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ABSTRACT
The control of gynecium development in Arabidopsis thaliana by the auxin response factor ETTIN (ETT) 
correlates with a reduction in the methylesterification of cell-wall pectins and a decrease in cell-wall 
stiffness in the valve tissues of the ovary. Here, we determine the list of genes rapidly regulated following 
the in-vivo activation of an ETT fusion protein, and show these to be significantly enriched in genes 
encoding cell-wall proteins, including several pectin methylesterases (PMEs) and pectin methylesterase 
inhibitors (PMEIs). We also perform a genome-wide scan for potential ETT-binding sites, and incorporate 
the results of this procedure into a comparison of datasets, derived using four distinct methods, to identify 
genes regulated directly or indirectly by ETT. We conclude from our combined analyses that PMEIs are 
likely to be key actors that mediate the regulation of gynecium development by ETT, while ETT may 
simultaneously regulate PMEs to prevent exaggerated developmental effects from the regulation of 
PMEIs. We also postulate the existence of one or more rapidly-acting intermediate factors in the 
transcriptional regulation of PMEs and PMEIs by ETT.
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Introduction

The Arabidopsis thaliana gynecium, or female floral whorl, 
consists of a pistil of two fused carpels. This structure is divided 
longitudinally into stigma, style and ovary tissues and includes 
a short stalk termed the gynophore. The ovary consists of two 
valves, attached to a central replum, along which placental 
tissues form to generate the ovules.

Loss-of-function mutants of the auxin response transcrip
tion factor ETTIN (ETT), also known as AUXIN RESPONSE 
FACTOR3 (ARF3), show defects in tissue patterning along the 
longitudinal axis of the gynecium, including an increase in 
stigma and gynophore tissues and a reduction in the length 
of the ovary, including the valve tissues.1 These changes are 
accompanied by defects in abaxial/adaxial patterning, in agree
ment with the known role of ETT and its paralog ARF4 in the 
definition of abaxial tissue identity both in floral organs outside 
the gynecium and in leaves.2 ETT and ARF4 expression is 
restricted to the abaxial domain of these organs by the presence 
in the adaxial domain of tasi-RNAs generated from TAS3 by 
the activity of miRNA390.3

ARF proteins are known to bind DNA motifs termed auxin 
response elements (AuxREs), which are found in the promoter 
regions of numerous auxin-responsive genes, as reviewed by 
Guilfoyle and Hagen.4 To quantitatively characterize ETT’s 
interactions with these motifs, position-specific scoring 
matrices (PSSMs) have been generated from Protein Binding 

Microarray (PBM) data,5 based on variants of the two top- 
scoring sequences among all possible 10-mers. The recovery of 
more than one top-scoring matrix is common in analyses of 
transcription factor binding preferences, and can be caused by 
the presence of interdependency among nucleotide positions in 
the binding site.6

The cellulose microfibrils of the plant cell wall are 
embedded in a mixture of polysaccharides termed pectin. The 
major component of pectin, homogalacuronan, is synthesized 
in a highly methyl-esterified form that contributes to cell-wall 
stiffness. A recent study by Andres-Robin et al.7 showed that 
the regulation of gynecium patterning by ETT correlated with 
changes in pectin methylesterase (PME) activity in the cell wall. 
This study supports a model in which ETT contributes to 
normal gynecium patterning by causing an increase in PME 
activity that results in a decrease in the level of methylester
ification of cell-wall pectins. This decrease was found to corre
late with a reduction in cell-wall stiffness and an increase in 
valve-length in the ovary. Strikingly, the artificial overexpres
sion of PMEs or PME inhibitors (PMEIs) respectively rescued 
and phenocopied ett loss-of-function mutants, supporting 
a possible role for PMEs and/or PMEIs in the mechanism of 
action of ETT. The findings of Andres Robin et al.7 were in 
accord with those of previous studies which found PMEs to 
promote cell wall loosening and developmental processes at the 
stem apex.8
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Here, we use a transcriptomics approach to identify genes 
that are rapidly regulated following the induction of ETT 
activity in transgenic plants, and also perform in-silico scans 
for potential ETT-binding sites in a genome-wide dataset of 
A. thaliana promoter sequences. Our analyses, combined with 
those of a study by Simonini et al.9 suggest distinct roles for 
PMEIs and PMEs in mediating the role of ETT in the gyne
cium, and indicate the possible presence of rapidly-acting 
intermediate factors in the transcriptional regulation of these 
genes.

Results

Putative immediate targets of ETT are enriched in genes 
involved in cell-wall remodeling

To identify immediate targets of ETT, we generated transgenic 
plants in which the translocation to the nucleus of constitu
tively produced ETT, translationally fused to the hormone- 
binding domain of the rat glucocorticoid receptor protein 
(GR), could be induced by exogenous application of the hor
mone analogue dexamethasone (DEX).10 After verification of 
the functionality of the ETT-GR fusion protein (Figure S1), 
inflorescence tissues of transformed plants were treated either 
with DEX and cycloheximide (CHX) to induce the transcrip
tional effects of ETT on its target genes while simultaneously 
blocking protein synthesis, or with CHX alone to block protein 
synthesis without ETT-induction. The efficiency of the CHX 
treatments given has been previously demonstrated.11 Apical 
regions of inflorescences, containing unopened flowers only, 
were harvested from both groups of plants two hours after 
induction. RNA was then extracted and processed for expres
sion analyses on CATMA GST microarrays.12

The results of three independent experiments were com
pared, resulting in a list of 85 putative ETT targets 
(p-value < .005; Table S1). Among these, 65 genes (76.5%) 
were repressed, while the remaining 20 (23.5%) were activated. 
This predominantly repressive activity of ETT is in agreement 
both with previous experimental data and the presence of 
a glutamine-rich central region in ETT, shared with other 
predominantly repressive ARFs.13 Interestingly, 13 (15.3%) of 
the genes that were rapidly regulated following ETT-activation 
encoded proteins predicted to be involved in cell-wall structure 
and/or remodeling, including four PMEs (AT5G07420, 
AT3G17060, AT2G26450 and AT5G27870), three PMEIs 
(AT5G50030, AT2G47050 and AT1G10770), one expansin 
(AT1G69530, also known as Ath.EXPA1), one member of the 
OLE E 1 allergen and extensin family (AT1G29140), two ara
binogalactan proteins (AT3G01700 and AT5G24105, also 
known as Ath.AGP11 and 41, respectively), and two pectate 
lyase-like proteins (AT1G14420 and AT3G01270, also known 
as Ath.PLL8 and 10, respectively).

To compare the frequencies of cell-wall-related genes 
between putatively ETT-regulated sequences and the entire 
A. thaliana genome, we used Functional Classification 
SuperViewer, based on Gene Ontology from TAIR.14 The 
result of this analysis (Figure S2) shows a highly statistically 
significant, five-fold over-representation of cell-wall-related 
genes, among putative immediate ETT targets.

All 13 putative ETT cell-wall targets identified here are 
expressed in flower buds approaching anthesis, though predo
minantly in anthers.15 The expansin AT1G69530 additionally 
shows high expression in the stamen filaments and petals of 
mature flowers and in siliques and germinating seeds. As all 13 
genes are downregulated on induction of ETT activity, their 
expression in wild-type tissues in which ETT is expressed, 
including the gynecium, is not necessarily to be expected. 
However, gene ontogeny terms in TAIR (https://www.arabi 
dopsis.org/), based on comparisons of transcriptomic data, do 
indicate these 13 genes to be expressed in carpel tissues.

To confirm the repression by ETT of the 13 cell-wall-related 
genes identified, we performed qRT-PCR analyses on inflor
escences from Col-0 plants and from 35S:ETTm 
transformants16 in which ETT mRNA is stabilized by silent 
mutations in both of its tasiR-ARF binding sites. All 13 cell 
wall-related targets identified were significantly down- 
regulated in 35S:ETTm (Figure 1), consistent with the results 
of our microarray analyses (Table S1).

Comparison of datasets produced using four distinct 
methods discriminates between possible direct and 
indirect targets of ETT

We scanned a genome-wide database of presumptive 
A. thaliana promoter sequences using both of the published 
PSSMs for ETT.5 The highest affinity sites corresponded to 
a weight score17 of 8.1 in these scans. A weight-score cutoff 
value of 7.0 produced a list of 808 promoters containing at least 
one potential ETT-binding site, though only ~8% of genes 
identified to bind ETT in ChIP-seq analyses9 were present in 
this list (data not shown). We therefore reduced the weight- 
score cutoff to 6.0, which produced a list of 6695 genes (Table 
S2) that included ~37% of those previously identified by ChIP- 
seq.

We compared datasets of ETT-regulated genes produced by 
four distinct methods: in vivo induction of ETT-GR (Table S1), 
RNA-seq comparison of wild-type and ett-3 inflorescences 
without exogenous indole acetic acid (IAA),9 ChIP-seq of ETT- 
GFP transformants without exogenous IAA,9 and in-silico 
scans of A. thaliana promoters (Table S2), the results of 
which are shown in Figure 2. Twenty three of the genes identi
fied in the present work by the in-vivo activation of ETT-GR 
were furthermore identified as potentially direct ETT-targets 
by ChIP-seq and/or promoter-scanning procedures. These 
genes included four cell-wall-related proteins: PMEI 
AT5G50030, PME AT3G17060, expansin AT1G69530 and 
pectolyase-like protein AT1G14420. A further 26 putative 
immediate ETT-targets showed differential expression between 
wild-type and ett-3 inflorescences, though were not predicted 
as potential direct targets of ETT in ChIP-seq or promoter- 
scanning procedures. The majority of the cell-wall proteins 
identified through the in-vivo activation of ETT-GR were pre
sent in this group, including PMEs AT2G26450 and 
AT5G07420, PMEIs AT1G10770 and AT2G47050, OLE E 1 
protein AT1G29140, pectolyase-like protein AT3G01270, and 
arabinogalactan protein AT3G01700 (Figure 2). Only two cell 
wall proteins identified by the in-vivo activation of ETT-GR 
(Table S1) and subsequent qPCR studies (Figure 1) failed to be 
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identified in one or more of the other three analyses used for 
comparison: arabinogalactan protein AT5G24105 and PME 
AT5G27870.

Discussion

Transcriptomics experiments suggest a key role for PMEIs 
in the regulation of tissue patterning by ETT

Andres-Robin et al.7 showed a correlation between the regula
tion by ETT of tissue-patterning in the A. thaliana gynecium 
and enzymatic and biochemical characteristics that pointed to 
a link with the methylesterification status of cell-wall pectins. 
A model emerged in which ETT acts to promote PME activity 

in the cell wall. Here, we provide evidence that ETT acts as 
a negative regulator of four PMEs and three PMEIs (Table S1). 
The regulation of all seven of these genes was confirmed by 
qRT-PCR (Figure 1), and in six cases by comparisons with one 
or more of three further datasets (Figure 2).

From the overexpression experiments in mutant and wild- 
type backgrounds performed by Andres-Robin et al.7 the nega
tive regulation by ETT of PMEIs would be consistent with the 
known effects of ETT on the methylesterification of pectins, 
cell-wall stiffness and valve length, whereas the negative reg
ulation by ETT of PMEs would be predicted to have the 
opposite effect. We therefore postulate that the regulation of 
valve-length by ETT is controlled predominantly through the 
negative regulation of PMEIs. The significance of the 

Figure 1. qRT-PCR analyses of 13 cell-wall-related genes. All genes studied are significantly lower expressed (p ≤ 0.05) in plants overexpressing a stabilized ETTm 
transgene compared to wild-type. Standard errors of the mean are shown.

Figure 2. Comparison of four datasets to confirm putative immediate ETT targets. Total numbers of genes occurring in each combination of datasets are indicated. Ten 
chloroplast genes that were rapidly regulated following ETT-GR induction (Table S1) were excluded from the analysis. The positions of 13 cell-wall-related genes (Table 
S1, Figure S1) are indicated in boxes.
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simultaneous negative regulation by ETT of several PMEs is 
unclear, though may be an example of a “gas and brake 
mechanism”,18 in which an upstream regulator acts in the 
same direction on mutually antagonistic classes of downstream 
components. Such mechanisms are known in the control of 
shade-avoidance in plants and are postulated to prevent exag
gerated downstream effects.

The above conclusions on the possible developmental sig
nificance of ETT-targets remain, however, speculative as the 
biochemical properties and developmental effects of these 
molecules have yet to be directly investigated. For example, 
certain PMEs are known to show distinct enzymatic activities 
depending on the prior pattern of pectin methylesterification 
encountered,19 while certain PMEIs are known to show differ
ential interaction specificities among PMEs.20,21 In addition, 
both PME activities and certain PMEI-PMI interactions are 
known to be pH-dependent.19,21 We do not, therefore, know at 
present whether the PMEIs identified here as immediate ETT- 
targets would be active against the PMEs also shown to be 
regulated by ETT. Neither do we yet know whether those 
PMEs, if over-expressed in the gynecium, would show similar 
effects on pectin demethylesterification and valve-length to the 
effects previously demonstrated for PME5.7

Comparison of datasets suggests the presence of rapidly 
acting intermediate components in the regulation of PMEs 
and PMEIs by ETT

Though several PMEs and PMEIs, among other cell wall- 
related genes, appear to be rapidly downregulated as 
a response to ETT, it is currently unclear whether ETT inter
acts directly with the promoters of these genes. Comparisons 
between datasets confirm the regulatory interactions identified 
for three PMEIs and three PMEs (Figure 2). However, the 
presumptive promoters of only two of these genes, PMEI 
AT5G50030 and PME AT3G17060, contain potential ETT- 
binding sites, and neither gene emerged as a putative direct 
target of ETT in the ChIP-seq analysis of Simonini et al.9 Taken 
together, the data described here suggest the involvement of 
PMEs and PMEIs in ETT’s mode of action in the gynecium, but 
suggest the operation of one or more rapidly-acting intermedi
ate components, downstream of ETT, in the transcriptional 
regulation of these genes.

For example, ETT might repress one or more transcrip
tional activators, whose activity would thereby be reduced in 
the gynecium, leading to lower transcription rates of their own 
direct targets, possibly including some of the likely indirect 
targets of ETT identified here. Our experiments (Table S1) and 
those of Simonini et al.9 have indicated a number of transcrip
tion factors as possible direct targets of ETT, so that observa
tion could represent a starting point to investigate this 
hypothesis further.

Material and methods

Plant growth conditions

Wild-type, transgenic and/or mutant A. thaliana lines were 
grown on peat-based compost at 20°C under short-day 

conditions (8 h light/16 h dark cycles) for 4 weeks before 
being transferred in long-day conditions (16 h light/8 h dark 
cycles) to induce flowering for genetic transformation, induc
tion experiments and/or gene expression analyses.

Transgene constructs, induction experiments and 
microarray analyses

The ETT coding sequence was inserted into pG0229-35S::GR10 

between the CaMV-35S promoter and a sequence encoding the 
hormone-binding domain of the rat glucocorticoid receptor, so 
as to conserve the reading frame of the latter element. The 
resulting plasmid was transferred to Agrobacterium tumefa
ciens C58/pMP90, a culture of which was then used to trans
form plants of the A. thaliana Col-0 ecotype by standard “floral 
dip” procedures. A homozygous individual, stably expressing 
the transgene from a single insertion event, was selected from 
the ensuing T2 generation.

The ETT-GR transgene construct was then introduced into 
an ett-22 mutant background by cross pollination. The func
tionality of the ETT-GR fusion protein was demonstrated on 
homozygous plants from which all flowers later than Stage 822 

had been removed. Inflorescences were dipped for 2 min, once 
per day for five days, into aqueous solutions of DEX (10 µg/ml) 
containing Silwet L-77 surfactant (0.01% v/v), or mock solu
tions lacking DEX. Gynoecia were observed three days after 
final treatments using a Leica MZ12 stereomicroscope coupled 
to a DFC320 digital camera. Fifty measurements were made 
using ImageJ for each treatment-group of the ett-22 35S:ETT- 
GR line, and 30 measurements for each treatment-group of the 
35S:ETT-GR and ett-22 lines.

For microarray analyses, two populations, each composed 
of ten T3 descendants of the original T2 35S:ETT-GR transfor
mant in a wild-type Col-0 genetic background, were grown to 
maturity. CHX and DEX treatments, RNA extraction and 
microarray analyses were performed as described by 
Reymond et al.,11 and the entire experiment was repeated 
twice to provide three biological replicates. Statistical analysis 
of microarray data was also performed as previously 
described.11 The complete microarray dataset is available at 
CATdb (http://tools.ips2.u-psud.fr/CATdb) as Project: 
GEN45-Carpel_development. The list of putative ETT-targets 
obtained was functionally analyzed using Classification 
Superviewer14 at http://bar.utoronto.ca.

Quantitative RT-PCR

Total RNA was extracted from inflorescences using Spectrum 
Plant Total RNA Kit (Sigma). Any contaminating DNA was 
eliminated by treatments with Turbo DNAase (Ambion) and 
4-µg aliquots of total RNA were then reverse transcribed using 
RevertAid Reverse Transcriptase (Fermentas). Reverse tran
scriptase reactions of 20 μl volume were diluted to 1 ml, and 
5-μl aliquots of these dilutions were subjected to qPCR using 
SYBR GREEN (Roche) in a StepOne Plus apparatus (Applied). 
Primer efficiencies were determined from standard curves using 
serial cDNA dilutions and PCR amplification was performed 
using a three-step protocol, incorporating a melting curve. 
Results were normalized to the expression of GAPDH 
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(AT3G26650), chosen from a list of potential control genes 
using BESTKEEPER,23 and analyzed using the 2−(ΔΔCt) method. 
Each expression value was determined from the mean of 
a minimum of three plants, and each experiment was repeated 
twice independently. The primers used are given in the Table S3.

In-silico promoter analyses and global data comparisons

A genome-wide set of A. thaliana promoters (http://arabidop 
sis.med.ohio-state.edu/)24 was scanned with PSSMs for ETT5 

using the Matrix-Scan program in RSAT.17 Scans were com
bined and filtered on the basis of score-values. Gene lists 
produced using various different methods were compared in 
Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).
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