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(5). Interestingly, ethylene-induced accumulation of EIN3 was
completely restored in ein5-1 ebf2-1 double-mutant plants but
not in ein5-1 ebf1-1 double mutant plants, providing a likely
explanation for the difference in ability of the ebf1 and ebf2 to
suppress the Ein� phenotype of ein5-1 mutant plants (Fig. 5).
Taken together, these results suggest that the over-accumulation
of EBF1 and EBF2 mRNAs in ein5 mutant plants results in an
inability to accumulate EIN3 in response to ethylene, thereby
causing ethylene insensitivity.

Discussion
Here we show that EIN5 is a component of the ethylene signaling
pathway that acts downstream of CTR1, which is necessary for
proper ethylene-mediated gene expression. Interestingly, mi-
croarray analysis carried out on wild-type Col-0, ein2, and ein5
etiolated seedlings (exposed to air or to ethylene) (Fig. 3)
revealed that a set of genes that are highly induced by ethylene
treatment in the wild-type plant exhibits an intermediate ex-
pression level in ein5 as compared with ein2, where there is only

Fig. 3. Defects in ethylene-mediated gene expression of ein5 mutant plants.
(A) RNA gel blot analysis of total RNA from 3-day-old etiolated seedlings of
wild-type Col-0, ein5-1, ein5-6, ein5-11, and ein3-1 grown in air or 10 ppm
ethylene (C2H4). (Upper) Ten micrograms of total RNA from 3-day-old etio-
lated seedlings of wild-type Col-0, ein5-1, and ein3-1 grown in air (�) or 10
ppm ethylene (�) were sequentially hybridized with probes to GST (AtGST2
and At4g02520), ethylene-responsive binding protein (AtEBP and
At3g16770), and ACC oxidase (AtACO2 and At1g62380). Finally, the blot was
rehybridized with probes to ubiquitin and Tau3 as a loading control. (Lower)
Twenty micrograms of total RNA from 3-day-old etiolated seedlings of wild-
type Col-0, ein5-1, ein5-6, ein5-11, and ein3-1 grown in air (�) or 10 ppm
ethylene (�) were sequentially probed with probes to basic chitinase (BCH1
and At3g12500), defensin (PDF1.2 and At5g44420), and AtGST2. Finally, the
blot was rehybridized with a probe to 25S rRNA, and this blot is shown as a
loading control. (B) Hierarchical cluster analysis of ATH1 microarray data
obtained from etiolated seedlings exposed to ethylene (E) or hydrocarbon-
free air (A). (Upper) Clustering of 50 genes up-regulated �3.0 times. (Lower)
Clustering of 50 genes down-regulated �3.0 times. (Genes are listed in Tables
3 and 4.) Each cell corresponds to the level of expression of each gene in a given
condition. Red indicates an increased level of expression, and blue indicates a
decreased level of expression. Expression level is relative to the average of
normalized expression of two GeneChips per condition. Genes are clustered
together based on similarities of expression level. The bar is the scale for
normalized expression.

Table 2. Genes exhibiting an altered expression in ein5-1 and
ein2-5 with respect to Col-0

Allele
No. of genes
increased*

No. of genes
decreased*

% altered with
respect to
Col-0 (air)†

ein5-1 127 123 1.56
ein2-5 193 119 1.95

*At least 2-fold difference.
†Sixteen thousand genes expressed.

Fig. 4. EIN5 regulates the level of mRNA for EIN3-targeting F-box proteins
EBF1 and EBF2. (A) Levels of EBF1 mRNA were determined by Affymetrix
Arabidopsis tiling array expression analysis. The top track displays the level of
EBF1 mRNA from ein5-1 mutant plants. The middle track displays the level of
EBF1 mRNA from wild-type (Col-0) plants. The bottom track is the annotated
gene model for the EBF1 locus. (B) Levels of EBF2 mRNA determined by
Affymetrix Arabidopsis tiling array expression analysis. The top track displays
the level of EBF2 mRNA from ein5-1 mutant plants. The middle track displays
the level of EBF2 mRNA from wild-type (Col-0) plants. The bottom track is the
annotated gene model for the EBF2 locus. (C) RNA gel blot analysis of 10 �g
of total RNA from 3-day-old etiolated seedlings of wild-type Col-0 and ein5-6
grown in air or treated for various times with 10 ppm ethylene (C2H4) gas with
a 3� EBF1 probe. The times of ethylene treatment (or lack thereof) are
indicated above the lanes. After stripping, the blot was rehybridized with a
25S rRNA probe, and this blot is shown as a loading control. Normalized values
of EBF1 mRNA to the rRNA control (with Col-0 without ethylene treatment set
at 1.0) are indicated at the bottom of the rRNA blot. (D) RNA gel blot analysis
of 10 �g of total RNA from 3-day-old etiolated seedlings of wild-type Col-0 and
ein5-6 grown in air or treated for varying times with 10 ppm ethylene (C2H4)
gas with a 3� EBF2 probe. The times of ethylene treatment (or lack thereof) are
indicated above the lanes. After stripping, the blot was rehybridized with a
25S rRNA probe, and this blot is shown as a loading control. Normalized values
of EBF2 mRNA to the rRNA control (with Col-0 without ethylene treatment set
at 1.0) are indicated at the bottom of the rRNA blot. (E) RNA gel blot analysis
of 10 �g of total RNA from rosette leaves of 3-week-old wild-type Col-0,
ein5-1, ein5-6, and ein5-7 plants with a 3� EBF1 probe. The rRNA is shown as
a loading control. (F) RNA gel blot analysis of 10 �g of total RNA from rosette
leaves of 3-week-old wild-type Col-0, ein5-1, ein5-6, and ein5-7 plants with a
3� EBF2 probe. The rRNA is shown as a loading control.
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marginal induction of these genes. It is interesting to notice that
the profile of expression coincides with the phenotypic appear-
ance of the plants with the wild type exhibiting the full triple
response, and ein2 being the extreme, with none of the triple-

response features evident (Fig. 1). In ein5 seedlings there is an
intermediate Ein� phenotypic response to ethylene gas (Fig. 1).
Upon cloning EIN5 we were surprised to find that it codes for
the previously described 5�33� exoribonuclease XRN4. XRN4�
EIN5 has previously been shown to degrade mRNA in a 5�33�
direction (18, 29). Therefore, this enzyme is likely involved in the
mRNA decay pathway in which deadenylation is followed by the
hydrolysis of the 5� cap structure and processive degradation of
the mRNA body (30). Specific to the ethylene signaling pathway,
we find that XRN4�EIN5 targets for decay the mRNAs of the
EIN3-regulating F-box proteins EBF1 and EBF2 through a yet
unknown mechanism (Fig. 6). We propose that the function of
XRN4�EIN5 in the ethylene signal transduction pathway is likely
to antagonize the negative feedback regulation on EIN3 by
promoting EBF1 and EBF2 mRNA decay, which results in the
accumulation of EIN3 protein, triggering the ethylene response
(Fig. 6). Analysis of the ethylene-insensitive mutant ein5 has led
us to uncover a previously unknown aspect of the regulation of
the ethylene response, namely the participation of an enzyme
with known functions in mRNA turnover and RNA interference,
XRN4�EIN5 (24, 29, 31).

Fig. 5. ein5 defect is suppressed by ebf1 and ebf2 mutations. (A) Triple-
response phenotype of 3-day-old etiolated seedlings grown on MS medium
supplemented with (�ACC) or without (�ACC) 10 �M ACC. (B) Dosage re-
sponse of wild-type Col-0 and various mutants. Etiolated seedlings were
grown on MS medium supplemented with different concentrations of ACC for
3 days. The length of hypocotyls from 10 seedlings was measured, and the
mean values and standard deviations were plotted. (C) Immunoblot assays of
EIN3 protein in ein5 and ein5 ebf double mutants. Etiolated seedlings grown
in air for 3 days were treated with or without ethylene (C2H4) gas (10 ppm) for
4 h before tissues were harvested for immunoblot assays. CRY1 (Arabidopsis
cryptochrome 1) protein was used as a loading control.

Fig. 6. A model of the role of EIN5 in the ethylene signal transduction
pathway. Ethylene (C2H4) is perceived by repressing the action of receptor
complexes including ETR�ERS�EIN4 receptors, RTE1, and Raf-like protein ki-
nase CTR1, which negatively regulates downstream signaling component
EIN2. Upon ethylene treatment, EIN2 is derepressed and could thus transmit
the signal into the nucleus to activate a number of transcription factors,
including EIN3 and EIL1. EIN3 directly binds to the regulatory elements of
target genes and induces the expression of yet other transcription factors (i.e.,
ERFs and EDFs) that would ultimately regulate a series of ethylene responses.
In the absence of ethylene signal, a Skp1-Cullin1-F-box complex consisting of
one of two F-box proteins, EBF1 and EBF2, targets EIN3 protein for degrada-
tion via an ubiquitin�proteasome pathway. Interestingly, EBF1�EBF2 gene
expression is induced by ethylene in an EIN3-dependent manner, which forms
a negative feedback regulation on the EIN3 function. EIN5, a 5�33� exoribo-
nuclease, is involved in facilitating the turnover of EBF1�EBF2 mRNA through
a yet unknown mechanism. Therefore, EIN5 is proposed to antagonize the
negative feedback regulation on EIN3 by promoting EBF1 and EBF2 mRNA
decay, which consequently allows the accumulation of EIN3 protein to trigger
the ethylene response. Red arrows and blue bars represent positive and
negative regulations, respectively. The dotted lines represent regulatory steps
in which a direct physical link between upstream and downstream compo-
nents has yet to be demonstrated.
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