

at S245 of CBP20 is potentially important for CBP20.

To study the role of phosphorylation of CBP20 in the regulation of ethylene response, the

ethylene response phenotype of cbp20 mutant was examined. We found cbp20 mutant dis-

played partial reduced ethylene responsive phenotype in the roots, but not in the hypocotyls

and apical hooks (Fig 1C–1E). To examine the connection between phosphorylation state of

CBP20 and the ethylene responsive phenotype of cbp20, 35S promoter driven phosphorylation

mimic form of CBP20 (35S:CBP20S245D and 35S:CBP20S245E) and dephosphorylation mimic

form of CBP20 (35S:CBP20S245A) (S2A Fig), were generated and introduced into cbp20 mutant

to obtain CBP20S245A/cbp20, CBP20S245D/cbp20 and CBP20S245E/cbp20. Additionally, 35S pro-

moter driven wild type CBP20 (35S:CBP20) was introduced to cbp20 as control (S2A Fig). The

full length of CBP20, CBP20S245E and CBP20S245D were able to rescue the cbp20 mutant pheno-

type in the presence of ethylene. However, CBP20S245A was unable to rescue the phenotype

(Fig 1C–1E), which suggests that the phosphorylation of CBP20 is involved in the root growth

in the presence of ethylene.

To explore how the phosphorylation of CBP20 is involved in the regulation in ethylene

response, we first examined the root phenotype of cbp80 mutant in response to ethylene. We

found that cbp80 displays similar phenotype as cbp20 in the presence of ethylene (S2B Fig). We

next tested the interaction between wild type CBP80 with CBP20, CBP20S245A, CBP20S245D or

CBP20S245E by yeast two-hybrid. In consistent with previous study [24], we were able to detect

the interaction between CBP20 and CBP80, however, the interaction was not influenced

by the phosphorylation states of CBP20 (S2C Fig). Generally, CBP80 interacts with CBP20

and in assisting CBP20 transfer into nucleus [25], we then examined cellular localization of

CBP20S245A-YFP and CBP20S245D-YFP or CBP20S245E-YFP into cbp20 with or without the pres-

ence of ethylene. Both wild type CBP20 and mutated CBP20 were mainly localized in the

nucleus and their localizations were not altered by ethylene treatment (S2D Fig).

Small RNA and RNA sequencing analysis of CBP20 regulated

microRNAs in roots with ethylene treatment

CBC complex has a key role in several gene expression mechanisms [26–28] and CBP20 is

essential for miRNA biogenesis [29–31]. We speculated that CBP20 is required for the biogen-

esis of miRNAs in the root growth in ethylene response. To address this question, we con-

ducted small RNA sequencing using the roots and shoots isolated from 3-day old etiolated

seedlings of Col-0 or cbp20 mutant treated with air or ethylene (S3A and S3B Fig). In consis-

tent with previous study [30], most of species of miRNA detected were down regulated in

cbp20 (S1–S4 Tables). By comparing the miRNA expressions in the roots and shoots of Col-0

and cbp20 treated with air or 4 hours ethylene gas. We found that ethylene altered miRNA

expressions in a tissue specific manner (Fig 2A). As shown in Fig 2A and 2B, almost no shared

Phosphorylation of CBP20 in Ethylene Response
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Fig 1. CBP20 phosphorylation is required for root development in ethylene response. (A) Absolute

amounts of total phosphopeptides before and after treatment with 10 ppm ethylene gas. (B) Relative

phosphorylation levels of CBP20 peptides in Col-0 or ctr1-1 plants treated for 4 hours of air or 10 ppm

ethylene gas. Spectral counts were computed by averaging three biological replicates. The total spectral

counts from all phosphorylated proteins in each sample are indicated as an internal control. (C) Triple

response phenotype of cbp20 mutant and cbp20 mutant transformed with full length of CBP20, constitutive

Phosphorylation of CBP20 in Ethylene Response
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ethylene induced differential expressed miRNAs were detected in the shoots and roots in Col-

0 or cbp20 mutant. Given ethylene regulated miRNA expression is tissue specific, and cbp20
root specific phenotype with ethylene treatment, we speculated that the ethylene responsive

root phenotype of cbp20 potentially due to the alteration of miRNAs in roots. Through further

analysis, 13 ethylene regulated miRNAs (P<0.05) were identified specifically in Col-0 roots

(Fig 2A). Among them, 7 miRNAs were up regulated and 5 were down regulated, and most of

them are uncharacterized miRNAs (Fig 2B and S1 Table). Overall these results demonstrate

that ethylene alters miRNA expression in a tissue specific manner, and we are able to identify

ethylene regulated miRNAs specifically in roots in a CBP20 depend manner.

In plants, the main function of miRNAs appears to be in gene regulation. Therefore, we

expected the expression of the potential targets of 12 miRNAs identified above is anti-corre-

lated with their miRNAs in response to ethylene in Col-0 roots. We conducted RNA sequenc-

ing use the same tissues as mentioned in small RNA seq with two biology duplications (S4A

and S4B Fig). Comparable numbers of ethylene-regulated genes were detected in the roots and

shoots of Col-0; however, only about 20–30% of genes were overlapped between these two

type tissues (Fig 2C and S1–S4 Datasets), showing the tissue specific in ethylene response. Fur-

ther GO analysis showed that ethylene related GO terms were enriched in those ethylene regu-

lated genes shared between shoots and roots, and root development related GO terms were

enriched in the genes specifically regulated in roots (S5A–S5C Fig). Similarly, in cbp20 mutant

the gene regulation also showed tissue specificity in response to ethylene (Fig 2C and S1–S4

Datasets).

We then compared ethylene regulated gene expression in the roots of Col-0 and cbp20. As

shown in Fig 2D, about 60% of up regulated genes and 75% of down regulated genes in Col-0

roots were not altered in cbp20 roots in the presence of ethylene (S5 and S6 Datasets), showing

CBP20 dependency. We then studied the association between 12 microRNAs and their targets

genes in ethylene response. In total 841 potential target genes were identified and 203 with

high confidence (T score < = 5) (S7 Fig and S8 Dataset). Among them, only 8 target genes

were differentially regulated by ethylene in the roots of Col-0, while their differential expres-

sions were impaired in cbp20 (Fig 2E). By comparing the expressions of ethylene altered miR-

NAs and their target genes in Col-0 roots, two miRNAs (miR319b, miR863-3p) were

identified that up regulated by ethylene and the expression of their potential target genes was

down regulated in the presence of ethylene in the roots of Col-0, while not in the roots of

cbp20 (Fig 2F).

Phosphorylation of CBP20 is required for the elevation of miR319 and

down-regulation of MYB33 expression in response to ethylene

To validate the function of miRNAs identified above in response to ethylene, and the connec-

tion between their expressions with the phosphorylation state of CBP20, we examined mature

miR319 by northern blot in cbp20 mutant, CBP20/cbp20, CBP20S245A/cbp20 and CBP20S245E/
cbp20 with or without ethylene treatment. In consistent with small RNA sequencing result,

miR319 indeed was up regulated by ethylene in the roots of Col-0 (Fig 3A), and the elevation

was impaired in the roots of cbp20 mutant. Furthermore, constitutive phosphorylated

dephosphorylated of CBP20 (CBP20S245A) and constitutive phosphorylated of CBP20 (CBP20S245E and

CBP20S245D). (D-E) The length of hypocotyls (D) and roots (E) of cbp20 mutant and cbp20 mutant

transformed with full length of CBP20, constitutive dephosphorylated of CBP20 (CBP20S245A) and constitutive

phosphorylated of CBP20 (CBP20S245E and CBP20S245D) on 10μm ACC plate for 3 days. Bars indicates SD

and n = 30 for each line. The same letters indicates no statistic significant difference; the different letters

indicate statistic significant difference with p� 0.05.

doi:10.1371/journal.pgen.1006437.g001
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PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 5 / 23



Fig 2. Small RNA and RNA sequencing analysis of CBP20 regulated miRNAs and RNAs in roots and shoots with

ethylene treatment. (A) The Venn diagram shows the numbers of ethylene regulated miRNAs in the roots or shoots of

Col-0 and cbp20 mutant. The miRNAs, which are differentially regulated by ethylene in the shoots or roots of Col-0 or

cbp20 are compared. (B) Heat map shows the expression level of differential regulated miRNAs in the root and shoot of

Col-0 and cbp20 mutant with ethylene treatment. Total small RNA was prepared from the roots or shoots of 3-day-old

etiolated seedlings of Col-0 or cbp20 plants treated with air or 4 h ethylene. Differentially expressed miRNA requiring a 1.5

fold change comparing the indicated conditions with P<0.05 after Benjamini–Hochberg correction. (C) The Venn diagram

shows the numbers of ethylene regulated genes in the roots and shoots of Col-0 and cbp20 mutant. Total RNA was

prepared from the roots or shoots of 3-day-old etiolated seedlings of Col-0 or cbp20 plants treated with air or 4 h ethylene.

Differentially expressed genes were identified by fragments per kilobase per million reads (FPKM) filter<0.1, requiring a

twofold change comparing the indicated conditions with P<0.05 after Benjamini–Hochberg correction (D) The Venn

diagram shows the number of The CBP20 dependent differential regulated genes in Col-0 root after ethylene treatment.

(E) The venn diagram shows the number of the targets of differential regulated miRNAs and the CBP20 dependent

differential regulated genes in Col-0 roots after ethylene treatment. (F) Heat map shows the expression level of differential

regulated miRNAs and their target genes in col root after ethylene treatment.

doi:10.1371/journal.pgen.1006437.g002
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CBP20S245E, while not dephosphorylated CBP20S245A were able to recover the ethylene induced

elevation of miR319 expression (Fig 3A), indicating that ethylene induced phosphorylation of

CBP20 potentially required for the elevation of miR319b expression in roots. We next exam-

ined the expression of pri-miR319b in the roots of Col-0, cbp20, CBP20/cbp20, CBP20S245A/

cbp20, CBP20S245D/cbp20 and CBP20S245E/cbp20 treated with air or 4 hours ethylene gas by

quantitative RT-PCR. As shown in Fig 3B, the expression of pri-miR319b was decreased with

the ethylene treatment and the down regulation was impaired in cbp20 mutant. The down reg-

ulation of pri-miR319b was detected in the roots of CBP20S245D/cbp20 or CBP20S245E/cbp20,

while not in that of CBP20S245A/cbp20 (Fig 3B), indicating that the phosphorylation is required

for the down regulation of pri-miRNA, further suggesting that the elevation of miR319b in

response to ethylene due to the biogenesis of miRNA, while not due to the elevation of pri-

miR319b.

To further examine how the phosphorylation of CBP20 influences the gene expression of

MYB33 in response to ethylene, we conducted qRT-PCR in the roots of Col-0, CBP20/cbp20,

CBP20S245A/cbp20, CBP20S245D/cbp20 and CBP20S245E/cbp20 with or without ethylene treatment.

The expression level of MYB33 was indeed decreased by ethylene treatment, which is consistent

Fig 3. CBP20 phosphorylation regulates miR319 biogenesis and MYB33 expression. (A) Small RNA

northern blot of miR319 in roots of 3-day old seedlings of plants indicated in the figure treated with air or 4

hours ethylene gas. Numbers indicate the relative expression level compared with the U6 control. (B) The

relative gene expression of pri-miR319b in roots of 3-day old seedlings of plants indicated in the figure treated

with air or 4 hours ethylene gas. (C) The relative gene expression level of MYB33 in cbp20 mutant and cbp20

mutant transformed with full length of CBP20, constitutive mimic dephosphorylated of CBP20 (CBP20S245A)

and constitutive mimic phosphorylated of CBP20 (CBP20S245E and CBP20S245D) treated with ethylene. Total

RNAs were extracted from the roots of 3-day-old etiolated seedlings from indicated genotypes and gene

expression was analyzed by qualitative RT-PCR (3 biological replicates).

doi:10.1371/journal.pgen.1006437.g003
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with RNA-seq result (Fig 3C). In cbp20 and CBP20S245A/cbp20 plants, the down regulation of

MYB33 was impaired, however, in CBP20S245D/cbp20 or CBP20S245E/cbp20 (Fig 3C), the expres-

sion of MYB33 is recovered as that of in Col-0. Overall, the result shows that the expression of

MYB33 is anti-correlated with the expression of miR319b specifically in roots in ethylene

response, indicating that ethylene induced phosphorylation of CBP20 inhibits the expression of

MYB33, which potentially through CBP20 regulated biogenesis of miR319b in roots.

myb33 mutants and overexpression of miR319b plants display the

ethylene hypersensitive phenotype in roots

To further examine whether miR319b plays a role in root growth in ethylene response, we gen-

erated the miR319b overexpression (miR319bOE) plants, and examined their phenotype in

response to ethylene. As expected, the roots of miR319bOE plants were more sensitive to ethyl-

ene than that of wild type (Fig 4A–4C). MYB33 is one of potential targets of miR319b, we

therefore obtained myb33 mutant to examine its phenotype in response to ethylene. As

expected, the roots of myb33 mutant displayed similar phenotype as that of miR319bOE in

the presence of ethylene (Fig 4A–4C and S6A and S6B Fig). Comparing to wild type, the pri-

miR319b was increased (Fig 4D), while the expression of MYB33 was decreased in miR319bOE
plants (Fig 4E), showing that the elevation of miR319b is not due to the elevation of its precur-

sor in the presence of ethylene, but potentially due to the miRNA biogenesis process in

response to ethylene. We then conducted a 50 RNA Ligase-Mediated (RLM)-Rapid Amplifica-

tion of cDNA ends (RACE) in both Col-0 and miR319OE plants to evaluate that MYB33 is one

of targets of mir319b in vivo, In Col-0, no cleavage event was detected between the 10th nucle-

otide U and the 11nd nucleotide C from the 50 end of the miRNA in Col-0. However, in

miR31bOE, 5 out of 15 cleavage events were detected between nucleotides 10 and 11 from the

50 end of the miRNA (S6C Fig), which are in consistent with the published data [32]. Taken all

together, these results indicate that miR319b is involved in root growth by targeting MYB33
for degradation in a CBP20 dependent manner.

Because MYB33 is a shared target between miR319 and miR159, we examined the expres-

sion of miR159 in the roots of Col-0 and cbp20 treated with air and ethylene by northern blot.

Inconsistent with small RNA-seq result, no differential expression of miR159 was detected in

Col-0 roots between air and ethylene treatments (Fig 5A). As previous published data [30], we

detected the reduction of miR159 in cbp20 comparing to that of in Col-0, which is consistent

with published data [30]. However, no ethylene induced alteration for miR159 was detected in

the roots of both Col-0 or cbp20 mutant (Fig 5A). In addition, no significant difference of pri-

miR159 was detected in both Col-0 and cbp20 roots by ethylene treatment as well (Fig 5B).

Furthermore, the phosphorylation mimic forms of CBP20S245D and CBP20S245E, while not

dephosphorylation mimic form of CBP20S245A behaved as wild type CBP20 (Fig 5B). We fur-

ther examined the pri-miR159a in two independent miR319bOE plants and found pri-miR159a
was not affected by the overexpression of miR319b (Fig 5C), indicating that in the presence of

ethylene, the down regulation of MYB33 is associated with the up regulation of miR319b,

while not miR159.

To evaluate whether the phenotype of miR319bOE is caused by down regulation of MYB33,

we constructed mutated MYB33 (mMYB33) carrying mutation in miR319 targeting site (S7A

Fig) and introduced it into miR319bOE plants to obtain miR319bOE/mMYB33OE. The ethyl-

ene responsive phenotypes of both the roots and shoots of miR31bOE were recovered in

miR319bOE/mMYB33OE plants (Fig 6A–6C). We then examined the expression of MYB33 in

the roots of miR319bOE and miR319bOE/mMYB33OE. In consistent with Fig 5E, the expres-

sion of MYB33 was down regulated in miR319bOE plants, and was highly up regulated in

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 8 / 23



Fig 4. miR319bOE plants and myb33 mutants show the ethylene hypersensitive phenotype. (A) Triple

response phenotype of miR319b OE plants and myb33 mutants. (B-C) The length of hypocotyls (B) and roots

(C) of miR319b OE plants and myb33 mutants grown on MS or MS with 1μM ACC. (D-E) The relative

expression level of pri-miR319b (D) and MYB33 (E) in miR319bOE plants. Total RNAs were extracted from

the roots of 3-day-old etiolated seedlings from indicated genotypes and gene expression was analyzed by

qRT-PCR (3 biological replicates).

doi:10.1371/journal.pgen.1006437.g004
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Fig 5. CBP20 phosphorylation does not influence expression of miR159. (A) Small RNA northern blot of

miR159 in Col-0 and cbp20 mutant treated with or without 4 hours ethylene gas. Numbers indicate the relative

expression level of miR159 compared with the U6 control. (B) The relative gene expression level of pri-

miR159a in cbp20 mutant and cbp20 mutant transformed with full length of CBP20 (CBP20/cbp20),

constitutive dephosphorylated of CBP20 (CBP20S245A/cbp20) and constitutive phosphorylated of CBP20

(CBP20S245Ecbp20 and CBP20S245D/cbp20) treated with or without 4 hours ethylene gas. (C) The relative

expression level of pri-miR159a in miR319bOE lines.

doi:10.1371/journal.pgen.1006437.g005

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 10 / 23



miR319bOE/mMYB33OE in comparing to that of in Col-0 (Fig 6D), while the expression of

pri-miR319b in miR319bOE and in miR319bOE/mMYB33OE plants were comparable (S7B

Fig). TCPs are known targets of miR319, however, no ethylene induced alteration of TCPs was

detected in our RNA-seq result, to further confirm the result, we examined the gene expression

of TCPs by qRT-PCR in Col-0 treated with or without ethylene. No significant change was

detected for those gene expressions in response to ethylene (S7C Fig). In addition, gene expres-

sion of TCP24 was not altered in miR319bOE/mMYB33 in comparing to that of in miR319bOE
plants (S7D Fig), and the expression of other TCPs displayed similar patterns as TCP24 both

in Col-0 and miR319OE plants (S7E Fig). Finally we conducted Agrobacterium-mediated tran-

sient co-expression assay with MYB33 or mutated mMYB33 CDS fused to 35S::LUC 3’UTR

with or without the miR319b precursor. Comparing to the assay without miR319b precursor,

Fig 6. Mutated MYB33 with miR319b target sites is able to rescue the root phenotype caused by

miR319bOE. (A) Triple response phenotype of miR319bOE plants, miR319bOE/mMYB33OE plants. (B-C)

Measurement of hypocotyls (B) and roots (C) of miR319bOE and miR319bOE/mMYB33OE plants. (D) The relative

gene expression of MYB33 in miR319bOE and miR319bOE/mMYB33OE plants. Total RNAs were extracted from

the roots of 3-day-old etiolated seedlings from indicated genotypes and gene expression was analyzed by qualitative

RT-PCR. Three replications have been done with similar result.

doi:10.1371/journal.pgen.1006437.g006

Phosphorylation of CBP20 in Ethylene Response
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MYB33 expression was significantly lower in the presence of miR319b precursor (Fig 7A and

7B). However, no significant change was detected for mMYB33 expression between with and

without the presence of miR319b precursor (Fig 7A and 7B). The similar assay was also con-

ducted using YFP-HA-tagged MYB33 or mutated MYB33 (mMYB33) with or without

miR319b precursor to examine how miR319b influence gene expression of MYB33 and its pro-

tein level. The gene expression of MYB33, while not mMYB33, is down regulated in the pres-

ence of miR319b (S8A Fig). In consistent with gene expression, MYB33 protein is also lower

in the assay with the presence of miR319b. However, mMYB33 protein was not altered by

miR319b (S8B Fig). Taken all together our data support that miR319b targets to MYB33 for

degradation in roots.

Discussion

CBP20 phosphorylation regulates root growth in ethylene signaling

It has been well known that protein phosphorylation are involved in many different plant hor-

mones such as phosphorylation regulates the polarity of PIN in auxin [33–37], gibberellins [33,

38, 39], cytokinin [40], ABA [41] and in BR signaling [42–44]. Many studies have demonstrated

that MPKKK cascade promotes ACS6 and EIN3 phosphorylation [45, 46]. Recently study has

demonstrated that in the absence of ethylene, the receptors activate CTR1, which phosphory-

lates EIN2 C-terminus [9]. With the presence of ethylene, the EIN2C is dephosphorylated and

then cleaved and translocated into nucleus to activate the downstream signaling pathway [11,

12]. However, the phosphorylation regulation in ethylene signaling is still largely unknown.

Genome wide phospho-peptide survey in 3-day old etiolated seedlings treated with air or ethyl-

ene was done previously [11], we found the phosphorylation of CBP20 is highly regulated by

ethylene gas (Fig 1). In the absence of ethylene, no phosphorylated peptides of CBP20 were

detected, while in the presence of ethylene gas, 17 spectrum counts of phosphorylation peptide

(239aa-253aa) was detected. Further genetics study demonstrated that the phosphorylation of

CBP20 is involved in the growth of root in the presence of ethylene (Fig 1C–1E).

CBP20 is a subunit of CBC complex, which is vital for plant development. Previous study

has demonstrated that CBP80, the other subunit of CBC is involved in the regulation of

Fig 7. MYB33 is miR319b target. (A) Luciferase assays showing that gene expression of MYB33 is down regulated in the presence of miR319b

precursor. Agrobacterium containing MYB33 or mutated mMYB33 CDS fused to 35S::LUC 3’UTR with or without Agrobacterium harbouring constructs

containing the miR319b precursor were injected in to N. benthamiana plants. After 3 days, The leaves were sprayed with 500 μM luciferin and placed in

the dark for 5 min. Luciferase activity was observed. (B) Quantitative measurement of luciferase intensity in different treatments as indicated in the

figure. 3 biology replications have been done.

doi:10.1371/journal.pgen.1006437.g007
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hypocotyl in ethylene signaling through regulation the biogenesis of small RNAs [47]. In mam-

malians, it has demonstrated that growth factors mTORC1 kinase regulated S6 kinases able to

phosphorylates CBP80, activating the CBC affinity for 7mG [48, 49]. However, no evidence

has shown CBC complex is regulated by phosphorylation in response to hormones. Here, for

the first time we provide evidence showing that CBP20 Ser245 site is highly phosphorylated

with ethylene treatment. The constitutive phosphorylated CBP20, while not the constitutive

non-phosphorylated CBP20 is able to rescue the ethylene root phenotype of cbp20, strongly

suggesting that the phosphorylation of CBP20 is involved in ethylene response. Yet, how

CBP20 phosphorylation occurs in the presence of ethylene is still undetermined. In our pre-

cious study of phosphopeptides in etr1-1 mutant with or without ethylene treatment, no phos-

phorylation was detected for CBP20, showing that the phosphorylation of CBP20 is ethylene

dependent. Therefore, the identification of kinases that regulate CBP20 phosphorylation spe-

cifically in the presence of ethylene will be an immediately interest.

Ethylene regulated and CBP20 dependent miRNAs in roots

CBC complex regulate many aspects of biological processes including transcription regulation,

pre-mRNA splicing, pre-mRNA 3’end processing, miRNA biogenesis, mRNA stability,

mRNA and snRNA nuclear export, the pioneer round of translation and nonsense-mediated

RNA decay [28]. However, no evidence has shown that CBP20 is involved in ethylene

response. In our study, through high throughput sequencing for small RNAs and mRNAs in

different plants treated with or without ethylene, we identified ethylene regulated miRNAs. In

addition, we found that CBP20 regulates many species of miRNA expressions in response to

ethylene with a tissue specific manner (Fig 2). miRNAs are involved in many different aspects

of plants. Specifically in plant hormones, such as miR160 targets to several ARF family mem-

bers to activate auxin signaling pathway for root cap formation [50]; miR159 targets to MYB33
to activate ABA signaling pathway for seed germination [30]. In ethylene signaling pathway, it

have been reported that EIN3 represses miR164 transcription and up regulates the transcript

level of NAC2 to regulate leaf senescence [51]. Here we provide evidence showing for the first

time that miRNAs are differentially regulated by ethylene in a tissue specific manner (Fig 2A

and 2B), and many of the differential regulations are abolished in cbp20 mutant (Fig 2A and

2B). Previous studies have shown that CBP20 is required for the biogenesis of many miRNAs

[30]. Interestingly, our data showed that some miRNA species are down regulated in cbp20
mutant, which indicating non-CBP20 dependent miRNA biogenesis is potentially involved in

ethylene response.

By comparing the miRNAs in Col-0 and in that of cbp20, we found many miRNA species

are up regulated in cbp20 in the presence of ethylene. One possibility is that the precursors of

those miRNAs are elevated by ethylene, resulting in the elevation of their miRNAs. Alterna-

tively, CBP20 independent miRNA biogenesis machinery is elevated in the presence of ethyl-

ene, resulting in the increase of the miRNAs. However, recently study has shown that small

RNA biogenesis machinery component Dicers are not involved in ethylene response [15].

Therefore, further comprehensive studies will be critical to characterize the newly identified

ethylene regulated, while not CBP20 dependent miRNAs and uncover the mechanistic details

that how biogenesis occurs specifically in the presence of ethylene.

Ethylene induced CBP20 phosphorylation regulates miR319 and its

target MYB33 in roots

MicroRNAs in plant are small RNAs, which are approximately 21 nucleotides in length.

Normally, they are negative regulators of gene expression through base pairing to the
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complementary sequence within the target mRNAs, leading to the target mRNA degrada-

tion through RISC-mediated cleavage. In comparing to the ethylene altered small RNAs

with ethylene regulated genes, we found that miR319b was up-regulated while MYB33 was

down-regulated in Col-0 roots with ethylene treatment, and the regulation is CBP20 depen-

dent. Small RNA northern blot shows that miR319 is indeed up-regulated under ethylene

treatment and the regulation is dependent on CBP20 phosphorylation. However, it is well

known that MYB33 is a shared target between miR159a and miR319b. The miR159 and

miR319 families are similar in sequence, but they have distinct target genes: miR159 is spe-

cific for MYB transcription factors, mainly MYB33 and MYB65. In contrast, miR319 mainly

targets TCP transcription factors, predominantly TCP2 and TCP4. MiR319 also targets

MYB33 and MYB65, but due to its low abundance, this regulation is negligible. However, in

our study we provided multiple lines of evidence showing that in the ethylene response,

miR319b targets MYB33 for degradation specifically in roots, leading to the ethylene regu-

lated cbp20 root phenotype: (1), miR319 was specifically up regulated by ethylene in Col-0

roots, while not in cbp20 mutant (Fig 4A). However, miR159 was not regulated by ethylene

(Fig 5A); (2) MYB33 was down regulated in Col-0 roots in response to ethylene, while not in

cbp20 roots (Fig 4C). (3) The pri-miR319b was down regulated in Col-0 roots, while not in

cbp20 roots (Fig 4B); (4) The pri-miR159a was not regulated by ethylene in Col-0 (Fig 5B);

(5) In the over expression miR319b plants, MYB33 was largely down regulated, while

miR159 and pri-miR159a were not altered (Figs 4C, 5B and 5C); (6) Overexpression of the

mMYB33 containing mutated miR319b target site is able to recover phenotype caused by

miR319bOE (Fig 6); (7) Our data (Fig 7) and published data has shown that miR319b targets

MYB33 for cleavage [32]. In summary, our study discovered that ethylene regulates the

phosphorylation of CBP20, and the phosphorylation is required for the elevation of miR319,

which leading to the down regulation of MYB33 expression in roots, resulting in root

growth inhibition in the presence of ethylene.

Materials and Methods

Plant materials and growth conditions

All mutants were in the Columbia-0 (Col-0) background, cbp80 (CS878659), myb33-1
(SALK_065473), myb33-2 (SALKseq_056201) are ordered from ABRC. cbp20 has been

described in [52]. Seeds were sterilized with 4% bleach and then washed as least three times

with sterilized water, then the seeds were sown on MS medium. Plants were grown in long

days (16h light/8h dark) at 22˚C on soil.

Plasmid and transgenic plants construction

To construct CBP20 overexpression vectors for complementing cbp20 mutant phenotype, the

CBP20 full length and phosphorylation site mutated CDS sequences of CBP20 were amplified

using the Phusion High-Fidelity DNA Polymerase (NEB). The PCR products were cut with

KpnI and SalI, and then the corresponding fragments were ligated into the KpnI-SalI site of

the pCHF3 vector to give rise to 35S:CBP20-YFP, 35S:CBP20S245A-YFP, 35S:CBP20S245E-YFP
and 35S:CBP20S245D-YFP.

To construct vectors for yeast two-hybrid, the CDS of CBP80 was amplified using the

Phusion High-Fidelity DNA Polymerase. The PCR product was cut with SalI and XbaI, and

then the corresponding fragment was ligated into the SalI-SpeI site of the pDBLeu vector

(Invitrogen) to give rise to pBD-CBP80. The CDSs of CBP20, CBP20S245A, CBP20S245E and

CBP20S245D were amplified using the High-Fidelity DNA Polymerase. The PCR products

were digested by SalI and SpeI, and the corresponding fragments were ligated into the
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SalI-SpeI sites of the pEXP-AD502 vector (Invitrogen) to give rise to pAD-CBP20, pAD-
CBP20S245A, pAD-CBP20S245E and pAD-CBP20S245D.

To construct miR319b overexpression vector, a 1kb genomic DNA contain the full length

of pri-miR319b was amplified using the Phusion High-Fidelity DNA Polymerase. The PCR

product was digested with KpnI and SalI, and then the corresponding fragment was ligated

into the KpnI-SalI site of the pCHF3 vector to give rise to pCHF3-miR319b. All the sequences

above were verified by sequencing.

The binary constructs were introduced into Agrobacterium tumefaciens strain GV3101 by

electroporation and then introduced into Col-0 or cbp20 mutant plants by the floral dip

method [53]. Transgenic plants were screened on MS plates in the presence of 50 mg/L kana-

mycin, and homozygous lines were verified by antibiotic selection. For each construct, multi-

ple independent lines were examined with similar results, and as least one representative line

was shown.

Phosphopeptide identification

The data has been collected from previous study and the calculation was also followed the

method as published [11].

Triple response phenotype measurement

Arabidopsis seeds were sown on MS medium plates with or without addition of 1 μM or 10 μM

1-aminocyclopropane-1-carboxylic acid (ACC, Sigma), the biosynthetic precursor of ethylene.

After 3 days of cold treatment, the plates were wrapped in foil and kept in 22˚C dark chamber

for 3 days. The hypocotyls and roots were measured using NIH Image (http://rsb.info.nih.gov/

nih-image/).

Yeast two-hybrid assay

The yeast two-hybrid assay was performed according to the ProQuest™ Two-Hybrid System

(Invitrogen). Briefly, pBD-CBP80 and pAD-CBP20, -CBP20S245A, -CBP20S245E or -CBP20S245D

were co-transformed into the yeast strain Mav203 (Invitrogen). The transformants were

grown on SD/-Trp-Leu medium or SD/-Trp-Leu-His with 10mM 3AT dropout medium. The

transformants growing on SD/-Trp-Leu-His with 10mM 3AT dropout medium indicates

interaction between corresponding proteins. Primers used in this assay were listed in S5 Table.

Subcellular localization

The seedlings of 35S:CBP20-YFP, 35S:CBP20S245A-YFP, 35S:CBP20S245E-YFP and 35S:

CBP20S245D-YFP transgenic plants were grown on MS medium with or without addition of

10 μM ACC in dark for 3 days in 22˚C. Then the YFP fluorescence of root tips was observed

under Zeiss LSM 710 Confocal microscopy.

RNA extraction and real-time PCR

Arabidopsis seeds were grown on MS medium in the air-tight containers in the dark at 22˚C

supplied with a flow of hydrocarbon-free air (Zero grade air, AirGas) for 3 days. The plants tis-

sues were harvest after with continually flow of hydrocarbon-free air or hydrocarbon-free air

with 10 parts per million (ppm) ethylene gas for 4 hours as previously described [7].

Total RNA was extracted using a RNeasy Plant Kit (Qiagen) from 3 days etiolated seedlings

treated with air or 4 hours ethylene gas. First-strand cDNA was synthesized using Superscript

III First-Strand cDNA Synthesis Kit (Invitrogen). Real time PCR was performed with the
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LightCycler 480 SYBR Green I Master (Roche) following the manufacturer’s instructions. PCR

reactions were performed in triplicate on a Roche 96 Thermal cycler. The expression level was

normalized to UBQ10 control.

mRNA and small RNA library construction

Total RNA was isolated from roots or shoots of 3-day old etiolated seedlings treated with air or

4 hours ethylene gas using TRIzol reagent (Invitrogen). For mRNA library construction, in

briefly, the mRNA was isolated by NEBNext Poly(A) mRNA Magnetic Isolation Module and

fragmented at 94˚C for 15mins. Then the cDNA was synthesis by NEBNext Ultra Directional

RNA Library Prep Kit for Illumina. The PCR reactions were conducted by using different

index primers (NEBNext Multiplex Oligos for Illumina). The PCR products were purified by

Agencourt AMPure XP Beads (Beckman Coulter). The quality of the libraries was assessed by

Bioanalyzer (Agilent High Sensitivity Chip). The libraries then were sequenced on Hiseq 4000

Systems (Illumina).

For small RNA library construction, in briefly, the cDNAs were synthesized using NEBNext

Small RNA Library Prep Set for Illumina. The PCR reaction was amplified by different Index

primers and the PCR products were first purified by the Agencourt AMPure XP Beads, and

then selected the size using 6% PolyAcrylamide Gel. The ~140 bp bands corresponding to

miRNAs were isolated. The library quality was assessed on Bioanalyzer (Agilent High Sensitiv-

ity Chip). The libraries were sequenced on Hiseq 4000 Systems (Illumina) after assessed on

Bioanalyzer.

miRNA identification

miRNA prediction pipeline was written by Python scripting language. High-quality small

RNA reads were obtained from raw reads through filtering out poor quality reads and remov-

ing adaptor sequences using FASTX toolkit [54]. Adaptor-trimmed unique sequences were

aligned to TAIR10 Arabidopsis genome using bowtie [55] and structural RNAs such as tRNA,

rRNA, snRNA, and snoRNA were excluded. The perfect matched reads between 18–28 nucle-

otides (nts) in length were selected. To obtain the precursor sequences, potential miRNA

sequences (reads� 50) were extended upstream and downstream of 100 to 500 nts with a step

size of 100 nts. Each putative precursor sequence was folded using RNA fold from Vienna

RNA software package [56], and the potential miRNA� sequences were selected with mismatch

ratio of 0.3 or less. The region of these putative precursor sequences with addition of 15 nts

marginal sequences were re-folded using RNA fold to check whether miRNA/miRNA� duplex

was suitable for primary criteria for annotation of plant miRNAs [57]. The miRNA candidates

were essentially grouped into families by mature sequence similarity and/or loci. Using the

miRNA annotation information of Arabidopsis thaliana in miRBase 21 (http://www.mirbase.

org), all members of miRNA candidate families of the known miRNAs were selected.

miRNA target prediction

The putative target sites of miRNAs were identified by aligning mature miRNA sequences

with the Arabidopsis cDNA sequences using TargetFinder (http://carringtonlab.org/resources/

targetfinder). miRNA targets were computationally predicted essentially as described [58–60].

Briefly, potential targets from FASTA searches were scored using a position-dependent, mis-

pairing penalty system. Penalties were assessed for mismatches, bulges, and gaps (+1 per posi-

tion) and G:U pairs (+0.5 per position). Penalties were doubled if the mismatch, bulge, gap, or

G:U pair occurred at positions 2 to 13 relative to the 5’-end of the miRNAs. Only one single-
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nucleotide bulge or single-nucleotide gap was allowed, and the targets with penalty scores of

six or less were considered to be putative miRNA targets.

RNA-seq data analysis

RNA-seq raw reads were aligned to TAIR10 genome release using Top Hat version 2.0.9 [61]

with default parameters. Differential expressed genes were calculated by Cufflinks version

2.2.1 following the workflow with default parameters [62]. Differentially expressed genes were

those for which relative fold change values of larger than 1.5 and RPKM value larger than 1

were observed. To evaluate reproducibility of the RNA-seq data, the expression levels between

two replicates for each sample and conditions were compared for all genes with FPKM > 0.5

in both replicates. The log2 transformed FPKM values (log2 (FPKM + 1) was calculated, then

R scripts were used to analyze the correlation between biological replicates.

Small RNA northern blot

Total RNA was isolated from root of 3 days etiolated seedlings treated with air or 4 hours ethyl-

ene gas using TRIzol reagent (Invitrogen). 10ug RNA of each sample was separated on 15%

denaturing 8M urea-PAGE gel and then transferred and UV crosslinked onto BrightStar1-

Plus Positively Charged Nylon Membrane (Ambion). The membrane was pre-hybridized by

ULTRAhyb1-Oligo Hybridization Buffer. miRNA probes were end-labelled by T4 Polynucle-

otide Kinase (NEB) with r-P32 ATP. The membrane was hybridized with probe overnight and

then wash by 2xSSC for two times. Then the membrane was exposed to a phosphor imager

screen and the relative abundance levels were measured by ImageQuant TL software.

Modified 5’RLM-RACE of cleaved miRNA targets

5’RLM-RACE was performed following the manufacturer’s instructions of FirstChoice RLM-

RACE Kit (Ambion). Briefly, total RNA (10 μg) from root of Col-0 and miR319b OE line was

directly ligated to the 5’RACE Adapter by T4 RNA ligase (Ambion). cDNA was synthesized

using Superscript III First-Strand cDNA Synthesis Kit (Invitrogen) use Oligo (dT) primer.

Gene-specific reaction was first done with the 5’RACE Outer Primer and gene-specific primer

MYB33 SpeI-R. Then the PCR product was purified and performed by the second round of

PCR using 5’RACE inner Primer and gene-specific primer MYB33 SpeI-R (S5 Table). The

5RLM-RACE product was gel purified, digested with Sal I and Spe I and then cloned into

pDBLeu vector for sequencing.

N. benthamiana transient expression assay

Transient expression assay in N. benthamiana were performed by infiltrating 4-week-old N.

benthamiana plants with Agrobacterium containing MYB33 or mutated MYB33 CDS with or

without Agrobacterium harbouring constructs containing the miR319b precursor. Leaf tissue

was collected 3 days later for RNA and protein analysis. For luciferase assay, Agrobacterium
containing MYB33 or mutated mMYB33 CDS fused to 35S::LUC 3’UTR with or without Agro-
bacterium harbouring constructs containing the miR319b precursor were injected in to N.

benthamiana plants. After 3 days, The leaves were sprayed with 500 μM luciferin (Promega,

Madison, Wisconsin) and placed in the dark for 5 min. Luciferase activity was observed using

NightOWL LB 983 in vivo Imaging System (Berthold, Oak Ridge, Tennessee). Primers used in

this study were listed in S5 Table.
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Supporting Information

S1 Fig. S245 of CBP20 is phosphorylated and CBP20 is conserved in different species. (A)

The phosphopeptide detected by Mass Spec in 3-day old etiolated seedlings treated with

ethylene. (B) Protein alignment of CBP20 from various species. The alignment was generated

using DNAMAN with default parameters. The positions of conserved residues are shown in

black, and similar residues are shown in turquoise and magenta, respectively. The red star

indicates the Ser245 site. The following sequences were used to establish the alignment: Arabi-
dopsis thaliana (At), BAB10987; Nicotiana tabacum (Nt), ACY02034; Glycine max (Gm),

XP_006594834; Solanum tuberosum (St), ACY07775; Populus trichocarpa (Pt), XP_006372745;

Vitis vinifera (Vv), XP_010657003; Oryza sativa (Os), AAP33448; Zea mays (Zm), ACG37816;

Hordeum vulgare (Hv), ACL83596; Sorghum bicolor (Sb), XP_002454163.

(TIF)

S2 Fig. (A) Schematic diagrams show the construction of CBP20 phosphorylation site mutation

vectors. (B) Triple response phenotype of cbp80 mutant in roots on 10μM ACC plate for 3 days.

The Col-0 and cbp80 mutant were grown on MS medium with or without 10μM ACC for 3

days before measurement. (C) The interaction between CBP80 and CBP20, constitutive dephos-

phorylated of CBP20 (CBP20S245A) or constitutive phosphorylated of CBP20 (CBP20S245E and

CBP20S245D) by yeast two-hybrid assay. (D) The cell localization of CBP20, CBP20S245A and

constitutive CBP20S245E and CBP20S245D proteins fused with YFP. The photos were taken by

confocal laser scanning microscope in root tips of 3-day old etiolated seedlings treated with air

or ethylene.

(TIF)

S3 Fig. Length distribution of genome-matching reads representing small RNAs with indi-

cated 5’-nucleotide in roots (A) and in shoots (B). Reads matching rRNA, tRNA, and snRNA

are excluded. Labels of each experiment were made by combination of Colombia (Col), cbp20
mutant line (cbp20), root (RT), shoot (ST), air (a), and ethylene-treated (C). Replicates are

indicated by numbers at the end. X-axis: Length with 5’-nucleotide identity, Y-axis: Labels of

each experiment, Z-axis: Genome-matching reads (CP10M normalized), CP10M: count per

10 million mapped reads.

(TIF)

S4 Fig. RNA-seq quality detection of differential regulated genes in Col-0 and cbp20. (A)

Scatter plots of gene expression level show quality of RNA-seq data of shoots and roots in Col-

0 treated with air (left panel) and ethylene gas (right panel). (B) Scatter plots of gene expression

level show quality of RNA-seq data of shoots and roots in cbp20 mutant treated with air (left

panel) and ethylene gas (right panel).

(TIF)

S5 Fig. Gene ontology analysis of genes altered by ethylene specifically in roots, shoots or

shared by roots and shoots. (A) GO terms analysis of specific differential regulated genes in

col root after ethylene treatment. (B) GO terms analysis of specific differential regulated genes

in col shoot after ethylene treatment. (C) GO terms analysis of overlap differential regulated

genes in col root and shoot after ethylene treatment.

(TIF)

S6 Fig. miR319b is involved in root growth in the presence of ethylene. (A-B) The relative

hypocotyl length (A) and root length (B) (ACC/MS) of 3-day old etiolated seedlings of

miR319b OE, myb33 mutants and Col-0 plants grown on MS or MS with or without 1μm

ACC. Different letters were used to indicate statistically significance difference (P�0.05). (C)
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Cleavage sites and cleavage event ratios of MYB33 mRNA in Col-0 and miR319b OE lines by

RLM-RACE. Arrows indicate positions and proportions of clones mapped to the cleavage

sites. “a” indicates no statistic significant difference. “b” indicates statistic significant differ-

ence.

(TIF)

S7 Fig. MYB33 is the target of miR319b. (A) Diagram showing the mutations were intro-

duced into MYB33, and the mutation sites localized to the target site of miR319b. (B)

qRT-PCR to examine the expression of pri-miR319b in miR319bOE plants and mMYB33OE/
miR319bOE plants, showing that MYB33 is target of miR319b. The RNAs used in qRT-PCR

were extracted from the roots of 3-old etiolated seedlings from the plants indicated in the fig-

ure. (C) qRT-PCR to examine the expression of TCPs, the known target of miR319, showing

that the expression of TCPs is not affected by ethylene in Col-0. (D) qRT-PCR to examine the

expression of TCP24 in miR319bOE and mMYB33OE/miR319bOE showing that the expression

of TCP24 is not affected by mMYB33. (E) qRT-PCR to examine the expression of other TCPs,

showing they have the similar expression pattern as TCP24 in miR319bOE.

(TIF)

S8 Fig. MYB33 is a target of miR319b. (A) MYB33 and mMYB33 were detected by qRT–

PCR. UBQ10 was used as a loading control. (B) Protein levels were detected by western blot

with HA antibody. Ponceau S staining was used as a loading control. Agrobacterium-mediated

transient co-expression assayin tobacco leaves using YFP-HA-tagged MYB33 or mutated

MYB33 (mMYB33) CDS with or without miR319b. The infected leaves were harvest for

qRT-PCR and western blot assay. Proteins of MYB33 and mMYB33 were detected by anti-HA

antibody.

(TIF)

S1 Table. Differential expression of miRNAs regulated by ethylene in Col-0 roots.

(XLSX)

S2 Table. Differential expression of miRNAs regulated by ethylene in cbp20 roots.

(XLSX)

S3 Table. Differential expression of miRNAs regulated by ethylene in Col-0 shoots.

(XLSX)

S4 Table. Differential expression of miRNAs regulated by ethylene in cbp20 shoots.

(XLSX)

S5 Table. Primers used in this study.

(XLSX)

S1 Dataset. Differential regulated genes in Col-0 root by ethylene treatment.

(XLSX)

S2 Dataset. Differential regulated genes in cbp20 root by ethylene treatment.

(XLSX)

S3 Dataset. Differential regulated genes in Col-0 shoot by ethylene treatment.

(XLSX)

S4 Dataset. Differential regulated genes in cbp20 shoot by ethylene treatment.

(XLSX)
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S5 Dataset. CBP20 dependent, ethylene up-regulated genes in Col-0 root.

(XLSX)

S6 Dataset. CBP20 dependent, ethylene down-regulated genes in Col-0 root.

(XLSX)

S7 Dataset. The targets of ethylene up-regulated miRNAs in Col-0 root (t score less than 5).

(XLSX)

S8 Dataset. The targets of ethylene down-regulated miRNAs in Col-0 root (t score less

than 5).

(XLSX)

Acknowledgments

We thank lab members from S. Sung for comments, Natalie Ahn for plant and lab mainte-

nance. We thank the Salk Institute Genomic Analysis Laboratory for providing seeds. We

thank genomic sequencing and analysis facility of institute of cellular and molecular biology at

The University of Texas at Austin for RNA-seq and small RNA-seq. We thank Dr István Papp

from Corvinus University of Budapest nicely provided cbp20 seeds. Sequence data can be

downloaded from GEO (GSE83573, GSE83574 and GSE83575).

Author Contributions

Conceptualization: FZ Lw HQ.

Data curation: FZ Lw HQ.

Formal analysis: Lw JYL TK CS.

Investigation: FZ Lw HQ YP JYL TK CS.

Resources: SS.

Supervision: HQ.

Validation: FZ Lw HQ.

Visualization: FZ Lw HQ.

Writing – original draft: FZ HQ.

Writing – review & editing: Lw JYL TK CS.

References
1. Johnson PR, Ecker JR. The ethylene gas signal transduction pathway: A molecular perspective. Annual

Review of Genetics. 1998; 32:227–54. doi: 10.1146/annurev.genet.32.1.227 PMID: 9928480

2. Jaillais Y, Hothorn M, Belkhadir Y, Dabi T, Nimchuk ZL, Meyerowitz EM, et al. Tyrosine phosphorylation

controls brassinosteroid receptor activation by triggering membrane release of its kinase inhibitor.

Genes Dev. 2011; 25(3):232–7. doi: 10.1101/gad.2001911 PMID: 21289069

3. Bailey-Serres J, Fukao T, Gibbs DJ, Holdsworth MJ, Lee SC, Licausi F, et al. Making sense of low oxy-

gen sensing. Trends Plant Sci. 2012; 17(3):129–38. doi: 10.1016/j.tplants.2011.12.004 PMID:

22280796

4. Guo H, Ecker JR. The ethylene signaling pathway: new insights. Current Opinion in Plant Biology.

2004; 7(1):40–9. PMID: 14732440

5. Hua J, Meyerowitz EM. Ethylene responses are negatively regulated by a receptor gene family in Arabi-

dopsis thaliana. Cell. 1998; 94(2):261–71. PMID: 9695954

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 20 / 23

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006437.s018
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006437.s019
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006437.s020
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006437.s021
http://dx.doi.org/10.1146/annurev.genet.32.1.227
http://www.ncbi.nlm.nih.gov/pubmed/9928480
http://dx.doi.org/10.1101/gad.2001911
http://www.ncbi.nlm.nih.gov/pubmed/21289069
http://dx.doi.org/10.1016/j.tplants.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22280796
http://www.ncbi.nlm.nih.gov/pubmed/14732440
http://www.ncbi.nlm.nih.gov/pubmed/9695954


6. Hua J, Sakai H, Nourizadeh S, Chen QG, Bleecker AB, Ecker JR, et al. EIN4 and ERS2 are members

of the putative ethylene receptor gene family in Arabidopsis. Plant Cell. 1998; 10(8):1321–32. PMID:

9707532; PubMed Central PMCID: PMCPMC144061.

7. Kieber JJ, Rothenberg M, Roman G, Feldmann KA, Ecker JR. Ctr1, a Negative Regulator of the Ethyl-

ene Response Pathway in Arabidopsis, Encodes a Member of the Raf Family of Protein-Kinases. Cell.

1993; 72(3):427–41. PMID: 8431946

8. Alonso JM, Hirayama T, Roman G, Nourizadeh S, Ecker JR. EIN2, a bifunctional transducer of ethylene

and stress responses in Arabidopsis. Science. 1999; 284(5423):2148–52. PMID: 10381874

9. Ju CL, Yoon GM, Shemansky JM, Lin DY, Ying ZI, Chang JH, et al. CTR1 phosphorylates the central

regulator EIN2 to control ethylene hormone signaling from the ER membrane to the nucleus in Arabi-

dopsis. Proceedings of the National Academy of Sciences of the United States of America. 2012; 109

(47):19486–91. doi: 10.1073/pnas.1214848109 PMID: 23132950

10. Qiao H, Chang KN, Yazaki J, Ecker JR. Interplay between ethylene, ETP1/ETP2 F-box proteins, and

degradation of EIN2 triggers ethylene responses in Arabidopsis. Genes Dev. 2009; 23(4):512–21. doi:

10.1101/gad.1765709 PMID: 19196655

11. Qiao H, Shen Z, Huang SS, Schmitz RJ, Urich MA, Briggs SP, et al. Processing and subcellular traffick-

ing of ER-tethered EIN2 control response to ethylene gas. Science. 2012; 338(6105):390–3. doi: 10.

1126/science.1225974 PMID: 22936567

12. Wen X, Zhang C, Ji Y, Zhao Q, He W, An F, et al. Activation of ethylene signaling is mediated by nuclear

translocation of the cleaved EIN2 carboxyl terminus. Cell Res. 2012; 22(11):1613–6. doi: 10.1038/cr.

2012.145 PMID: 23070300

13. Chao QM, Rothenberg M, Solano R, Roman G, Terzaghi W, Ecker JR. Activation of the ethylene gas

response pathway in Arabidopsis by the nuclear protein ETHYLENE-INSENSITIVE3 and related pro-

teins. Cell. 1997; 89(7):1133–44. PMID: 9215635

14. Chang KN, Zhong S, Weirauch MT, Hon G, Pelizzola M, Li H, et al. Temporal transcriptional response

to ethylene gas drives growth hormone cross-regulation in Arabidopsis. Elife. 2013; 2.

15. Merchante C, Brumos J, Yun J, Hu QW, Spencer KR, Enriquez P, et al. Gene-Specific Translation Reg-

ulation Mediated by the Hormone-Signaling Molecule EIN2. Cell. 2015; 163(3):684–97. doi: 10.1016/j.

cell.2015.09.036 PMID: 26496608

16. Li WY, Ma MD, Feng Y, Li HJ, Wang YC, Ma YT, et al. EIN2-Directed Translational Regulation of Ethyl-

ene Signaling in Arabidopsis. Cell. 2015; 163(3):670–83. doi: 10.1016/j.cell.2015.09.037 PMID:

26496607

17. Potuschak T, Lechner E, Parmentier Y, Yanagisawa S, Grava S, Koncz C, et al. EIN3-dependent regu-

lation of plant ethylene hormone signaling by two Arabidopsis F box proteins: EBF1 and EBF2. Cell.

2003; 115(6):679–89. PMID: 14675533

18. Guo HW, Ecker JR. Plant responses to ethylene gas are mediated by SCF (EBF1/EBF2)-dependent

proteolysis of EIN3 transcription factor. Cell. 2003; 115(6):667–77. PMID: 14675532

19. Zhang F, Qi B, Wang L, Zhao B, Rode S, Riggan ND, et al. EIN2-dependent regulation of acetylation of

histone H3K14 and non-canonical histone H3K23 in ethylene signalling. Nat Commun. 2016; 7:13018.

doi: 10.1038/ncomms13018 PMID: 27694846

20. Voet-van-Vormizeele J, Groth G. Ethylene controls autophosphorylation of the histidine kinase domain

in ethylene receptor ETR1. Mol Plant. 2008; 1(2):380–7. doi: 10.1093/mp/ssn004 PMID: 19825547

21. Hall BP, Shakeel SN, Amir M, Ul Haq N, Qu X, Schaller GE. Histidine kinase activity of the ethylene

receptor ETR1 facilitates the ethylene response in Arabidopsis. Plant Physiol. 2012; 159(2):682–95.

doi: 10.1104/pp.112.196790 PMID: 22467798

22. Huang YF, Li H, Hutchison CE, Laskey J, Kieber JJ. Biochemical and functional analysis of CTR1, a

protein kinase that negatively regulates ethylene signaling in Arabidopsis. Plant Journal. 2003; 33

(2):221–33. PMID: 12535337

23. Li H, Wong WS, Zhu L, Guo HW, Ecker J, Li N. Phosphoproteomic analysis of ethylene-regulated pro-

tein phosphorylation in etiolated seedlings of Arabidopsis mutant ein2 using two-dimensional separa-

tions coupled with a hybrid quadrupole time-of-flight mass spectrometer. Proteomics. 2009; 9(6):1646–

61. doi: 10.1002/pmic.200800420 PMID: 19253305

24. Kmieciak M, Simpson CG, Lewandowska D, Brown JWS, Jarmolowski A. Cloning and characterization

of two subunits of Arabidopsis thaliana nuclear cap-binding complex. Gene. 2002; 283(1–2):171–83.

PMID: 11867224

25. Kierzkowski D, Kmieciak M, Piontek P, Wojtaszek P, Szweykowska-Kulinska Z, Jarmolowski A. The

Arabidopsis CBP20 targets the cap-binding complex to the nucleus, and is stabilized by CBP80. Plant

Journal. 2009; 59(5):813–23.

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/9707532
http://www.ncbi.nlm.nih.gov/pubmed/8431946
http://www.ncbi.nlm.nih.gov/pubmed/10381874
http://dx.doi.org/10.1073/pnas.1214848109
http://www.ncbi.nlm.nih.gov/pubmed/23132950
http://dx.doi.org/10.1101/gad.1765709
http://www.ncbi.nlm.nih.gov/pubmed/19196655
http://dx.doi.org/10.1126/science.1225974
http://dx.doi.org/10.1126/science.1225974
http://www.ncbi.nlm.nih.gov/pubmed/22936567
http://dx.doi.org/10.1038/cr.2012.145
http://dx.doi.org/10.1038/cr.2012.145
http://www.ncbi.nlm.nih.gov/pubmed/23070300
http://www.ncbi.nlm.nih.gov/pubmed/9215635
http://dx.doi.org/10.1016/j.cell.2015.09.036
http://dx.doi.org/10.1016/j.cell.2015.09.036
http://www.ncbi.nlm.nih.gov/pubmed/26496608
http://dx.doi.org/10.1016/j.cell.2015.09.037
http://www.ncbi.nlm.nih.gov/pubmed/26496607
http://www.ncbi.nlm.nih.gov/pubmed/14675533
http://www.ncbi.nlm.nih.gov/pubmed/14675532
http://dx.doi.org/10.1038/ncomms13018
http://www.ncbi.nlm.nih.gov/pubmed/27694846
http://dx.doi.org/10.1093/mp/ssn004
http://www.ncbi.nlm.nih.gov/pubmed/19825547
http://dx.doi.org/10.1104/pp.112.196790
http://www.ncbi.nlm.nih.gov/pubmed/22467798
http://www.ncbi.nlm.nih.gov/pubmed/12535337
http://dx.doi.org/10.1002/pmic.200800420
http://www.ncbi.nlm.nih.gov/pubmed/19253305
http://www.ncbi.nlm.nih.gov/pubmed/11867224


26. Izaurralde E, Lewis J, McGuigan C, Jankowska M, Darzynkiewicz E, Mattaj IW. A nuclear cap binding

protein complex involved in pre-mRNA splicing. Cell. 1994; 78(4):657–68. PMID: 8069914.

27. Izaurralde E, Lewis J, Gamberi C, Jarmolowski A, Mcguigan C, Mattaj IW. A Cap-Binding Protein Com-

plex Mediating U Snrna Export. Nature. 1995; 376(6542):709–12. doi: 10.1038/376709a0 PMID:

7651522

28. Gonatopoulos-Pournatzis T, Cowling VH. Cap-binding complex (CBC). Biochemical Journal. 2014;

457:231–42. doi: 10.1042/BJ20131214 PMID: 24354960

29. Gregory BD, O’Malley RC, Lister R, Urich MA, Tonti-Filippini J, Chen H, et al. A link between RNA

metabolism and silencing affecting Arabidopsis development. Developmental Cell. 2008; 14(6):854–66.

doi: 10.1016/j.devcel.2008.04.005 PMID: 18486559

30. Kim S, Yang JY, Xu J, Jang IC, Prigge MJ, Chua NH. Two Cap-Binding Proteins CBP20 and CBP80

are Involved in Processing Primary MicroRNAs. Plant and Cell Physiology. 2008; 49(11):1634–44. doi:

10.1093/pcp/pcn146 PMID: 18829588

31. Laubinger S, Sachsenberg T, Zeller G, Busch W, Lohmann JU, Ratsch G, et al. Dual roles of the nuclear

cap-binding complex and SERRATE in pre-mRNA splicing and microRNA processing in Arabidopsis

thaliana. Proc Natl Acad Sci U S A. 2008; 105(25):8795–800. doi: 10.1073/pnas.0802493105 PMID:

18550839

32. Palatnik JF, Wollmann H, Schommer C, Schwab R, Boisbouvier J, Rodriguez R, et al. Sequence and

expression differences underlie functional specialization of Arabidopsis MicroRNAs miR159 and

miR319. Developmental Cell. 2007; 13(1):115–25. doi: 10.1016/j.devcel.2007.04.012 PMID: 17609114

33. Silverstone AL, Tseng TS, Swain SM, Dill A, Jeong SY, Olszewski NE, et al. Functional analysis of

SPINDLY in gibberellin signaling in Arabidopsis. Plant Physiology. 2007; 143(2):987–1000. doi: 10.

1104/pp.106.091025 PMID: 17142481

34. Kleine-Vehn J, Huang F, Naramoto S, Zhang J, Michniewicz M, Offringa R, et al. PIN Auxin Efflux Car-

rier Polarity Is Regulated by PINOID Kinase-Mediated Recruitment into GNOM-Independent Trafficking

in Arabidopsis. Plant Cell. 2009; 21(12):3839–49. doi: 10.1105/tpc.109.071639 PMID: 20040538

35. Dhonukshe P, Huang F, Galvan-Ampudia CS, Mahonen AP, Kleine-Vehn J, Xu J, et al. Plasma mem-

brane-bound AGC3 kinases phosphorylate PIN auxin carriers at TPRXS(N/S) motifs to direct apical

PIN recycling. Development. 2010; 137(19):3245–55. doi: 10.1242/dev.052456 PMID: 20823065

36. Huang F, Zago MK, Abas L, van Marion A, Galvan-Ampudia CS, Offringa R. Phosphorylation of Con-

served PIN Motifs Directs Arabidopsis PIN1 Polarity and Auxin Transport. Plant Cell. 2010; 22(4):1129–

42. doi: 10.1105/tpc.109.072678 PMID: 20407025

37. Barbosa IC, Zourelidou M, Willige BC, Weller B, Schwechheimer C. D6 PROTEIN KINASE activates

auxin transport-dependent growth and PIN-FORMED phosphorylation at the plasma membrane. Dev

Cell. 2014; 29(6):674–85. doi: 10.1016/j.devcel.2014.05.006 PMID: 24930721

38. Itoh H, Sasaki A, Ueguchi-Tanaka M, Ishiyama K, Kobayashi M, Hasegawa Y, et al. Dissection of the

phosphorylation of rice DELLA protein, SLENDER RICE1. Plant and Cell Physiology. 2005; 46

(8):1392–9. doi: 10.1093/pcp/pci152 PMID: 15979983

39. Dai C, Xue HW. Rice early flowering1, a CKI, phosphorylates DELLA protein SLR1 to negatively regu-

late gibberellin signalling. Embo Journal. 2010; 29(11):1916–27. doi: 10.1038/emboj.2010.75 PMID:

20400938

40. Heyl A, Schmulling T. Cytokinin signal perception and transduction. Current Opinion in Plant Biology.

2003; 6(5):480–8. PMID: 12972049

41. Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. Abscisic Acid: Emergence of a Core Signaling

Network. Annual Review of Plant Biology, Vol 61. 2010; 61:651–79.

42. Oh MH, Wang X, Kota U, Goshe MB, Clouse SD, Huber SC. Tyrosine phosphorylation of the BRI1

receptor kinase emerges as a component of brassinosteroid signaling in Arabidopsis. Proc Natl Acad

Sci U S A. 2009; 106(2):658–63. doi: 10.1073/pnas.0810249106 PMID: 19124768

43. He JX, Gendron JM, Yang Y, Li J, Wang ZY. The GSK3-like kinase BIN2 phosphorylates and destabi-

lizes BZR1, a positive regulator of the brassinosteroid signaling pathway in Arabidopsis. Proc Natl Acad

Sci U S A. 2002; 99(15):10185–90. doi: 10.1073/pnas.152342599 PMID: 12114546

44. Saini S, Sharma I, Pati PK. Versatile roles of brassinosteroid in plants in the context of its homoeostasis,

signaling and crosstalks. Frontiers in Plant Science. 2015; 6.

45. Liu Y, Zhang S. Phosphorylation of 1-aminocyclopropane-1-carboxylic acid synthase by MPK6, a

stress-responsive mitogen-activated protein kinase, induces ethylene biosynthesis in Arabidopsis.

Plant Cell. 2004; 16(12):3386–99. doi: 10.1105/tpc.104.026609 PMID: 15539472

46. Yoo SD, Cho YH, Tena G, Xiong Y, Sheen J. Dual control of nuclear EIN3 by bifurcate MAPK cascades

in C2H4 signalling. Nature. 2008; 451(7180):789–U1. doi: 10.1038/nature06543 PMID: 18273012

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/8069914
http://dx.doi.org/10.1038/376709a0
http://www.ncbi.nlm.nih.gov/pubmed/7651522
http://dx.doi.org/10.1042/BJ20131214
http://www.ncbi.nlm.nih.gov/pubmed/24354960
http://dx.doi.org/10.1016/j.devcel.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18486559
http://dx.doi.org/10.1093/pcp/pcn146
http://www.ncbi.nlm.nih.gov/pubmed/18829588
http://dx.doi.org/10.1073/pnas.0802493105
http://www.ncbi.nlm.nih.gov/pubmed/18550839
http://dx.doi.org/10.1016/j.devcel.2007.04.012
http://www.ncbi.nlm.nih.gov/pubmed/17609114
http://dx.doi.org/10.1104/pp.106.091025
http://dx.doi.org/10.1104/pp.106.091025
http://www.ncbi.nlm.nih.gov/pubmed/17142481
http://dx.doi.org/10.1105/tpc.109.071639
http://www.ncbi.nlm.nih.gov/pubmed/20040538
http://dx.doi.org/10.1242/dev.052456
http://www.ncbi.nlm.nih.gov/pubmed/20823065
http://dx.doi.org/10.1105/tpc.109.072678
http://www.ncbi.nlm.nih.gov/pubmed/20407025
http://dx.doi.org/10.1016/j.devcel.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/24930721
http://dx.doi.org/10.1093/pcp/pci152
http://www.ncbi.nlm.nih.gov/pubmed/15979983
http://dx.doi.org/10.1038/emboj.2010.75
http://www.ncbi.nlm.nih.gov/pubmed/20400938
http://www.ncbi.nlm.nih.gov/pubmed/12972049
http://dx.doi.org/10.1073/pnas.0810249106
http://www.ncbi.nlm.nih.gov/pubmed/19124768
http://dx.doi.org/10.1073/pnas.152342599
http://www.ncbi.nlm.nih.gov/pubmed/12114546
http://dx.doi.org/10.1105/tpc.104.026609
http://www.ncbi.nlm.nih.gov/pubmed/15539472
http://dx.doi.org/10.1038/nature06543
http://www.ncbi.nlm.nih.gov/pubmed/18273012


47. Gregory BD, O’Malley RC, Lister R, Urich MA, Tonti-Filippini J, Chen H, et al. A link between RNA

metabolism and silencing affecting Arabidopsis development. Dev Cell. 2008; 14(6):854–66. doi: 10.

1016/j.devcel.2008.04.005 PMID: 18486559

48. Wilson KF, Fortes P, Singh US, Ohno M, Mattaj IW, Cerione RA. The nuclear cap-binding complex is a

novel target of growth factor receptor-coupled signal transduction. Journal of Biological Chemistry.

1999; 274(7):4166–73. PMID: 9933612

49. Wilson KF, Wu WJ, Cerione RA. Cdc42 stimulates RNA splicing via the S6 kinase and a novel S6

kinase target, the nuclear cap-binding complex. Journal of Biological Chemistry. 2000; 275(48):37307–

10. doi: 10.1074/jbc.C000482200 PMID: 10973943

50. Wang JW, Wang LJ, Mao YB, Cai WJ, Xue HW, Chen XY. Control of root cap formation by microRNA-

targeted auxin response factors in Arabidopsis. Plant Cell. 2005; 17(8):2204–16. doi: 10.1105/tpc.105.

033076 PMID: 16006581

51. Li ZH, Peng JY, Wen X, Guo HW. ETHYLENE-INSENSITIVE3 Is a Senescence-Associated Gene That

Accelerates Age-Dependent Leaf Senescence by Directly Repressing miR164 Transcription in Arabi-

dopsis. Plant Cell. 2013; 25(9):3311–28. doi: 10.1105/tpc.113.113340 PMID: 24064769

52. Papp I, Mur LA, Dalmadi A, Dulai S, Koncz C. A mutation in the Cap Binding Protein 20 gene confers

drought tolerance to Arabidopsis. Plant Molecular Biology. 2004; 55(5):679–86. doi: 10.1007/s11103-

004-1680-2 PMID: 15604709

53. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium-mediated transformation of Ara-

bidopsis thaliana. Plant Journal. 1998; 16(6):735–43. PMID: 10069079

54. Blankenberg D, Gordon A, Von Kuster G, Coraor N, Taylor J, Nekrutenko A, et al. Manipulation of

FASTQ data with Galaxy. Bioinformatics. 2010; 26(14):1783–5. doi: 10.1093/bioinformatics/btq281

PMID: 20562416

55. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA

sequences to the human genome. Genome Biology. 2009; 10(3).

56. Hofacker IL, Fontana W, Stadler PF, Bonhoeffer LS, Tacker M, Schuster P. Fast Folding and Compari-

son of Rna Secondary Structures. Monatshefte Fur Chemie. 1994; 125(2):167–88.

57. Meyers BC, Axtell MJ, Bartel B, Bartel DP, Baulcombe D, Bowman JL, et al. Criteria for annotation of

plant MicroRNAs. Plant Cell. 2008; 20(12):3186–90. doi: 10.1105/tpc.108.064311 PMID: 19074682

58. Fahlgren N, Howell MD, Kasschau KD, Chapman EJ, Sullivan CM, Cumbie JS, et al. High-Throughput

Sequencing of Arabidopsis microRNAs: Evidence for Frequent Birth and Death of MIRNA Genes. Plos

One. 2007; 2(2).

59. Fahlgren N, Carrington JC. miRNA Target Prediction in Plants. Methods Mol Biol. 2010; 592:51–7. doi:

10.1007/978-1-60327-005-2_4 PMID: 19802588

60. Allen E, Xie Z, Gustafson AM, Carrington JC. microRNA-directed phasing during trans-acting siRNA

biogenesis in plants. Cell. 2005; 121(2):207–21. doi: 10.1016/j.cell.2005.04.004 PMID: 15851028

61. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate alignment of tran-

scriptomes in the presence of insertions, deletions and gene fusions. Genome Biology. 2013; 14(4).

62. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, et al. Differential gene and transcript expres-

sion analysis of RNA-seq experiments with TopHat and Cufflinks. Nature Protocols. 2012; 7(3):562–78.

doi: 10.1038/nprot.2012.016 PMID: 22383036

Phosphorylation of CBP20 in Ethylene Response

PLOS Genetics | DOI:10.1371/journal.pgen.1006437 November 21, 2016 23 / 23

http://dx.doi.org/10.1016/j.devcel.2008.04.005
http://dx.doi.org/10.1016/j.devcel.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18486559
http://www.ncbi.nlm.nih.gov/pubmed/9933612
http://dx.doi.org/10.1074/jbc.C000482200
http://www.ncbi.nlm.nih.gov/pubmed/10973943
http://dx.doi.org/10.1105/tpc.105.033076
http://dx.doi.org/10.1105/tpc.105.033076
http://www.ncbi.nlm.nih.gov/pubmed/16006581
http://dx.doi.org/10.1105/tpc.113.113340
http://www.ncbi.nlm.nih.gov/pubmed/24064769
http://dx.doi.org/10.1007/s11103-004-1680-2
http://dx.doi.org/10.1007/s11103-004-1680-2
http://www.ncbi.nlm.nih.gov/pubmed/15604709
http://www.ncbi.nlm.nih.gov/pubmed/10069079
http://dx.doi.org/10.1093/bioinformatics/btq281
http://www.ncbi.nlm.nih.gov/pubmed/20562416
http://dx.doi.org/10.1105/tpc.108.064311
http://www.ncbi.nlm.nih.gov/pubmed/19074682
http://dx.doi.org/10.1007/978-1-60327-005-2_4
http://www.ncbi.nlm.nih.gov/pubmed/19802588
http://dx.doi.org/10.1016/j.cell.2005.04.004
http://www.ncbi.nlm.nih.gov/pubmed/15851028
http://dx.doi.org/10.1038/nprot.2012.016
http://www.ncbi.nlm.nih.gov/pubmed/22383036

