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Figure 3. Expression Pattern of the Ethylene Reporter EBS:GUS s Altered in the aux7 Mutant Plants.

Activity of the EBS:GUS ethylene reporter in roots of 3-d-old etiolated seedlings grown in media not supplemented (air) or supplemented (ACC) with
10 uM ACC. Transgenic lines carrying the EBS:GUS construct were originally generated in Col-0 plants and then introgressed into aux7-7 by crossing.
Two representative lines in both Col and aux7-7 backgrounds are shown. GUS staining was performed overnight. Imaging conditions were identical for
all of the plants in the experiment. The images displayed are representative of at least three independent experiments with >20 seedlings examined per

experiment.

ethylene, but not by auxin, and in which the ethylene effect is
altered in the aux7 mutant background (ethylene genes altered in
aux1, or ETaux1A) or in which aux1 had no effect (ethylene genes
not altered in aux1, or ETaux7N) were identified. Similarly, genes
that are regulated by IAA, but not by ethylene, and in which the
auxin effect was (IAAein2A) or was not (IAAein2N) altered by
the ein2 mutation were found. Finally, four additional groups of
genes were categorized as those regulated both by ethylene and
auxin (ET&IAA) and in which the ethylene effect was (ET&
IAAaux1A) or was not (ET&IAAaux7N) altered in aux7, or the
auxin effect was (ET&IAAein2A) or was not (ET&IAAein2N)
altered in ein2. A correspondence between these gene groups
and the different types of responses described above (indepen-
dent of, dependent on, and mediated by the hormone) can be
found (Table 1). For example, the ETaux7N and ET&IAAaux1N
gene groups represent putative auxin-independent ethylene
responses (i.e., genes whose expression becomes induced or
repressed in response to ethylene independently of the levels of
auxin in the cell). On the other hand, the ETaux7A class includes
auxin-dependent ethylene-responsive genes, whose regulation
by ethylene is altered in the aux7 background and therefore is
likely to be modulated by auxin. Finally, the ET&IAAaux71A
class corresponds to putative auxin-mediated ethylene re-
sponses, in other words, responses that are triggered by the
auxin generated during the ethylene treatment. Equivalent no-
menclature was established for the auxin-regulated genes.

Analysis of the four ET&IAA groups suggested no clear corre-
lation between genes affected or not by the aux? and ein2
mutations. In other words, being categorized as aux7N (or aux1A)
did not affect the probability of also being grouped as ein2A or
ein2N (data not shown).

It was found that 28% of the genes that were regulated by
ethylene but not by auxin in our experimental conditions had an
altered ethylene response in aux? (ETaux1A) (Figure 4B; see
Supplemental Table 1 online), providing additional evidence for
the existence of auxin-dependent ethylene responses. Similarly,
the response to auxin of 38% of the auxin-regulated genes was
affected by ein2 (IAAein2A) (Figure 4B). These results not only
support our previous observations involving EBS:GUS, suggest-
ing that certain levels of auxin are required for the activation of
some ethylene responses (auxin-dependent responses), but also
that below certain threshold levels of ethylene signaling the
response to auxin is altered.

In addition to uncovering this sensitization phenomenon, the
analysis of the aux7 and ein2 effects on the expression of genes
regulated by both hormones (ET&IAA) suggests an important
role of the mutual regulation of the levels/activity of these two
hormones in their interaction. Thus, for example, it was found
that ~50% of the genes in the ET&IAA category were differ-
entially regulated by ethylene in the aux7 mutant background
(ET&IAAaux1A) (Figure 4B; see Supplemental Table 1 online).
This is much higher than the 30% of genes that were found to
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Figure 4. Ethylene and Auxin Alter Gene Expression in Both Hormone-Dependent and Hormone-Independent Ways.

(A) Venn diagram showing the number of genes regulated by ethylene and auxin in roots of wild-type Col-0 plants and the overlap between these two

groups of genes.

(B) Graphic representation of the percentages of genes that had an altered response to ethylene and/or auxin in the aux? and/or ein2 mutant
backgrounds compared with that in the wild type. Pie diagrams, from left to right, display the percentages of ethylene-regulated genes that had an
altered response to this hormone in the aux7 mutant plants, percentages of genes regulated by both ethylene and auxin that had an altered response to
ethylene in aux? mutant plants, percentages of genes regulated by both ethylene and auxin that had an altered response to auxin in the ein2 mutant
plants, and percentage of auxin-regulated genes that had an altered response to this hormone in the ein2 mutant plants.

belong to the ET&IAAein2A category, suggesting a predominant
role of ethylene-induced auxin biosynthesis/activity levels in
mediating some of the ethylene responses in seedlings’ roots.
To further confirm the existence of the eight gene categories
described above, 12 genes (one to two genes per category plus a
housekeeping gene as a control) were selected and their expres-
sion patterns were examined by quantitative RT-PCR using RNA
from a new biological replicate as a template (see Methods).
Figure 5 shows that a very good correlation between the expres-
sion patterns obtained in the microarray experiments and quan-
titative RT-PCR was observed, although overall, the magnitude of
expression level changes in the latter case appeared to be greater.
Taken together, these results are consistent with the experi-
ments described above that relied on ethylene and auxin reporter
genes and phenotypic measurements of the morphological ef-
fects of these two hormones. Our findings support the existence
of at least three types of interactions between ethylene and auxin:
one hormone sensitizing or conditioning the cells for the response
to the other hormone (i.e., ethylene-dependent auxin responses
and auxin-dependent ethylene responses), one hormone acti-
vating the biosynthesis (or signaling activity) of the other (i.e.,
ethylene-mediated auxin responses and auxin-mediated ethylene
responses), and, finally, both hormones acting independently on
the same subset of genes (Figure 7A) (i.e., ethylene-independent
auxin responses and auxin-independent ethylene responses).

Promoter Analysis Supports the Existence of Both Direct
and Ethylene-Dependent/Mediated Auxin Responses

The responses to ethylene and auxin are known to involve a very
important transcriptional component; in fact, key transcription
factors in the regulation of ethylene and auxin responses
have been identified (Chao et al., 1997; Guilfoyle et al., 1998). In

the case of ethylene, most (if not all) of ethylene responses
are channeled through the plant-specific EIN3 and EIN3-Like
(EIL) family of transcription factors. These transcription factors
are known to regulate the expression of other transcription fac-
tors belonging to the AP2/EREBP family (Alonso et al., 2003a;
Binder et al., 2004). Consensus binding sequences for both EIN3/
EIL and AP2/EREBP have been identified (Solano et al., 1998).
Similarly, the auxin response is known to be mediated by the
degradation of the transcriptional repressors of the AUX/IAA
family, releasing the ARF transcription factors from the AUX/IAA
repressor complexes and allowing ARFs to bind to specific
DNA elements in the promoters of early auxin-regulated genes
(Guilfoyle et al., 1998). Like in the ethylene case, the DNA se-
quence recognized by the ARFs has been identified (Uimasov
et al., 1997). Since both ARFs and EIN3/EILs and AP2/EREBPs
are considered to regulate early events in the auxin and ethylene
responses, respectively, the presence of the elements recog-
nized by these transcription factors in the promoters of a group of
genes could be used as an additional diagnostic tool in the
classification of the ethylene and auxin response genes.

No significant enrichment was found for the EIN3/EIL or the
AP2/EREBP target DNA elements in any of the gene groups
defined above. This could be explained by the fact that the
ethylene response involves a transcriptional cascade (Solano
et al., 1998) and that most of the genes that are regulated by this
hormone are not directly regulated by EIN3/EIL. Moreover, it also
suggests that in addition to AP2/EREBPSs, other types of tran-
scription factors may also be activated by EIN3 or AP2/EREBPs
themselves. One could easily imagine how this transcriptional
cascade could be used to achieve specificity in the ethylene
response by activating or repressing some of these downstream
branches under different conditions.
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Table 1. Description of the Different Gene Groups and the Types of Interactions They Represent

Criteria Used to Assign a Gene to the

Group Name Group Type of Interaction the Group Represents

ETaux7N Genes are regulated by ethylene but not by Ethylene-regulated auxin independent.
IAA in Col. The ethylene effect in Col and
aux1 mutants is similar.

ETaux1A Genes are regulated by ethylene but not by Ethylene-regulated auxin dependent.

IAA in Col. The ethylene effect in Col is
different from that in aux? mutants.

I1AAein2N Genes are regulated by IAA but not by Auxin-regulated ethylene independent.
ethylene in Col. The IAA effect in Col and
ein2 mutants is similar.

IAAein2A Genes are regulated by IAA but not by Auxin-regulated ethylene dependent.
ethylene in Col. The IAA effect in Col is
different from that in ein2 mutants.

ET&IAAauxTN Genes are regulated by both ethylene and Ethylene- and auxin-regulated genes, but
IAA in Col. The ethylene effect in Col and the ethylene effects are auxin independent.
aux1 mutants is similar.

ET&IAAaux1A Genes are regulated by both ethylene and Ethylene- and auxin-regulated genes, but
IAA in Col. The ethylene effect in Col is the ethylene effects are likely to be auxin
different from that in aux? mutants. mediated.

ET&IAAein2N Genes are regulated by both ethylene and Ethylene- and auxin-regulated genes, but
IAA in Col. The IAA effect in Col and in the auxin effects are ethylene independent.
ein2 mutants is similar.

ET&IAAein2A Genes are regulated by both ethylene and Ethylene- and auxin-regulated genes, but

IAA in Col. The IAA effect in Col is
different from that in ein2 mutants.

the auxin effects are likely to be ethylene
mediated.

Conversely, a significant enrichment for the presence of the
consensus ARF biding site (TGTCTC) was observed among
genes that were similarly regulated by auxin in both Col and
ein2 mutants (IAAein2N) (P < 0.05) (Table 2) but not among the
IAAein2A or any other of the gene groups described above. These
results are coherent with our expectations that the 1AAein2N
genes represent direct auxin responses and therefore should be
enriched for the presence of ARF binding site, whereas, for ex-
ample, genes representing ethylene-mediated auxin responses
(ET&IAAein2A) should not. The lack of enrichment for the ARF
binding site among genes representing ethylene-dependent
auxin responses (IAAein2A) indicates that the majority of these
genes do not correspond to early auxin responses and, therefore,
that the interaction between ethylene and auxin in the regulation
of these ethylene-dependent auxin responses happens down-
stream of the Aux/IAAs and ARFs. The common theme emerging
from the results described above is that ethylene and auxin
regulate mostly independent processes or, in other words,
largely nonoverlapping sets of genes. However, detailed mutant
analyses also found clear evidence in support of one hormone
signaling status affecting some of the other hormone-regulated
processes (sets of genes) and in support of one hormone medi-
ating response to the other hormone, most likely due to the
mutual regulation of each other’s biosynthetic pathways.

Gene Functional Analysis Supports the Predominant Role
of Auxin-Mediated Ethylene Responses in the Control of
Root Growth

To investigate whether or not specific functions could be
assigned to the gene groups defined in this study, we used the

publicly available MapMan software to examine their putative
functional classification. We found a significant enrichment for
four functional categories (transcription factors, hormone me-
tabolism, secondary metabolism, and cell wall modification) in
one or more of the gene groups.

The AUX/IAA family of transcriptional corepressors was sig-
nificantly enriched among the group of IAAein2N genes (repre-
senting auxin responses that are ethylene independent), but no
enrichment was found in the IAAein2A group (representing auxin
responses that are ethylene dependent) (Figure 6A). Again, these
results suggest that the IAAein2N group of genes represents
early steps in the auxin response. This finding is also consistent
with the aforementioned observation of the IAAein2N group
being significantly enriched for genes with ARF binding elements
in their promoters.

Remarkably, in addition to the auxin-related AUX/IAA genes,
the ASYMMETRIC LEAVESZ2 (AS2) family of transcription factors
(Semiarti et al., 2001) was also enriched in the IAAein2N gene
class (Figure 6A). Although without knowing the exact function
of the auxin-regulated AS2-related genes it is not possible to
evaluate the physiological significance of this finding, it suggests
a tight and previously unknown connection between auxin re-
sponse in roots and this family of transcription factors.

Enrichment was also found for the AP2/EREBP transcription
factor family among the genes in the ETaux7N group (represent-
ing ethylene responses that are auxin independent) (Figure 6B).
Several members of this gene family are known to participate in
early ethylene responses (Solano et al., 1998; Alonso et al.,
2003b); therefore, these results are consistent with the proposed
idea that this class of genes represents responses that are
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Figure 5. The Different Levels of Interactions Observed in the Microarray Experiments Are Confirmed by Quantitative RT-PCR.

Relative expression levels of 12 selected genes (one or two per gene category) are shown. Graphs display the average and Se of the normalized
expression levels obtained in the microarray experiments (dots connected by lines) or in quantitative RT-PCR (solid bars). The microarray experiments
and the quantitative RT-PCR were performed using RNA from independent biological replicates. The genes tested and their corresponding interaction
categories (ETaux7N, ETaux1A, etc.) are as indicated. The genotypes and treatments are displayed on the horizontal axes of the bottom panels.
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Table 2. Relative Abundance of ARF Binding Sites in the Promoters of
Different Gene Groups

Percentage of Genes
Number of Number of in the Group That

Group Observed Expected Contains an ARF
Name P Value? Genes Genes Binding Site
ET 1.00 77 62.63 15.30%
ETaux1A 1.00 25 17.71 17.60%
ETaux1N 1.00 52 45.04 14.40%

1AA 0.33 149 110.40 16.70%
1AAein2A 1.00 43 42.74 12.60%
1AAein2N 0.01 106 68.07 19.30%
ET&IAA 1.00 22 23.63 11.10%
ET&IAAaux1A 1.00 12 12.50 12.90%
ET&IAAaux1N 1.00 10 12.50 10.42%
ET&IAAein2A 1.00 6 7.13 10.50%
ET&IAAein2N 1.00 16 16.50 12.10%

2 Multiple sampling-corrected probability.

directly regulated by ethylene and are not mediated by auxin. In
addition to the AP2/EREBP gene family that has been previously
implicated in the ethylene response, we also found a C3H zinc
finger family of transcription factors being significantly enriched
among the ETaux7N genes (Figure 6B), implying that it may play a
role in the regulation of some yet uncharacterized downstream
branches of the ethylene response.

Another functional group in which enrichment was observed
was, not surprisingly, the hormone metabolism group. As ex-
pected, enrichment for the ethylene-related genes was only
observed among the ETaux7N genes (Figures 6B), while auxin-
related genes were significantly enriched in the IAAein2N and, to
a smaller degree, in the ET&IAAein2N group (Figures 6A and 6C).
As elaborated above, this suggests that the ETaux7N and
IAAein2N groups represent genes directly and specifically in-
volved in the ethylene and auxin responses, respectively.

Connection between ethylene, auxin, and secondary metab-
olites has been reported previously. For example, the regulation
of auxin transport by flavonols (Peer et al., 2004) and the role of
phenylpropanoids in ethylene-mediated responses against
pathogens (Ecker and Davis, 1987; La Camera et al., 2004) are
well documented. Analysis of our microarray data suggests that
auxin and ethylene regulate the production of flavonols and
phenylpropanoids, respectively, via changes in the transcription
of potentially key biosynthetic genes (Figures 6A and 6B). Since
enrichment for flavonol-related genes was observed only among
IAAein2N and the enrichment for phenylpropanoid genes was
seen only among ETaux7N, we suggest that ethylene and auxin
act independently in the regulation of these pathways.

The last functional category in which enrichment was ob-
served was that of cell wall-related genes (Figure 6C). As
discussed above, the ethylene effect on root growth is largely
mediated by an increase in the levels of auxin signaling and
response in roots, presumably due to an ethylene-mediated
increase in auxin biosynthesis and transport (Ljung et al., 2005;
Stepanova et al., 2005; Rizi¢ka et al., 2007; Swarup et al., 2007).
Based on this, the expectation would be that the genes involved
in cell expansion would be regulated by both ethylene and auxin,

but the ethylene effect on these genes would be mediated by
auxin. This prediction was indeed reflected in the distribution of
cell wall genes in the different ET, IAA, and ET and IAA gene
groups. As shown in Figure 6, cell wall genes are enriched among
genes that are regulated only by auxin and are not affected by
ein2 (IAAein2N) and among genes that are both ethylene and
auxin regulated (the ET&IAA class; Figures 6A and 6C). More-
over, the most dramatic enrichment for cell wall-related genes
was observed in the ET&IAAaux1A gene category, in other words,
among genes whose regulation by ethylene is likely to be medi-
ated by auxin (Table 1). Although not as strong, some enrichment
for the cell wall category was observed in the ET&IAAein2N and
ET&IAAein2A groups (Figure 6C), consistent with the idea that
part of the ethylene effect on root growth is auxin independent.
The existence of this auxin-independent ethylene effect was
previously suggested by the high levels of DR5:GUS expression
and the long root phenotype of the rty7-17 mutant compared with
ethylene-treated wild-type seedlings (Figure 2B).

DISCUSSION

Hormones participate in the regulation of almost every aspect of
the plant life cycle and do so with an unusual functional plasticity.
For example, it is not atypical to find that the same hormone
controls a variety of completely different biological processes,
yet at the same time, a particular biological process is similarly
affected by several hormones (Gazzarrini and McCourt, 2003).
Therefore, it is not possible to generally define a hormone
function without specifying the tissue type, developmental stage,
and environmental conditions. In other words, understanding the
function of a hormone requires comprehension of a complex
network of interactions between multiple signals. To gain insights
into the molecular mechanisms involved in the signal crosstalk in
plants, we have chosen two hormones, ethylene and auxin, and
explored their role in the control of root growth in Arabidopsis.
Physiological studies have previously shown an interesting
interaction between ethylene and auxin in the control of hypo-
cotyl elongation in light-grown plants (Smalle et al., 1997). Under
the conditions used in these assays, ethylene does not inhibit but
rather promotes hypocotyl growth, and this effect is dependent
on auxin (Vandenbussche et al., 2003). On the other hand, the
interaction between ethylene and auxin in the control of hypo-
cotyl elongation under dark conditions is less clear. Early studies
clearly showed that in the hypocotyls of dark-grown seedlings,
the inhibitory effects of auxin were not mediated by ethylene,
but the reciprocal question of the role of auxin in the ethylene-
mediated effect was not investigated (Collett et al., 2000). With
respect to the interaction between ethylene and auxin signals in
roots, several independent studies have reported a dramatically
altered responsiveness of auxin mutants to ethylene (Swarup
et al., 2002). However, in spite of the general awareness in the
plant hormone community of this phenomenon, it has not been
clearly established whether these examples were representative
of a particular subclass of auxin mutants or, vice versa, reflected
a common phenomenon. Even more importantly, it remained
unclear what the underlying molecular mechanisms of this eth-
ylene insensitivity of the auxin mutants were. Herein, by quan-
tifying the ethylene and auxin effects in both hypocotyls and
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Figure 6. Gene Functional Analysis Supports the Existence of Hormone-Specific Effects and the Effects Mediated by the Interaction between Ethylene
and Auxin.

Several gene function categories were found to be significantly enriched in one of the ethylene- and/or auxin-regulated gene groups. The MapMan
software and the corresponding gene function databases were used to determine the significance of the enrichment and the number of observed and
expected genes in each functional group (see Methods for more details). ** and * indicate a P value < 0.0001 (with the * marking functional categories
containing =3 genes).

(A) Comparison between the number of genes (observed versus expected) in the following functional categories of auxin-regulated genes: C3H (C3H
zing finger family of transcription factors), EREBP (AP2/EREBP family of transcription factors), IAA (AUX/IAA gene family), AS2 (family of transcription
factors related to AS2), ethylene (genes annotated as ethylene related or ethylene metabolism), auxin (genes annotated as auxin related or auxin
metabolism), propan. (genes annotated as secondary metabolism, phenylpropanoids), flavon. (genes annotated as secondary metabolism, flavonols),
and cell wall (cell wall metabolism genes).

(B) Comparison between the numbers of observed and expected genes in the same functional categories as in (A) but among ethylene-regulated
genes.

(C) Comparison between the number of observed and expected genes in the following functional categories of ethylene- and auxin-regulated genes:

IAA (AUX/IAA gene family), auxin (auxin-related or auxin metabolism-related genes), and cell wall (cell wall metabolism genes).

roots of an array of different auxin and ethylene mutants, we
conclude that ethylene is not required for the auxin-induced
growth inhibition in either roots or hypocotyls of dark-grown
seedlings. Conversely, auxin appears to be necessary for the
ethylene-induced growth inhibition in roots but not in hypocotyls.
However, it should be noted that the latter inference is based on
the phenotypic analysis of auxin mutants that only partially block
auxin production, transport, perception, signaling, and/or re-
sponse. Therefore, a possibility remains that due to, for example,
potentially higher genetic redundancy in the hypocotyls than in
the roots, there might be adequate residual levels of auxin
activity maintained in the hypocotyls of these auxin mutants

sufficient to enable their normal ethylene responsiveness. Nev-
ertheless, we find that defects in auxin biosynthesis, transport, or
response can all lead to altered ethylene responsiveness in root
tissues. Interestingly, while most of the auxin mutants tested (those
shown in Figure 1, as well as tir3 and axr2) show reduced ethylene
sensitivity in roots, other auxin mutants, such as pin7 and ett, are
not affected (data not shown). We speculate that the latter auxin
mutants that show wild-type response levels to ethylene do not
alter the levels/response to auxin in the transition zone of roots.
Although it is clear that auxin is required for the normal
ethylene response in roots, and ethylene is able to stimulate
auxin levels/signal in these tissues (Stepanova et al., 2005), this
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Figure 7. Schematic Representation of the Mechanistic Model of Ethylene-Auxin Crosstalk in Roots of Etiolated Arabidopsis Seedlings.

(A) The model assumes existence of at least three different types of molecular interactions between ethylene and auxin. A subset of ethylene responses
(left side of the panel) is dependent on auxin levels (ETaux7A). In this case, the role of auxin is restricted to promoting (or attenuating) the ethylene effect.
By contrast, the auxin-mediated responses (ET&IAAaux7A) correspond to those changes in gene expression that are directly triggered by auxin, but in
this case, by an ethylene-induced auxin activity. Finally, those ethylene effects that are not affected by the levels of auxin are classified as auxin
independent, with some of these changes being independently stimulated by auxin (ET&IAAaux7N). Equivalent interactions can be defined among auxin
responses (right side of the panel).

(B) The molecular interactions postulated above can be integrated with the morphological and cellular observations in a spatial/temporal model of the
ethylene responses. From left to right, the time progression of the effects of ethylene on the levels of auxin activity (shown in blue), auxin biosynthetic
genes (depicted as black dots), and auxin-dependent ethylene responses (marked in red) is indicated. At time O (before starting the ethylene treatment),
the levels of auxin activity are low (shown in light blue) and are concentrated in the root zone 1. When ethylene is applied, the levels of WEI2/ASA1/TIR7,
WEI7/ASB1, and potentially other biosynthetic genes (shown as black dots) increase, and the activity of auxin in zone 1 goes up. Next, the auxin activity
in zone 2 becomes elevated, presumably through an AUX1-dependent transport activity from zone 1. This boost in auxin levels leads to changes in
growth pattern of the cells in zone 3 from longitudinal to radial and to stimulation of ethylene responses in zone 3. Each root shown in this model is
divided into two parts, with the left side of the root representing untreated roots, and the right side depicting ethylene-treated roots. Arrows in zone 3 of
the roots indicate the longitudinal and radial components of root elongation. Zones 1, 2, and 3 are defined according to Birnbaum et al. (2003).

does not necessarily imply that auxin acts downstream of
ethylene in the control of root elongation. The restoration of the
ethylene response of aux7 and eir1 by very low levels of exog-
enous auxin observed by Rahman et al. (2001) made the authors
speculate that auxin does not act as the executer of the ethylene
response functioning downstream of ethylene but rather as a
positive regulator of the ethylene response. One potential prob-
lem with such interpretation is that the levels of auxin in the roots
after the different treatments were not examined. Therefore, it

is possible that the low levels of the exogenous auxin applied in
this study, on top of the residual ethylene-mediated increase in
endogenous auxins, were sufficient to inhibit root growth of the
aux1 or eir1 plants treated with both ethylene and low auxin. We
have reexamined this question by monitoring activity of auxin
(DR5:GUS) and ethylene (EBS:GUS) reporters in several auxin
mutants. The correlation between DR5:GUS levels and the
ethylene effects on root growth suggests a direct role for auxin
in mediating the ethylene-induced growth inhibition. However,



the analysis of the DR5:GUS expression in the auxin over-
producer rty1-1 leaves the possibility of a parallel non-auxin-
mediated ethylene effect open.

While the focus of the physiological studies described here
was placed on a single morphological trait, the inhibition of root
growth by auxin and ethylene, it is obvious that these two
hormones play additional roles in root biology, and it is more than
likely that the relationships between ethylene and auxin would
be different when a different response is considered. As the first
step to examining these other putative relationships, the expres-
sion levels of the ethylene reporter EBS:GUS in wild-type and
aux1 mutant backgrounds were examined. This not only allowed
us to look at early ethylene responses in a mutant with altered
auxin distribution but also to do so in a spatial context. The root
growth dynamics suggests that the spatial separation of the
maximal auxin (transition zone) and ethylene (elongation zone)
activity levels is likely the result of the underlying temporal
pattern of interactions between these two hormones. A plausible
mechanistic interpretation of the findings described in Figures 2
and 3, in light of our current understanding of the ethylene and
auxin biology in roots, would be as follows (Figure 7B). Ethylene
treatment stimulates ethylene responses in root tips and, as we
have shown in a previous study (Stepanova et al., 2005), one of
these responses is the transcriptional induction of two Trp
biosynthetic genes, WEI2/ASA1/TIR7 and WEI7/ASB1, leading
to a presumed increase in the levels of auxin in the root tips. In
fact, recent studies by RGzicka et al. (2007) and Swarup et al.
(2007) support the role of ethylene in boosting auxin biosynthetic
rates in roots, although different growth conditions were used in
these two studies. This auxin is then transported to the transition
zones by an AUX7- and PIN2-dependent mechanism (Ruzi¢ka
etal., 2007; Swarup et al., 2007). Such transient increase in auxin
would lead to two outcomes: on the one hand, it would inhibit cell
growth (a direct auxin-mediated ethylene effect) and, on the
other, it would sensitize these cells for full response to ethylene
once they leave the root transition zone (an auxin-dependent
ethylene effect). This model is sufficient to explain the distribution
of DR5:GUS and EBS:GUS in the wild-type plants treated with
ethylene as well as the alterations observed in the expression of
these reporters in the aux7 mutant background (Figures 2 and 3).
It also suggests that in addition to the auxin-mediated and auxin-
dependent ethylene responses, there may be a third type of
response that would be dependent on the levels of auxin but
would not be directly mediated by this hormone. Existence of
these three types of interactions between ethylene and auxin is
also supported by our microarray experiments (see below).

Whole-Genome Expression Profiling of the
Ethylene-Auxin Interactions

The genomic component of the ethylene and auxin responses is
critical, as indicated by the dramatic ethylene and auxin pheno-
types of the ein3 eil1 and arf7 arf19 transcription factor mutants,
respectively (Alonso et al., 2003a; Okushima et al., 2005). The
availability of mutants affected in well-defined steps of ethylene
or auxin pathways makes global gene expression studies an
excellent tool for dissecting the interactions between these two
hormones. We have chosen the ein2 mutant to study the role of
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ethylene in the auxin response because this is the only loss-of-
function mutant known with a complete blockage of all ethylene
responses examined to date. Similarly, we selected the aux?
mutant to investigate the role of auxin in the ethylene response
due to its extreme resistance to ethylene in roots, as well as
relatively minor developmental alterations, compared with other
auxin mutants, such as axr2, which shows similar levels of
ethylene insensitivity. One possible caveat of using aux7 in the
gene expression studies, however, is that the root cells of this
mutant are not completely depleted of auxin as shown by
DR5:GUS expression (Sabatini et al., 1999) and not all of the
root cells are affected to the same degree by the mutation. In
fact, this problem would also be encountered with any other
auxin mutant or pharmacological treatment since auxin is es-
sential for plant survival. Regardless, the consequence of using
aux1 in this study would be the underestimation (as opposed to
the overestimation) of auxin-dependent ethylene responses;
therefore, the conclusions drawn would remain valid.

The first interesting but not surprising result from the whole-
genome expression analysis is that the proportion of genes
coregulated by the two hormones is relatively small (27 and 18%
of the ethylene- and auxin-regulated genes, respectively). In
fact, these numbers are very similar to those recently found
by Nemhauser et al. (2006) (33 and 22%, respectively). The small
differences between the outcomes of these two studies could be
explained by the differences in the experimental systems (roots
versus whole seedlings, the duration of the treatment, etc.) and/
or in the analysis criteria used to select the ethylene- and auxin-
regulated genes.

In addition to uncovering the small fraction of genes coregu-
lated by both hormones, we found evidence of other modes of
interaction between ethylene and auxin. Twenty-eight percent of
the remaining ethylene-regulated genes showed altered ethylene
responses in the aux7 background. Similarly, 46% of the remain-
ing auxin-regulated genes was affected in their response to auxin
in the ein2 mutant. Presence of these different types of regulation
suggests existence of auxin-independent, auxin-mediated, and
auxin-dependent ethylene responses and, likewise, of ethylene-
independent, ethylene-mediated, and ethylene-dependent auxin
responses.

One possible problem with the interpretation of the microarray
results is that the criteria used to define what an ethylene-
regulated gene is or to determine whether a gene is differentially
regulated by a hormone in a specific mutant background are
arbitrary. Thus, for example, if a high-stringency selection (an
approach that reduces the number of false positives) is em-
ployed to define what ethylene- and auxin-regulated genes are,
one may end up with a large number of false negatives. That is, if
a gene that was defined as regulated only by ethylene (based on
the high-stringency selection) turns out to also be auxin regu-
lated, then an ethylene response that was categorized as auxin
dependent would instead be auxin mediated. To avoid this
possible problem, we used high-sensitivity/low-stringency cri-
teria to select the ethylene- and auxin-regulated genes. Three
pieces of evidence support the reliability of the classification
criteria used: (1) the overlap between the gene groups defined in
this work and the functional categories previously associated
with these hormones (such as the AP2/EREBP and AUX/IAA
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transcriptional regulators or hormone metabolism, both for eth-
ylene and auxin); (2) the promoter analysis that found significant
enrichment for the ARF binding sites among auxin-regulated
genes, specifically, among the group of ethylene-independent
genes; (3) the reproducibility of expression patterns observed for
the 12 selected genes reexamined using quantitative RT-PCR.

Therefore, the existence of these different groups of genes
strongly supports not only the existence of auxin-dependent
and auxin-mediated ethylene effects, as was suggested by the
physiological and reporter gene studies, but also the presence of
ethylene-dependent and ethylene-mediated auxin responses in
roots. These latter types of interactions may not be an obvious
expectation, judging from the normal response of ethylene-
insensitive mutants to auxin at the morphological level. On the
other hand, it is well known that auxin can stimulate ethylene
production (Woeste et al., 1999); therefore, some degree of at
least ethylene-mediated auxin responses was expected. In fact,
we observed that four ACS genes coding for the key enzyme in
ethylene biosynthesis ACC synthase were regulated by auxin.
Three of these genes contain ARF binding sites in their promoters
(in the 500-bp region upstream of ATG), suggesting that they
might be direct auxin targets.

In addition to confirming coinvolvement of several modes of
interaction between ethylene and auxin in roots, the analysis of
the functional annotation of the different gene groups provides
support for the mechanistic model proposed above. For exam-
ple, according to our model, the growth inhibition induced by
ethylene would be in large part mediated by an increase in auxin,
whereas the auxin effect on growth would be ethylene indepen-
dent. Interestingly, when the functional categories of those
genes that are regulated both by ethylene and auxin were exam-
ined, a strong enrichment for genes involved in the modification
of the cell wall was found. A more detailed analysis showed that
the enrichment was more significant among genes in which the
ethylene regulation was aux7 dependent and their auxin regula-
tion was ein2 independent (Figure 6). This type of regulation
would be consistent with that of genes regulated by ethylene
through an auxin-mediated mechanism. In the context of our
model, these results imply that one of the effects of the ethylene-
induced increase in auxin levels in root transition zones is to
modify the cell walls of these cells. These structural changes are
probably required for the establishment of the new growth pat-
tern in which the cells expand radially rather than longitudinally.

In summary, these results suggest a simple mechanistic model
to explain some of the interactions between ethylene and auxinin
roots of etiolated seedlings, including the dramatic morpholog-
ical ethylene defects of the auxin mutants. However, this model
does not exclude the possibility for other elements, such as
regulation of auxin transport (as shown in the companion man-
uscripts), also playing critical roles in the interaction between
these two hormones.

METHODS

Strains, Growth Conditions, and Phenotypic Analysis

All of the Arabidopsis thaliana seed lines used in this study are in the Col
background. The rty7-1 allele was obtained from the ABRC (CS8156).

The DR5:GUS and EBS:GUS reporters were generously provided by
T. Guilfoyle and J. Ecker, respectively. The reporters were introduced into
mutant backgrounds by crossing to avoid possible positional chromo-
somal effects. For phenotypic tests, freshly propagated seeds were
surface-sterilized with 50% bleach plus 0.005% Triton, washed three
times with sterile water, resuspended in melted precooled 0.7% low-
melting-point agarose in water and spread on the surface of AT plates (1X
Murashige and Skoog salts [Caisson], pH 6.0, 1% sucrose, and 0.6%
agar) supplemented with the indicated concentrations of ACC or IAA.
Plates with seeds were stratified for 3 d at 4°C in the dark, exposed to light
for 2 h at room temperature to improve germination, wrapped with
aluminum foil, placed horizontally, and incubated in the dark at 22°C for
3 d. Plates were then unwrapped and opened, and 30 to 40 seedlings per
treatment per genotype were pulled out of agar and placed horizontally
side by side on the surface of fresh plates containing 0.6% agar in water.
Plates were then scanned, and the images obtained were used for
quantifying root and hypocotyl lengths as described (Stepanova et al.,
2005). For GUS staining, 3-d-old dark-grown seedlings were pulled out of
agar, fixed in ice-cold 90% acetone, and stained overnight as described
by Stepanova et al. (2005).

Microarray Studies

Wild-type Col-0, aux7-7, and ein2-5 seeds were surface-sterilized and
deposited onto a Nylon membrane (Sefar filtration, 03-100/47) that had
been previously autoclave sterilized and laid on the surface of sterile AT
plates. Seeds were stratified for 3 d at 4°C in the dark and then exposed to
light for 1 h at room temperature. Plates with seeds were placed in a
vertical orientation and incubated for 3 d in the dark at 22°C. For the
ethylene experiments, plates were exposed to hydrocarbon-free air or air
containing 10 ppm of ethylene for the last 4 h of the treatment. For the
auxin experiments, after 3 d in the dark at 22°C, plates were opened under
safe green light (Kodak green filter KOFSLI3810/ 1521632) and sprayed
with 1 wM IAA in a 0.01% ethanol solution or with 0.01% ethanol alone.
Seedlings were then incubated for an additional 4 h at 22°C in the dark.

Immediately after the 4-h treatments, 50 mL of RNAlater solution (a
saturated solution of ammonium sulfate containing 25 mM sodium citrate
and 10 mM EDTA, pH 5.2; US patent 6204375) was poured into the plates,
and the membranes with the seedlings were transferred to new plates
containing 50 mL of fresh RNAlater solution. Using a razor blade, the roots
were dissected from the hypocotyls while still submerged into the
RNAlater solution, transferred to a microfuge tube, and frozen at -80°C.
Two biological replicates were prepared per condition (per genotype
treatment combination), with each biological replicate consisting of a pool
of three independent experiments (~150 roots per treatment). Total RNA
was extracted using TRIzol reagent (Invitrogen Life Technologies) and
then further purified using the RNeasy mini kit (Qiagen).

cRNA synthesis, labeling, and hybridization to Arabidopsis ATH1
genome arrays from Affymetrix were performed according to manufac-
turer’'s recommendations, except that the labeling reactions were scaled
down to 50%. After hybridization, arrays were scanned and Cel files were
used for further analysis.

All normalization and quality controls were performed using the pack-
ages GCRMA, SIMPLEAFFY, and AFFY from BioConductor. After nor-
malization, present, marginal, and absent flags, together with the intensity
values converted from logarithmic to linear scales, were exported to
GeneSpring GX. Ethylene- and auxin-regulated genes were selected
using a linear model approach (Smyth, 2004) implemented in the limma
package from BioConductor. This analysis was done using the Remote
Analysis Computation for Gene Expression (Psarros et al., 2005). Genes
that had a P value of <0.05 and a fold change between control and treated
Col experiments greater than 1.5 were selected. To account for the
multiple testing, a highly sensitive low-stringency false discovery rate
(g-value) of 0.15 was used. Finally, only genes that were present or



marginal in both replicates in the treated (when selecting upregulated
genes) or in the untreated (when selecting for downregulated genes)
samples were further considered.

To select ethylene- or auxin-regulated genes that had an altered
response to the hormone in the aux? or ein2 mutant backgrounds,
respectively, two different criteria were applied. Starting, for example,
with the ethylene-regulated genes found in Col, the change in expression
between all Col untreated and treated samples was calculated as well as
between untreated and treated aux7 samples. Genes that showed a
significant difference (analysis of variance P < 0.05) in the response to the
hormone in Col and aux1 were selected. A similar approach was used to
select genes with altered response to auxin in the ein2 background.
Finally, genes were selected based on the fold difference between the
average change in Col and in the mutants. Only genes that show a fold
change >1.3-fold were selected. To account for multiple testing, the
g-value was calculated using the QVALUE package from BioConductor.
Only genes that pass a cutoff g-value of 0.05 were considered to have
altered expression in the mutant background compared with the wild
type.

The sequence and latest gene annotation of the Arabidopsis genome
(TIGR6) were loaded into GeneSpring GX. The “find potential regulatory
sequences” function was used to identify specific sequences in the
promoters of selected genes. No sequence ambiguities were allowed.
The promoters were defined as the sequence from -25 to —425 upstream
of the start codon. To determine significance of the findings, the fre-
quency of the DNA element was compared between the selected groups
of genes and the promoters of the rest of the genes in the genome.

Gene Function Analysis

To determine whether or not some functional categories were signifi-
cantly overrepresented in any of the gene groups identified in this work,
the MapMan v5 software was used. For each gene category (ETaux7A,
ETaux1N, etc.), a MapMan experiment was generated. In these exper-
iments, an expression value of 10 was assigned to genes of a particular
category (for example, ETaux7N) and a value of 1 to the rest of the genes
that were flagged as present in at least 8 out of 16 experiments. To
determine whether or not a gene group was enriched for a particular
functional category, each individual Arabidopsis Affy pathway in MapMan
v6 was examined using the Wilcoxon rank sum test option and the
Benjamini Hochberg multiple testing correction. A group of genes was
considered to be enriched for a particular functional category if the
corrected P value was =0.0001 and at least three genes from the group
were found in that particular functional category.

Real-Time RT-PCR

For the RT-PCR analysis, eight RNA samples (Col air, Col ethylene, aux1
air, aux1 ethylene, Col control, Col IAA, ein2 control, and ein2 1AA)
corresponding to a new biological replicate (i.e., different than those used
in the microarray experiments above) were extracted using the same
procedures as described above in the Microarray Studies section. Four
hundred nanograms of each RNA sample were reverse transcribed in a
20 plL volume using TagMan reverse transcription reagents (Applied
Biosystems) according to the manufacturer’s recommendations. The
samples were diluted to 100 pL with water and 2 pL of each sample (~8
ng RNA equivalent) were PCR amplified using Power SYBR Green
(Applied Biosystems) in a 10-pL reaction, containing 2 pL diluted
cDNA, 5 uL Power SYBR Master Mix, 1 pL of 10 wM forward primer,
1 pL of 10 uM reverse primer, and 1 pL of water. The ABI7900 machine
was used to run quantitative RT-PCR with the following 11 primer pair
combinations corresponding to 11 differentially expressed genes from all
eight gene categories (at least one per category) on the eight cDNA
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samples in triplicates in a 384-well plate: At2g26070F, 5'-TATCTC-
CAACTCGATAGAACCAAGTG-3'; At2g26070R, 5'-GTTTTATGCTCAAAGC-
TACGTGTGC-3'; At2g36080F, 5'-CGGAGTGAACATGGAGTGCCAGC-
3’; At2g36080R, 5'-ATCTCCTGTGAAACTTATGTCC-3'; At1g13700F,
5'-CTTACGACAAGATTGTAGATTGG-3'; At1g13700R, 5'-GTCTCGGA-
AACACATTTACCTTGG-3'; At3g15540F, 5'-GGTTAGGGTATGTGAAA-
GTGAGC-3'; At3g15540R, 5'-GTCACCATCTTTCAAGGCCACACC-3/;
At4g27260F, 5'-TCTCTGAGTTCCTCACAAGCTCT-3'; At4g27260R,
5’-CGAGACCAGGAACGAACTGGCTC-3'; At5g02580F, 5'-GCTTCTTA-
CATCCATTTGGTGC-3'; At5g02580R, 5'-CTTTCGCTAGCTCTTTCCA-
CACTG-3'; At4g37850F, 5'-CTAGTTCCTGGCCTTAAAAAGATGG-3';
At4g37850R, 5'-GAGAATGATTGATTATTATCGTCC-3'; At1g14290F,
5'-GATTGCATTCGAAGATAGATGAGG-3'; At1g14290R, 5'-CATCTGCA-
TCACTTCCTGTTATCTTG-3'; At4g00430F, 5'-TGCAGTGTTCTTGGTA-
CACTTGGC-3'; At4g00430R, 5’ -GGTCCAACCCAGAAAATCCAATGGTC-3’
At4g23700F, 5'-TTGGTAAAGACAGAGGGGTTC-3';  At4g23700R,
5’-CGGTTCGTCTCCTCCACCGTTCG-3'; At4g02290F, 5'-CTCTTACTC-
TGGTTATCAGGATG-3'; At4g02290R, 5-TGGCACCAGCGTGCTTGT-
TATCC-3'.

In addition, a housekeeping gene, At5g44200, encoding nuclear cap
binding protein, CBP20, was employed as a control: At5g44200F,
5'-AATCGCCATGGAAGAGGAGAC-3'; At5g44200R, 5'-GAATCGT-
GGGTTCTTCTCCGGTC-3'.

Primers were designed across exon-exon junctions of cDNA to avoid
potential problems due to contaminating genomic DNA. Amplification
efficiency for each primer pair was calculated using serial cDNA dilutions.
For this purpose, equal volumes of all eight cDNA samples were pooled
and 1.5%, 1X, 1/2X, 1/4X, and 1/8X dilutions were run in triplicates for
each of the 12 primer combinations. After correcting the cycle threshold
values according to the amplification efficiencies, the expression values
of the 11 genes were normalized to those of the control.

Accession Number

Expression profiling data can be found in the Gene Expression Omnibus
database under accession number GSE7432.

Supplemental Data

The following material is available in the online version of this article.

Supplemental Table 1. Normalized Expression Values of Ethylene-
and Auxin-Regulated Genes.
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