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SUMMARY

Here we analyze the structural evolution of the paralogous transcription factors ETTIN (ETT/ARF3) and AUXIN

RESPONSE FACTOR 4 (ARF4), which control the development of floral organs and leaves in the model

angiosperm Arabidopsis. ETT is truncated at its C terminus, and consequently lacks two regulatory domains

present in most other ARFs, including ARF4. Our analysis indicates ETT and ARF4 to have been generated by

the duplication of a non-truncated ARF gene prior to the radiation of the extant angiosperms. We furthermore

show that either ETT or ARF4 orthologs have become modified to encode truncated ARF proteins, lacking

C-terminal regulatory domains, in representatives of three groups that separated early in angiosperm

evolution: Amborellales, Nymphaeales and the remaining angiosperm clade. Interestingly, the production of

truncated ARF4 transcripts in Amborellales occurs through an alternative splicing mechanism, rather than

through a permanent truncation, as in the other groups studied. To gain insight into the potential functional

significance of truncations to ETT and ARF4, we tested the capacity of native, truncated and chimeric coding

sequences of these genes to restore a wild-type phenotype to Arabidopsis ett mutants. We discuss the results

of this analysis in the context of the structural evolution of ARF genes in the angiosperms.

Keywords: auxin response factor, angiosperm, molecular evolution, alternative splicing, ETTIN, auxin

response factor 4, amborella trichopoda, cabomba, aquatica, ephedra distachya.

INTRODUCTION

ETTIN (ETT/ARF3) and AUXIN RESPONSE FACTOR 4 (ARF4)

are paralogous members of the ARF family, which contains a

total of 23 genes in Arabidopsis (Guilfoyle and Hagen, 2007).

ARF transcription factors are known to regulate gene

expression in response to the plant hormone auxin by

binding to auxin response elements (AuxREs) in the pro-

moters of their target genes (Ulmasov et al., 1997). Strong

ett mutations produce severe defects in carpel development

and alterations in floral phyllotaxy. Effects of these muta-

tions on carpel development include reduced development

of the ovary and style tissues, excessive growth of the stig-

ma, incomplete carpel fusion and the ectopic production of

transmitting tissue in external positions (Sessions and

Zambryski, 1995; Sessions et al., 1997). This latter effect

represents a disruption to abaxial–adaxial polarity in the

carpel, in which the abaxial and adaxial poles correspond,

respectively, to the outer and inner surfaces of the ovary

wall.

Plants in which only ARF4 is inactivated show no aberrant

developmental phenotype. However, double ett arf4

mutants show a breakdown of abaxial tissue specification in

all lateral organs (Pekker et al., 2005), indicating an extensive

overlap in the functions of these genes. The activity of ETT

and ARF4 is restricted to the abaxial domain of lateral organs

through post-transcriptional regulation by two TAS3-gener-

ated tasi-microRNAs (Garcia et al., 2006). ETT is also known

to be regulated by upstream open reading frames (uORFs) in

its 5¢ leader sequence, which block translation of the main

ORF in the absence of specific ribosomal factors (Nishimura

et al., 2004a,b, 2005). Several further members of the ARF

family including ARF4 possess uORFs, suggesting that these

genes may also be regulated at the translational level.

Despite their partially redundant functions and similar

mechanisms of regulation, ETT and ARF4 show distinct

molecular structures, as ETT lacks two C-terminal dimeriza-

tion domains, termed domains III and IV, which are present
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in ARF4 and most other ARF proteins. These domains are

known to interact with similar sequences present in negative

regulators of ARF activity, termed Aux/IAA proteins

(Ulmasov et al., 1999a; Tiwari et al., 2001). Aux/IAA proteins

are themselves negatively regulated by auxin-binding F-box

proteins (Dharmasiri et al., 2005; Kepinski and Leyser, 2005),

thus explaining the positive effect of auxin on ARF activity.

Domains III and IV are also known to facilitate homodimer-

ization, which appears to be required in some cases for the

efficient binding of ARFs to DNA (Ulmasov et al., 1999b).

Molecular phylogenetic studies indicate the angiosperms,

or flowering plants, and the extant gymnosperms, or non-

flowering seed plants, to form two sister clades (Bremer

et al., 2009). Within the angiosperms, three extant lineages,

Amborellales, Nymphaeales and Austrobaileyales, collectively

termed the ANA grade, appear to have diverged in a basal

position from a remaining common lineage, from which all

other living angiosperms are descended. Amborellales

contains the single species Amborella trichopoda, which is

a shrub that is endemic to the Southern Pacific island of New

Caledonia, whereas Nymphaeales and Austrobaileyales

each contain three small families of aquatic and woody

species, respectively. The most recent phylogenetic analy-

ses support the sequential divergence of Amborellales,

Nymphaeales and Austrobaileyales from a remaining angio-

sperm lineage (Bremer et al., 2009). However, two earlier

studies supported a slightly different phylogeny in which

Amborellales and Nymphaeales together formed a first-

diverging clade (Qiu et al., 2001; Zanis et al., 2002).

As the carpel is the major defining feature of the angio-

sperms, and as ETT and ARF4 are essential to carpel

development in Arabidopsis, we decided to investigate the

evolution of these genes in early angiosperms, beginning by

identifying their orthologs in representative ANA-grade

angiosperms and gymnosperms. The results of our study

strongly suggest ETT and ARF4 to have been generated by a

duplication event in the angiosperm lineage, which occurred

after the separation of the angiosperm and gymnosperm

lineages, but prior to the radiation of the extant angio-

sperms. Our studies also show one or other of ETT and ARF4

to have become modified to encode a truncated ARF protein,

lacking C-terminal dimerization domains, in each of three

lineages that diverged early in angiosperm evolution:

Amborellales, Nymphaeales and the remaining angiosperm

clade. We discuss several alternative scenarios for this

parallel evolution of ARF protein structure based on the

different forms of truncation observed, which include an

alternative splicing mechanism operating in A. trichopoda,

the probable sister to all other extant flowering plants.

To test the significance of truncations to ETT and ARF4 for

plant development, we measured the capacity of wild-type,

chimeric and artificially truncated coding sequences of these

genes to complement the ett-1 mutant phenotype in

Arabidopsis. The results of these studies indicate that the

truncation of ETT contributes to its role in carpel develop-

ment, and also reveal an underlying difference in the

capacity of ETT and ARF4 to function in the absence of

C-terminal dimerization domains. We discuss the data

obtained from these functional studies in the context of

ARF gene evolution in the angiosperms.

RESULTS

ETT and ARF4 originated in a gene duplication event prior to

the last common ancestor of extant angiosperms

To gain insight into the early evolution of ETT and ARF4 in

angiosperms, we identified closely related homologs of

these genes by database searching, and by screening cDNA

libraries made from reproductive tissues of the ANA-grade

angiosperms A. trichopoda (Amborellales) and Cabomba

aquatica (Nymphaeales), and of the gymnosperms Ephedra

distachya (Gnetales) and Ginkgo biloba (Ginkgoales)

(Table S1). We performed phylogenetic analyses of the

sequences identified using both an extensive data set

containing all well-aligned sites, and a restricted data set

corresponding to the 5¢ regions of these molecules, includ-

ing their predicted DNA-binding domains. Both nucleotide

and amino-acid data sets corresponding to these alignments

were used in phylogenetic analyses (Figure S1).

All of the phylogenetic analyses performed in this study

revealed a pair of well-supported clades in sister positions,

including ETT and ARF4 from Arabidopsis (Figures 1 and

S2). The internal structure of each of these clades broadly

recapitulates angiosperm phylogeny, with genes from

A. trichopoda and C. aquatica occurring in basally diverging

positions. In common with ETT and ARF4 from Arabidopsis,

the angiosperm ARF genes identified in this study were

found to possess sites of regulation by TAS3-generated tasi-

microRNAs, in addition to uORFs in their 5¢ leader

sequences, which may function in translational regulation

(Table S2). Also like ETT and ARF4, these genes were found

to be expressed in both reproductive and vegetative tissues

(Figure S3). In situ hybridization of AtrARF4 from A. tricho-

poda and of CaqARF4 from C. aquatica revealed clear

hybridization signals in ovule tissues, similar to signals

obtained using ETT and ARF4 probes in Arabidopsis

(Figure S4). Taken together, these data support the close

relationship between the angiosperm genes identified in this

study and ETT and ARF4 from Arabidopsis. Furthermore, our

phylogenetic reconstructions strongly suggest the ortholo-

gy of the angiosperm genes present in each of the two sister

clades containing Arabidopsis ETT and ARF4, as identified in

these analyses (Figures 1 and S2). As both of these clades

include genes from ANA-grade angiosperms, we propose

the duplication that separated the ETT and ARF4 lineages to

have predated the initial radiation of the extant angio-

sperms. The ARF4 clade contains no gene from the Poaceae

monocot Oryza sativa, the complete genome sequence of
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which is now available (Goff et al., 2002), suggesting that

this gene was lost from the O. sativa lineage after the

divergence of the monocots and eudicots. In certain cases,

duplications have occurred to generate several paralogs of

ETT, leading for example to four ETT-like genes in O. sativa

and two in Populus trichocarpa (Figures 1 and S2).

Our phylogenetic analyses (Figures 1 and S2) also

revealed a group of gymnosperm ARF genes positioned

externally to the combined angiosperm ETT + ARF4 clade.

These genes formed a clade in the analysis shown in

Figure 1, whereas they formed a grade of lineages in the

three analyses shown in Figure S2. The internal structure of

this gymnosperm clade or grade thus varied between

analyses, making it difficult to conclude the precise relation-

ships of orthology between the genes within it. Significantly,

however, no gymnosperm genes grouped within the angio-

sperm ETT or ARF4 clades, and no angiosperm genes

grouped within this gymnosperm clade or grade. The genes

of this clade or grade contain sites associated with post-

transcriptional regulation by TAS3-generated tasi-miRNAs

and uORFs in their 5¢ leader sequences, as do putative

angiosperm ETT and ARF4 orthologs (Table S2). Taken

together, these data suggest the gymnosperm genes iden-

tified here are orthologous to the combined ETT + ARF4

clade of angiosperm genes (Figure 1). This interpretation

implies the duplication event that generated ETT and ARF4

to have occurred in the angiosperm lineage, subsequent to

the last common ancestor of the extant angiosperms and

gymnosperms. Of the gymnosperm ETT/ARF4-like genes

identified here, we chose to investigate the expression of

EdiARFL1 from E. distachya because of the relative simplic-

ity of performing in situ hybridization in this species.

EdiARFL1 was expressed both in reproductive and vegeta-

tive tissues (Figure S3), and showed a clear in situ hybrid-

ization signal in ovule tissues, as did ETT and ARF4 in

Arabidopsis (Figure S4).

Truncated transcripts of ETT or ARF4 are present in three

early diverging angiosperm lineages

The gymnosperm ETT/ARF4-like genes identified in the

present study (Figure 1, Table S1) were found to encode

proteins of typical ARF structure, including C-terminal

interaction domains III and IV. In this respect, these genes

resemble the ARF4 orthologs of eudicots, and are distinct

from the ETT orthologs of both eudicots and monocots,

which encode truncated ARF proteins that lack C-terminal

dimerization domains (Sato et al., 2001; Guilfoyle and

Hagen, 2007). Interestingly, we found the ARF4 orthologs

of the ANA-grade angiosperms A. trichopoda and C. aqu-

atica to generate truncated transcripts, whereas the ETT

orthologs of these species encoded full-length ARF

proteins.

To further investigate this apparent switch in the molec-

ular structure of ETT and ARF4 between ANA-grade and later

diverging angiosperms, we analyzed the genomic

sequences of the novel ARF genes identified. We found the

truncation of CaqARF4 from C. aquatica to be generated by

the presence of a stop codon that prematurely terminates

exon 11 of this gene, whereas the truncation affecting ETT

orthologs in eudicots such as Arabidopsis thaliana, and

monocots such as O. sativa, is caused by a stop codon

terminating exon 10 of these genes (Figure 2). AtrARF4 from

the ANA-grade angiosperm A. trichopoda was also found to

encode a truncated ARF protein, lacking domains III and IV.

However, we found the corresponding genomic sequence to

possess the structure of a typical, non-truncated ARF gene.

Further analysis revealed AtrARF4 to be subject to an

alternative splicing mechanism that generates both long

Figure 1. A maximum-likelihood phylogeny of

ETT- and ARF4-like genes in seed plants from an

alignment of full-length nucleotide sequences

(see Figure S1).

Clade support values superior to 70% are indi-

cated. Species of origin are indicated by gene

name prefixes: Atr, Amborella trichopoda; Caq,

Cabomba aquatica; Csa, Cucumis sativus; Edi,

Ephedra distachya; Gbi, Ginkgo biloba; Osa,

Oryza sativa; Psi, Picea sitchensis; Pta, Pinus

taeda; Ptr, Populus trichocarpa; Sly, Solanum

lycopersicum; Vvi, Vitis vinifera; no prefix, Ara-

bidopsis thaliana. Accession numbers are given

in Table S1.
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and short variant transcripts. The short variant transcript of

this gene is produced by the excision of a cassette contain-

ing intron 10, exon 11 and intron 11 (Figure 2), which also

shifts the reading frame and completely eliminates domains

III and IV from the encoded protein (Figure S5). The relative

abundance of the short- and long-variant transcripts of

AtrARF4 was found to be 2.2:1 in an A. trichopoda female

flower cDNA library, indicating the short variant transcript to

predominate significantly, at least in female flowers. Both

short- and long-variant forms of AtrARF4 were also

observed in male flower RNA using RT-PCR analysis (data

not presented). We also used RT-PCR to test for the presence

of short-variant transcripts of ARF4 in Arabidopsis,

EdiARFL1 in E. distachya, and GbiARFL1 and GbiARFL2 in

G. biloba, but found no evidence of alternative splicing in

these cases (results not presented).

Our analysis of ARF gene structure thus indicates that

truncated transcripts of either ETT or ARF4 are produced

through distinct mechanisms in representatives of lineages

that diverged at early stages in angiosperm evolution: a

premature stop codon in exon 10 of the ETT orthologs of

eudicots and monocots, a premature stop codon in exon 11

of CaqARF4 in C. aquatica (Nymphaeales), and an alterna-

tive splicing mechanism operating on AtrARF4 in A. tricho-

poda (Amborellales).

The truncation of ETT contributes to its function in carpel

development

The discovery that truncations to either ETT or ARF4 are

widespread in the angiosperms led us to examine the

functional significance of these structural modifications. To

address this question, we assessed the ability of various

wild-type, chimeric and artificially truncated versions of the

ETT and ARF4 coding sequences to complement the

Arabidopsis ett-1 mutation when expressed downstream of

the ETT promoter and 5¢ leader sequence (proETT). The

strong ett-1 allele was used in these experiments to provide

a large range of phenotypic variation through which genetic

complementation could be assessed. Chimeric constructs

were made by the recombination of the ETT and ARF4 cod-

ing sequences at a point of clear alignment between these,

upstream of sequences encoding domain III in ARF4,

whereas a truncated ARF4 construct was generated by the

introduction of a stop codon at this same point (Figure 3a).

A construct containing the wild-type ETT coding

sequence, proETT::ETT (Figure 3a), completely restored

wild-type gynoecium development and fertility to all ett-1

homozygotes analyzed in a T1 population (Figure 3b; Table

S3). This positive control construct thus established that the

cis-acting regulatory sequence used in these experiments

ETT (Arabidopsis)

mRNA

Gene

T1

ARF4 (Arabidopsis)

mRNA

Gene

CaqETT (C. aquatica)

mRNA

CaqARF4 (C. aquatica)

mRNA

1 2 3 4 5  6  7 8  9

1  2  3  4  5  6  7  8  9 10 11

1  2 3 4  5  6  7  8  9 10 11

1  2 3 4  5  6  7 8 9 10
Gene (partial)

T2

AtrETT (A. trichopoda)

mRNA

Gene (partial)

AtrARF4 (A. trichopoda)

Gene
(partial)

Short variant mRNA

AS

9 10 11

7  8 9  10  11

0 1  2  3 4 kb

Long variant mRNA

Gene (partial)

Figure 2. The structure of ETT and ARF4 ortho-

logs in Arabidopsis, Cabomba aquatica and

Amborella trichopoda.

DNA-binding domains of ETT (red) and ARF4

(blue) orthologs are shown in darker shading,

and domains III and IV are colored yellow. Introns

are numbered, and the C-terminal protein trun-

cations caused by premature stop codons (T1

and T2) and alternative splicing (AS) are

indicated.
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was fully functional, and provided a standard against

which the complementation achieved using other coding

sequences could be measured.

Constructs containing either the wild-type ARF4 coding

sequence (proETT::ARF4 in Figure 3a) or a translational

fusion encoding the DNA binding domain of ETT, together

with domains III and IV of ARF4 (proETT::ETT-ARF4 in

Figure 3a), were able to partially restore wild-type gynoe-

cium development to ett-1 mutants (Figure 3b; Table S3).

Gynoecia of the majority of T1 transformants containing

either of these constructs showed valves and stigmatic

tissues that were intermediate in size between those of

wild-type plants and ett-1 mutants. These partially comple-

mented transformants showed reduced fertility in comparison

with wild-type plants, although they did set some seed. In

the T2 generation, all transformants containing these con-

structs showed partial complemention, resembling the

majority of T1 transformants (Table S3).

The majority of T1 plants transformed either with a

chimeric construct encoding the DNA-binding domain of

ARF4, translationally fused to the C terminus of ETT

(proETT::ARF4-ETT in Figure 3a), or with an ARF4 construct

that had been truncated by the insertion of a premature stop

codon (proETT::ARF4-trunc in Figure 3a), showed little if any

restoration of wild-type gynoecium development (Figure 3b;

Table S3). A minority of plants transformed with either of

these constructs produced a proportion of flowers with less

severe gynoecium phenotypes and that set some seed. In

the T2 generation, however, the progeny of these plants

reverted almost completely to an ett-1-like phenotype.

The results of these analyses indicate a series of strengths

in the ability of the different constructs tested to comple-

ment the ett-1 mutation, as shown in Figure 3c. The addition

of domains III and IV (from ARF4) to ETT thus reduced the

capacity of this protein to complement the ett-1 mutation.

Chimeric ETT-ARF4 and native ARF4 coding sequences

showed similar capacities to complement the ett-1 mutation,

suggesting a broad functional equivalence between the

DNA-binding domains of ETT and ARF4, conditionally on the

presence of domains III and IV. However, the removal of

sequences encoding domains III and IV from ARF4 greatly

reduced the capacity of this coding sequence to comple-

ment the ett-1 mutation. Thus, although ETT and ARF4

show broad functional similarities, ETT is able to function

with or without domains III and IV, whereas ARF4 appears

to require these domains for its activity, at least in the

context of the present analysis, in which an ARF4 coding

sequence was used to complement a mutation in its

paralog ETT.

DISCUSSION

A reconstruction of the evolution of ETT and ARF4 in the

angiosperms

The phylogenetic and structural analysis of ETT and ARF4-

like genes in present-day angiosperms and gymnosperms

(Figures 1 and 2) has permitted a partial reconstruction of

their molecular evolution since the last common ancestor of

the living seed plants. The results of this analysis support the

generation of ETT and ARF4 by a gene duplication event in

proETT::ETT

proETT::ARF4

proETT::ETT-ARF4

proETT::ARF4-trunc.

proETT::ARF4-ETT

ETT      
1681-ACCACAGCAGTTGCATCT

T T A V A S
T P A S K P

1960-ACACCTGCATCTAAGCCG
ARF4     TAA

ETT coding sequence

ARF4 coding sequence

DNA binding domain

Domains III and IV

ETT promoter and 5′-leader
NOS terminator

ett-1,
proETT::ETT

Wild-type 
(Ws-1)

ett-1
ett-1,

proETT::ARF4

ett-1,
proETT::ARF4-trunc.

ett-1,
proETT::ETT-ARF4

ett-1,
proETT::ARF4-ETT

proETT::ARF4
or          

proETT::ETT-ARF4
proETT::ETT

proETT::ARF4-trunc.
or

proETT::ARF4-ETT> >

(a)

(b)

(c)

Figure 3. The effect of ARF truncations on Arabidopsis carpel development.

(a) Transgene constructs containing wild-type, chimeric and truncated ETT

and ARF4 coding sequences, fused to the ETT promoter and 5¢ leader.

Nucleotides at the point of recombination (dashed line) or premature

truncation (TAA stop codon) are indicated. (b) Gynoecia of wild-type

Arabidopsis, ett-1 mutants, and typical examples of ett-1 mutants trans-

formed with the constructs indicated. Scale bars: 100 lm. (c) Relative

strengths of the constructs tested in complementing the ett-1 phenotype.
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the angiosperm lineage, prior to the last common ancestor

of the extant angiosperms (Figure 4). Interestingly, a large-

scale duplication event has been mapped to approximately

this evolutionary stage (De Bodt et al., 2005), which may

explain the origin of several gene clades of importance to

flower development through duplications that occurred

prior to the radiation of the extant angiosperms. These novel

clades include the C- and D-function clades (Kramer et al.,

2004), and the SEPALLATA3 and SEPALLATA1/2/4 MADS-

box clades (Zahn et al., 2005).

Our evolutionary reconstruction indicates that, subse-

quent to the radiation of the angiosperms, genetic trunca-

tion events occurred that removed sequences encoding

C-terminal dimerization domains from the ETT orthologs of

monocots and eudicots (T1 in Figure 4), and from an ARF4

ortholog of C. aquatica in Nymphaeales (T2 in Figure 4). The

ARF4 lineage appears to have been lost from the Poaceae

monocot O. sativa, subsequent to the divergence of the

monocot and eudicot lineages (Figure 4). A wider sampling

of monocots would help to place this gene loss with greater

precision along the monocot lineage. In addition, duplica-

tions of the ETT gene have occurred in several angiosperm

lineages, including that of O. sativa (Figure 4).

We also found truncated transcripts of AtrARF4 in

A. trichopoda, the probable sister species to all other

flowering plants, which are generated by an alternative

splicing mechanism that removes exon 11, along with its

adjacent introns (Figures 2 and S5). In animal systems, such

alternative splicing mechanisms are typically associated

with the presence of exonic splicing silencer (ESS) or

intronic splicing silencer (ISS) motifs in the affected gene

(Dredge et al., 2005; Wang et al., 2006), and the general

conservation of splicing phenomena between plants and

animals strongly suggests similar mechanisms to exist in

plants (Irimia et al., 2007). As the alternative splicing mech-

anism revealed in our study has so far only been found to

operate on AtrARF4, the most parsimonious position for the

evolutionary origin of this mechanism is on the AtrARF4

lineage, after the radiation of the extant angiosperms (AS1 in

Figure 4). According to this interpretation, truncated ETT or

ARF4 transcripts would have arisen in parallel through three

different mechanisms in Amborellales, Nymphaeales and

the remaining angiosperms, which might imply some

common evolutionary constraint operating on these plant

lineages, or alternatively suggest the presence of relaxed

selection that allowed the truncation of one or other

member of the ETT/ARF4 pair. However, we cannot exclude

the possibility that the alternative splicing mechanism

described here may be of more ancient origin, predating

the radiation of the extant angiosperms (AS2 in Figure 4), or

even the separation of the ETT and ARF4 lineages (AS3 in

Figure 4). In either of these latter two cases, this alternative

splicing mechanism would initially have been present in all

angiosperm lineages, but would subsequently have been

lost from some of these, perhaps following permanent

genetic truncations to their ETT or ARF4 orthologs (e.g. T1

and T2 in Figure 4). Such losses of alternative splicing might

have occurred through mutations to ESS or ISS motifs in the

alternatively spliced genes. A wider sampling of ANA-grade

angiosperms, in which further cases of alternative splicing

of ARF4 and/or ETT might be found, could provide evidence

to choose between these various hypotheses (AS1–AS3 in

Figure 4).

The functional significance of truncations to ETT and ARF4

The presence of truncated ETT or ARF4 transcripts in three

plant groups that diverged very early in angiosperm evolu-

tion (Figure 4) led us to test the functional significance of

such truncations in Arabidopsis. This analysis (Figure 3;

Table S3) indicated that the truncation of ETT contributed to

its function in carpel development, and also revealed an

underlying difference in the capacity of the N-terminal (DNA-

binding) domains of ETT and ARF4 to function in the

absence of C-terminal dimerization domains. This latter

observation raises the question of whether, in ANA-grade

angiosperms, it might be the non-truncated ETT orthologs,

rather than the truncated ARF4 orthologs, which require

C-terminal domains for their biological activity. A full answer

to this question will require the development of functional

genetic approaches in ANA-grade angiosperms, which

should now become a high priority for plant evo-devo

studies. The truncations of ETT and ARF4, revealed by the

present work to have occurred in multiple early diverging

angiosperm lineages, combined with the potential func-

tional significance of these truncations, suggests the

importance of such structural modifications to ARF factors in

the early evolution of the angiosperms.

Gymnosperms A. trichopoda
(Amborellales)

C. aquatica
(Nymphaeales)

O. sativa
(monocots)

Arabidopsis
(eudicots)

(x 4)

Gene
loss

Angiosperm 
Ancestor

ARF3/4
lineage

ETT lineage 

ARF4 lineage  

Domains III and IV

Short variant transcript Seed plant ancestor

T1

Figure 4. A partial evolutionary reconstruction of ETT and ARF4 in seed

plants.

Protein truncations by the insertion of premature stop codons (T1 and T2),

and three possible origins for an alternative splicing mechanism operating in

A. trichopoda (AS1–AS3), are indicated.
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EXPERIMENTAL PROCEDURES

Plant material

Tissues of A. trichopoda were field-collected at Col d’Amieu, New
Caledonia; those of E. distachya and G. biloba were obtained from
Lyon Botanic Garden, France. Plants of C. aquatica were obtained
from Anthias S.A. (Les Chères, France) and were grown in a small
aquarium. Seed of the Columbia-0 (Col-0) and Wassilewskija-2
(Ws-2) ecotypes of Arabidopsis [Arabidopsis thaliana (L.) Heynh.]
and of the ett-1 mutant, in a Ws-2 background, were obtained from
the Nottingham Arabidopsis Stock Centre (NASC, http://arabidopsis.
info). Arabidopsis plants, potted in peat-based compost, were
grown in a growth chamber at 20�C, initially for 4 weeks under 8-h
light/16-h dark cycles, and were then grown to flowering under 18-h
light/6-h dark cycles.

Gene identification and expression analyses

cDNAs homologous to ETT and ARF4 were obtained by screening
previously described cDNA libraries constructed from A. trichopoda
and C. aquatica flower RNA (Fourquin et al., 2005), and similarly
constructed cDNA libraries from mixed developmental stages of
male and female reproductive structures of E. distachya, and from
mixed developmental stages of ovules from G. biloba. A partial
cDNA corresponding to AtrARF4 was found by BLAST searching of
an A. trichopoda flower expressed sequence tag database (http://
pgn.cornell.edu/blast/blast_search.pl), and its sequence was then
completed by RACE PCR from A. trichopoda flower mRNA. Geno-
mic loci were amplified by PCR using primers derived from the
corresponding full-length cDNA sequences. Northern blot hybrid-
izations using radiolabeled probes, and in situ hybridizations using
digoxygenin-labeled probes, were performed as previously
described (Fourquin et al., 2005).

Phylogenetic analyses

Amino acid and nucleotide sequences were aligned using MUSCLE
(Edgar, 2004), and unambiguously aligned sites were then manually
selected using SEAVIEW (Galtier et al., 1996) for use in phylogenetic
reconstructions. These reconstructions were made using data sets
both from the highly conserved 5¢ and N-terminal extremities of the
sequences analyzed, and from a more extensive data set covering
all well-aligned sites (Figure S1). Maximum likelihood and Bayesian
inference analyses were performed using PHYML (Guindon and
Gascuel, 2003) and MRBAYES (Ronquist and Huelsenbeck, 2003),
respectively. Analyses of amino acid sequences were performed
using a WAG + I + C4 substitution model, whereas those of DNA
sequences were performed using a JTT model. In all cases, the
robustness of nodes was estimated using bootstrap tests of 1000
replicates.

Analysis of transgenic plants

ETT and ARF4 coding sequences were amplified by RT-PCR from
Arabidopsis Col-0 flower RNA, and were then re-amplified to
incorporate Gateway (Invitrogen, http://www.invitrogen.com) attB1
and attB2 recombination sites upstream and downstream of their
initiation and stop codons, respectively. Chimeric coding
sequences, recombined between the DNA-binding and dimerization
domains of ETT and ARF4, were produced by separately amplifying
the 5¢ and 3¢ extremities of the ETT and ARF4 coding sequences
using chimeric internal primers, and combining the resulting PCR
products by further rounds of PCR amplification using the appro-
priate terminal primers. A truncated coding sequence of ARF4 was
generated by re-amplification using an attB2-containing primer that

also contained a stop mutation. The resulting wild-type, chimeric
and truncated coding sequences were incorporated, using Gateway
BP (Invitrogen) recombination reactions, into pDONR207 (Invitro-
gen), and were then fully sequenced. In parallel, a fragment carrying
the presumptive promoter and 5¢ leader of ETT (proETT) was
amplified from Arabidopsis Col-0 genomic DNA. The PCR primers
used in this amplification incorporated an XbaI site immediately
upstream of the ATG start codon of the main ORF in ETT, and
straddled a naturally occurring XbaI site at )3736 bp relative to the
ETT start codon. The resulting promoter DNA was fully sequenced
in a plasmid cloning vector, released by treatment with XbaI, and
inserted into the unique XbaI site of a plant transformation vector
carrying a Gateway (Invitrogen) recombination cassette (Fourquin
et al., 2007), upstream of the nopaline synthase terminator. Wild-
type, chimeric and truncated ETT and ARF4 coding sequences from
pDONR207-derived plasmids were then transferred to the resulting
proETT-containing plant transformation vector by Gateway LR
(Invitrogen) recombination reactions. The resulting plant transfor-
mation vectors were introduced into Agrobacterium tumefaciens
strain C58pmp90 and used to transform segregating populations of
ett-1 mutants by the floral-dip method (Clough and Bent, 1998). T1

seed, harvested from dipped (T0) plants, were selected on MS
medium containing 8 mg l)1 of ammonium glufosinate (BASTA).
The ETT locus of the BASTA-resistant T1 plants selected was char-
acterized by genomic PCR using the ETT coding sequence primers
5¢-CTCGATGTTAAGCTTCACG-3¢ and 5¢-GCACTCCACCCGGTAGT-
GAGC-3¢ and a T-DNA primer. Native ETT alleles and ETT transg-
enes were distinguished in this procedure by PCR product size, as
the latter lacked introns.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:
Figure S1. Auxin response factor (ARF) nucleotide (a) and amino
acid (b) sequence alignments used in the phylogenetic analyses
shown in Figures 1 and S2.
Figure S2. Phylogenetic analyses of ETT- and ARF4-like genes in
seed plants.
Figure S3. Northern blot hybridizations of ETT and ARF4 orthologs
from Amborella trichopoda, Cabomba aquatica and Ephedra
distachya, showing comparable expression levels in vegetative
and reproductive tissues.
Figure S4. In situ hybridization of ETT and ARF4 orthologs.
Figure S5. Alternative splicing of exon 11 of AtrARF4 in Amborella
trichopoda.
Table S1. Accession numbers of ETT and ARF4-like sequences
analyzed.
Table S2. Motifs associated with the post-transcriptional and
translational regulation of ETT and ARF4 orthologs.
Table S3. Numbers of Arabidopsis ett-1 lines showing full, partial or
no complementation following transformation with the wild-type,
chimeric and truncated ETT and ARF4 transgenes shown in
Figure 3a.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
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materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than missing
files) should be addressed to the authors.
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