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† Background and Aims The closely related NAC family genes NO APICAL MERISTEM (NAM) and CUP-
SHAPED COTYLEDON3 (CUC3) regulate the formation of boundaries within and between plant organs.
NAM is post-transcriptionally regulated by miR164, whereas CUC3 is not. To gain insight into the evolution
of NAM and CUC3 in the angiosperms, we analysed orthologous genes in early-diverging ANA-grade angios-
perms and gymnosperms.
† Methods We obtained NAM- and CUC3-like sequences from diverse angiosperms and gymnosperms by a com-
bination of reverse transcriptase PCR, cDNA library screening and database searching, and then investigated their
phylogenetic relationships by performing maximum-likelihood reconstructions. We also studied the spatial
expression patterns of NAM, CUC3 and MIR164 orthologues in female reproductive tissues of Amborella
trichopoda, the probable sister to all other flowering plants.
† Key Results Separate NAM and CUC3 orthologues were found in early-diverging angiosperms, but not in gym-
nosperms, which contained putative orthologues of the entire NAM + CUC3 clade that possessed sites of regu-
lation by miR164. Multiple paralogues of NAM or CUC3 genes were noted in certain taxa, including
Brassicaceae. Expression of NAM, CUC3 and MIR164 orthologues from Am. trichopoda was found to co-localize
in ovules at the developmental boundary between the chalaza and nucellus.
† Conclusions The NAM and CUC3 lineages were generated by duplication, and CUC3 was subsequently lost
regulation by miR164, prior to the last common ancestor of the extant angiosperms. However, the paralogous
NAM clade genes CUC1 and CUC2 were generated by a more recent duplication, near the base of
Brassicaceae. The function of NAM and CUC3 in defining a developmental boundary in the ovule appears to
have been conserved since the last common ancestor of the flowering plants, as does the post-transcriptional regu-
lation in ovule tissues of NAM by miR164.

Key words: CUP-SHAPED COTYLEDON, CUC, NO APICAL MERISTEM, NAM, NAC, MIR164, Amborella
trichopoda, Cabomba aquatica, Ginkgo biloba, angiosperm, gymnosperm.

INTRODUCTION

The genes NO APICAL MERISTEM (NAM) in Petunia
hybrida and CUP-SHAPED COTYLEDON3 (CUC3) in
Arabidopsis thaliana encode distinct members of the large
NAC family of plant-specific transcription factors (Ooka
et al., 2003). NAC proteins contain a highly conserved,
DNA-binding ‘NAC’ domain at their N terminus, and a
more variable C-terminal region (Ernst et al., 2004). NAM,
CUC3 and their respective orthologues in diverse angios-
perms, which are here referred to generically as CUC
genes, are expressed at, and control the formation of, tissue
boundaries both within and between plant organs.
Accordingly, the inactivation of CUC genes reveals a range
of unique, redundant and partially overlapping phenotypes
in processes including: shoot apical meristem (SAM)

establishment, lateral meristem formation, lateral organ separ-
ation, leaf lobing and ovule development (Souer et al., 1996;
Aida et al., 1997; Ishida et al., 2000; Vroemen et al., 2003;
Hibara et al., 2006; Nikovics et al., 2006). In ovule develop-
ment, CUC genes are expressed at and define the boundary
between the nucellus and chalaza in several distantly
related eudicots (Souer et al., 1996; Ishida et al., 2000;
Weir et al., 2004; Hibara et al., 2006). The degree of
genetic redundancy among CUC genes varies between
species. For example, the inactivation of the single genes
NAM in P. hybrida (Souer et al., 1996) and
CUPULIFORMIS (CUP) in Antirrhinum majus (Weir et al.,
2004) causes cotyledon fusion and prevents SAM formation,
whereas in Ar. thaliana any two of the genes CUC1, CUC2
and CUC3 must be mutated to produce the equivalent pheno-
type (Aida et al., 1997; Hibara et al., 2006).
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Arabidopsis thaliana CUC1 and CUC2 are post-
transcriptionally regulated by miR164 (Laufs et al., 2004;
Mallory et al., 2004), and both P. hybrida NAM and An.
majus CUP also possess target sites for this microRNA. This
regulatory mechanism appears to control the balance
between tissue separation and fusion in various different situ-
ations in the plant. For example, the post-transcriptional regu-
lation of CUC2 in Ar. thaliana is necessary for fusion to take
place between the two carpels of the syncarpic gynoecium,
while the balance of CUC2 and miR164 expression also con-
trols the depth of leaf lobes (Nikovics et al., 2006; Sieber
et al., 2007; Larue et al., 2009). Interestingly, a similar mech-
anism controls leaf dissection and compound leaf formation in
several distantly related eudicots in which these morphological
traits were clearly shown to be of independent origin (Blein
et al., 2008; Berger et al., 2009). The regulation of CUC
genes by miR164 thus seems to form a conserved genetic
module that has been repeatedly recruited during angiosperm
evolution to both leaf dissection and floral organ fusion.

To provide insights into the early evolution of CUC genes in
the angiosperms, we studied their phylogenetic relationships,
in both angiosperms and their sister group, the gymnosperms.
To make conclusions on the CUC genes that were present in
the last common ancestor of the extant angiosperms, we
included in our analyses representatives of the ANA grade
(ANA for Amborellales, Nymphaeales and Austrobaileyales),
which, according to molecular phylogenetic analyses
(Bremer et al., 2009), comprises the first three extant lineages
to have diverged from a common remaining lineage from
which all other living angiosperms are descended. In particu-
lar, we focused on Amborella trichopoda, a shrub endemic to
New Caledonia, which, as the only representative of
Amborellales, is the probable sister to all other extant angios-
perms. This work is complementary to an earlier study of
miR164 evolution, which identified the presence of at least
two MIR164 genes in the last common ancestor of the extant
angiosperms (Jasinski et al., 2010).

The present study investigated the origin, through dupli-
cation, of the angiosperm NAM and CUC3 lineages, and the
presence or absence of post-transcriptional regulation in
these lineages in the last common ancestor of the extant
angiosperms. Studies in Am. trichopoda have demonstrated
NAM and CUC3 orthologues to be expressed between the
nucellus and chalaza in the ovule, as is also the case in eudi-
cots, suggesting the conservation of CUC gene function in
defining this tissue boundary throughout angiosperm evol-
ution. As the NAM orthologue from Am. trichopoda appears
to be regulated by miR164, we also investigated the expression
of this microRNA in ovule tissues. The results suggest that the
NAM/miR164 genetic module has operated in ovule tissues
since the last common ancestor of the extant angiosperms.

MATERIALS AND METHODS

Plant material

Material of Amborella trichopoda Baill. was field-collected at
Col d’Amieu, New Caledonia, and that of Ginkgo biloba
L. was obtained from the City of Lyon Botanic Garden.
Plants of Cabomba aquatica Aublet were obtained from

Anthias SA (Les Chères, Rhône, France) and grown to matur-
ity in a small aquarium.

NAC gene identification

RNA was extracted (Chang et al., 1993) from plant reproduc-
tive tissues and reverse transcribed into cDNA using M-MuLV
reverse transcriptase (Fermentas, Hanover, MD, USA).
Conserved regions of NAM and CUC3 homologues, within the
5′ NAC domain, were amplified by PCR using the partially degen-
erate primers: 5′-GGTTYCAYCCNACTGAYGARGAGCT and
5′-CTGCANATNACCCATTCYTCCTT. DNA fragments thus
obtained were sequenced and used in initial phylogenetic ana-
lyses (data not shown) to determine their possible orthology to
P. hybrida NAM and/or Ar. thaliana CUC3. Amplified frag-
ments of possible NAM and/or CUC3 orthologues were then
used to obtain longer or full-length cDNAs by screening
cDNA libraries, prepared as previously described (Fourquin
et al., 2005; Finet et al., 2010). The sequence of GbiNACa
from G. biloba was completed by RACE (rapid amplification
of cDNA ends) PCR using a Marathon (Clontech, Mountain
View, CA, USA) kit, while CaqNACa was initially identified
from a C. aquatica flower expressed sequence tag database
(C. Scutt and C. Finet, unpubl. data). Further possible NAM
and CUC3 orthologues, and closely related NAC genes from
diverse angiosperms and gymnosperms, were identified by
BLAST searching of publicly available databases.

Phylogenetic analyses

Amino acid sequences from NAC genes were aligned using
MUSCLE in the SEAVIEW program (Gouy et al., 2010) and
homologous sites for phylogenetic reconstructions were
chosen manually. Maximum-likelihood phylogenies were
then generated from these alignments in PhyML (Guindon
et al., 2009) using an LG evolutionary model. Amino acid
alignments were also back-translated using TranAlign (http://
emboss.sourceforge.net/), thus conserving homologous sites
determined from amino acid alignments, and used to generate
maximum-likelihood phylogenies in PhyML using a GTR
evolutionary model. Statistical support for all phylogenetic
analyses was provided by performing 1000 bootstrap
replicates.

In situ hybridizations using polynucleotide probes

Expression of AtrNAM and AtrCUC3 in female reproductive
tissues was detected using digoxygenein-labelled antisense
riboprobes synthesized using T7 RNA polymerase (Promega,
Madison, WI, USA) and DIG-RNA labelling mix (Roche,
Basel, Switzerland) from full-length cDNAs amplified as PCR
products to incorporate bacteriophage T7 promoter sequences.
Negative and positive control hybridizations were also per-
formed, using sense strand riboprobes and an antisense strand
riboprobe of a HISTONE4 gene from Am. trichopoda, respect-
ively. In situ hybridizations were carried out as described by
Nikovics et al. (2006), except that hybridizations were per-
formed in solutions containing 50 % (v/v) formamide, 10 %
(w/v) dextran sulphate, 3.5 mg mL21 tRNA, 2.5× Denhardt’s
reagent, 0.3 M NaCl, 10 mM Tris/HCl, 10 mM sodium phosphate
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and 5 mM EDTA (pH 6.8). Photographs were taken using an
AxioCam MRc cooled camera (Zeiss, Jena, Germany) in con-
junction with a Zeiss AxioImager M2 microscope, and images
were processed with Photoshop software (Adobe, San Jose,
CA, USA).

In situ hybridizations using oligonucleotide probes

Expression of miR164 in female reproductive tissues was
detected using a 5′-digoxigenin-labelled miRCURY LNA
probe (Exiqon, Vedbaek, Denmark) complementary to the pre-
dicted mature Atr-miR164a sequence from Am. trichopoda

(Jasinski et al., 2010). An LNA oligonucleotide complemen-
tary to murine miR124 (Lagos-Quintana et al., 2002), which
has no predicted target sequences in known plant genomes,
was used as a negative control. In situ hybridizations were
carried out as described by Adam et al. (2007) at probe con-
centrations of 0.02 mM. Detection was performed using the
Vector Blue Alkaline Phosphatase Substrate Kit III (Vector
Laboratories, Burlingame, CA, USA). Photographs were
taken using an Evolution MP 5.0 cooled camera
(MediaCybernetics, Bethesda, MD, USA) in conjunction
with a DMRB microscope (Leica, Solms, Germany), and
images were processed with Photoshop software (Adobe).
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FI G. 1. A maximum-likelihood phylogenetic analysis of the NAM and CUC3 clades of the NAC family. Gene name prefixes indicate the source organisms: Ama,
Antirrhinum majus; ANAC or Ath, Arabidopsis thaliana; Atr, Amborella trichopoda; Bna, Brassica napus; Bol, Brassica oleracea; Bra, Brassica rapa; Chi,
Cardamine hirsuta; Ggn, Gnetum gnemon; Phy, Petunia hybrida; PNAC or Ptr, Populus trichocarpa; Psa, Pisum sativum; Rsa, Raphanus sativus; Vvi, Vitis
vinifera. Full sequence accession details are given in Table S1, and the nucleotide sites used to generate the phylogeny are shown in Fig. S1. Bootstrap
support values ≥50 % are indicated at corresponding nodes, while sites of regulation by miR164, and a partially conserved C-terminal protein motif of

unknown function, are shown to the right of the corresponding sequences.
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RESULTS

The NAM and CUC3 lineages separated prior to the radiation
of the extant angiosperms

To gain insight into the evolution of CUC genes in the
angiosperms, we performed phylogenetic analyses using
sequences from both angiosperms and gymnosperms, includ-
ing Am. trichopoda (Amborellales, Amborellaceae) and
C. aquatica (Nymphaeales, Cabombaceae), as representatives
of the two earliest diverging flowering plant lineages (see
Supplementary Data Table S1). We first performed analyses
on the entire data set obtained (Fig. S1) to identify the relation-
ship of major clades containing CUC genes.

Phylogenies obtained using both amino acid and nucleotide
alignments (Fig. S2) yielded trees of similar overall topology in
which a grade containing the genes PNAC111, PNAC109,
VviLOC100254997 and ANAC074 grouped externally to all
remaining sequences, followed by a clade containing the
Ar. thaliana gene NAC1, which mediates auxin signalling in
lateral root development (Xie et al., 2000). Within the remaining
clade of sequences analysed, sub-clades respectively containing
P. hybrida NAM (PhyNAM) and Ar. thaliana CUC3 (AthCUC3)
occupied sister positions in both of the analyses performed.
However, in the phylogeny produced using a nucleic acid align-
ment (Fig. S2B), a group of Poaceae monocot sequences
grouped externally to the clade containing PhyNAM, as compared
with its position in the phylogeny performed using an amino acid
alignment (Fig. S2A). This effect may be due to highly biased
codon usage in Poaceae. Another unstable feature of our analyses
occurred in the position of CaqNACa, a possible NAM orthologue
from C. aquatica (Nymphaeales). This sequence occupied a basal
position within the NAM clade in a nucleic acid-based phylogeny
(Fig. S2B), but appeared basal to the entire NAM + CUC3 clade
in an amino acid-based phylogeny (Fig. S2A). Following our
initial studies, we performed a phylogenetic analysis using a
sub-set of sequences centred on the sister clades containing
PhNAM and AthCUC3 to better resolve the nodes within these,
but omitting the Poaceae and CabNACa sequences which had pre-
viously shown variable positions. This analysis (Fig. 1) indicated
the internal structure of the NAM and CUC3 clades to broadly
recapitulate angiosperm phylogeny, with sequences from the
ANA-grade angiosperm Am. trichopoda occupying basal pos-
itions in both clades. Thus, despite the apparent instability of
certain sequences in our phylogenies, the presence of separate
NAM and CUC3 orthologues in diverse flowering plant groups,
including the earliest diverging order Amborellales, strongly
suggests these lineages to have separated through a gene dupli-
cation event prior to the last common ancestor of the extant
angiosperms.

In phylogenetic analyses performed using a nucleic acid
alignment from an extensive NAC family data set (Fig. S2B), a
clade of four gymnosperm genes occupied a sister position to
the combined angiosperm NAM + CUC3 clade. Like NAM
orthologues, these gymnosperm genes possess sites of regu-
lation by miR164 (Fig. S3). However, bootstrap support for the
phylogenetic placement of these genes was not strong, and
only one of them, PtaEST1163314, occupied the same position
in phylogenetic analyses performed using an amino acid align-
ment (Fig. S2A). Although questions thus remain concerning
the precise orthology of the NAM/CUC3-like genes identified

here from gymnosperms, it appears significant that none of
these genes grouped within the angiosperm NAM and CUC3
clades in any of our phylogenetic analyses. These findings are
consistent with the possibility that the NAM and CUC3 lineages
separated specifically in the angiosperm lineage, after its diver-
gence from that of the extant gymnosperms. However, other
interpretations of these data are possible. For example, separate
gymnosperm orthologues of NAM and CUC3 might have been
missed in cloning procedures, or may have existed but have
been lost from the gymnosperm clade subsequent to the
separation of the angiosperm and gymnosperm lineages.

The CUC1 and CUC2 lineages separated by gene duplication
near the base of Brassicaceae

The largely redundant Ar. thaliana paralogues CUC1 and
CUC2 are positioned in our phylogenetic analysis in each of
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FI G. 2. Phylogenetic relationships of selected eurosid species showing the
approximate position of the duplication that generated the CUC1 and CUC2
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FI G. 3. Post-transcription regulation by miR164 mapped onto a schematic
phylogeny of Ar. thaliana NAC genes. The presence of sites of regulation
by miR164 that are known or predicted to be functional is indicated by

black lines, while the loss of these is indicated by grey lines.
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two sub-clades occupying sister positions within the main
NAM clade of angiosperm NAC genes. Each of these sub-
clades exclusively contains genes from Brassicaceae (Fig. 1),
which groups within the eurosids II clade (Bremer et al.,
2009). The closest relatives of Brassicaceae sampled in this
study are Pisum sativum and Populus trichocarpa from the
eurosids I clade, which, like the other species external to
Brassicaceae included in our analyses, do not appear to
contain separate orthologues of CUC1 and CUC2. We there-
fore conclude that the duplication that generated CUC1 and
CUC2 occurred after the separation of eurosids I and II,
and before the relatively early speciation event within
Brassicaceae (Bailey et al., 2006) that separated the common
lineage of Brassica and Raphanus from that of Arabidopsis
and Cardamine. These conclusions are summarized in
Fig. 2. Further sampling within eurosids II could be used to
localize this gene duplication event more precisely. At least
one further gene duplication event within the CUC1 clade
appears to have occurred to generate two CUC1 paralogues
per diploid genome in Brassica, thus explaining the presence
of four CUC1 paralogues in the tetraploid genome of
Brassica napus (Fig. 1). Our phylogenetic analyses also
reveal the presence of recent gene duplications outside
Brassicaceae in both the NAM and the CUC3 clades, leading
for example to the paralogues PsaNAM1 and PsaNAM2 in

Pisum sativum and PtrCUC3a and PtrCUC3b in Populus
trichocarpa (Fig. 1). Zimmermann and Werr (2005) noted
the presence of a conserved motif, termed Motif 3, within
the C-terminal region of certain NAM-like genes. Given the
phylogeny of the NAM clade, as shown in Fig. 1, the
absence of this motif in Brassicaceae CUC1 proteins (Fig.
S4) suggests that sequences encoding it might have been lost
from the CUC1 lineage in a common ancestor of Brassicaceae.

CUC3 lost its regulation by miR164 before the radiation
of the extant angiosperms

All angiosperm NAM genes for which sequence data from the
3′-end of the coding region were available to this study were
found to contain sites of potential regulation by miR164
(Fig. 1), as were possible gymnosperm orthologues of the com-
bined NAM/CUC3 clade (Fig. S3). However, all CUC3 ortholo-
gues analysed to date, including AtrCUC3 from the ANA-grade
angiosperm Am. trichopoda, lack sites of regulation by miR164.
As all sites of regulation by miR164 occur in the same position in
their respective NAC genes, these sites appear to be homologous,
and as CUC3 groups within a clade of NAC genes that contain
sites of regulation by miR164, we conclude the CUC3 lineage
to have previously possessed a site of regulation by miR164,
but to have lost this site before the radiation of the extant

c n
c

n

A

D

G H I

E F

B C

c

n

FI G. 4. Expression of AtrNAM and AtrCUC3 in the Am. trichopoda gynoecium. In situ hybridizations to sections of female flower buds showing expression of
AtrCUC3 (A–C) and AtrNAM (D and E) in the zone separating the nucellus (n) and chalaza (c) of the ovule. Slight expression of these genes is also visible
between the carpels. Control hybridizations are provided by a HISTONE4 probe (F), which marks all rapidly dividing cells, and by a sense-strand AtrCUC3
probe (G), which produces no significant hybridization signal. Diagrams illustrating the ovule arrangement in Am. trichopoda (H) and, for comparison,

in Ar. thaliana (I) indicate in red the domain of NAM and CUC3 expression between the nucellus and chalaza. Scale bars ¼ 200 mm.
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angiosperms. miR164 is predicted to regulate seven genes in the
Ar. thaliana genome (Gustafson et al., 2005), of which NAC1 is
the most distantly related to the Ar. thaliana genes of the NAM
clade, CUC1 and CUC2 (Fig. S2). In addition to CUC3, our phy-
logenetic analyses (Fig. S2) show seven further Ar. thaliana
genes that are not predicted to be miR164 targets, but which
occupy phylogenetic positions that are intermediate between
NAC1 and the NAM clade. Of these genes, ANAC015,
ANAC038, ANAC046, ANAC058 and ANAC087 show high
numbers of mismatches to the miR164 consensus sequence
(13–17 of 21 nucleotides), suggesting ancient losses of this
feature. ANAC059, by contrast, which is closely related to the
predicted miR164 target ANAC092, shows only eight mis-
matches to the miR164 consensus sequence, suggesting the
recent loss of post-transcriptional regulation in this gene.
Mapping of predicted regulation by miR164 onto a summarized
phylogeny of Ar. thaliana NAC genes (based on Fig. S1A)
suggests at least five independent losses of regulation by
miR164 have occurred (Fig. 3).

Expression patterns of NAM, CUC3 and miR164 orthologues
suggest the conservation of function in ovule development since
the last common ancestor of the extant flowering plants

An interest in female reproductive development led us to
study the expression patterns of the NAM and CUC3 ortholo-
gues, AtrNAM and AtrCUC3, in female flowers of Am. tricho-
poda. Expression of these genes was found to co-localize in
the peripheral region of the ovule, corresponding to the bound-
ary of the nucellus and chalaza (Fig. 4). This expression
pattern strongly resembles those of the orthologues of
AtrNAM and AtrCUC3 in Ar. thaliana (Ishida et al., 2000;
Hibara et al., 2006) and those of AtrNAM in P. hybrida
(Souer et al., 1996) and An. majus (Weir et al., 2004). These
data suggest that NAM and CUC3 define a developmental
boundary in the Am. trichopoda ovule, as do the paralogous
NAM clade genes CUC1 and CUC2 in Ar. thaliana (Ishida
et al., 2000). Such conservation of expression in a very
precise tissue boundary strongly suggests the conservation of
function in the studied plant lineages since the last common
ancestor of the living flowering plants.

As AtrNAM possesses a site of regulation by miR164, we also
performed in situ hybridizations using an LNA oligonucleotide
probe corresponding to the known mature miR164 sequence
from Am. trichopoda (Jasinski et al., 2010). These hybridiz-
ations (Fig. 5) demonstrated co-localization of miR164
expression with that of its putative NAM target AtrNAM in
ovule tissues, closely resembling the expression pattern of
miR164 in the eudicot Nicotiana benthamiana (Valoczi et al.,
2006). These results strongly suggest that the post-
transcriptional regulation of NAM by miR164 has been con-
served in the ovule since the radiation of the extant angiosperms.

DISCUSSION

A partial reconstruction of NAM and CUC3 evolution
in the angiosperms

We have analysed NAC family sequences from angiosperms
and gymnosperms to clarify a number of points in the

evolution of CUC genes in the flowering plants. We incorpor-
ated sequences from early-diverging angiosperms and gym-
nosperms in these analyses to infer the structure of the NAC
family in the last common ancestor of the extant angiosperms.
We also included all available NAM clade sequences from
Brassicaceae to resolve questions relating to the evolutionary
origin of the much studied paralogues CUC1 and CUC2 in
Ar. thaliana.

The results of our analyses, which are summarized in Fig. 6,
clearly indicate that both the NAM and CUC3 lineages were
present in the last common ancestor of the extant flowering
plants. The apparent absence of separate orthologues of
NAM and CUC3 in gymnosperms suggests the duplication
that generated these paralogous lineages occurred after the
separation of the extant angiosperms and gymnosperms.
Gymnosperm genes that group closely to the combined angios-
perm NAM + CUC3 clades in phylogenetic analyses have
been identified in our analyses, although further work will
be needed to adequately support the possible orthology of
some or all of these to genes of the angiosperm NAM +
CUC3 clade.

Our analyses have also resolved a question relating to the
evolutionary origin of CUC1 and CUC2 in Ar. thaliana.
Earlier phylogenies of NAM genes, in which only Ar. thali-
ana was included to represent Brassicaceae, showed CUC1
to group externally to a clade in which Ar. thaliana CUC2
was present, together with NAM genes from distantly
related eudicots such as An. majus and P. hybrida (Ooka
et al., 2003; Vroemen et al., 2003; Weir et al., 2004;
Zimmermann and Werr, 2005; Blein et al., 2008).

A

B

o

ow

FI G. 5. Expression of miR164 in the Am. trichopoda gynoecium. In situ
hybridizations to sections of female flower buds showing expression of
Atr-miR164 (A) in the ovule, and lack of staining using a negative control
probe complementary to murine miR124 (B). Scale bars ¼ 100 mm.

Abbreviations: o, ovule; ow, ovary wall.
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However, our phylogenetic analysis (Fig. 1), which incorpor-
ates four genera that form two clades within Brassicaceae,
better resolves the NAM clade, with the result that CUC1
and CUC2 appear as paralogous lineages that are unique to
Brassicaceae, at least among the taxa included in our analysis
(as summarized in Figs 2 and 6).

The basal positioning of CUC1 observed in the phylogenies
cited above suggests these analyses were distorted by long-
branch attraction, possibly due to rapid evolution in the
CUC1 lineage. Such rapid evolution might suggest CUC1 to
have evolved specific functions through the positive selection
of non-silent changes to its coding sequence. Specific func-
tions of CUC1 in cotyledon development, which might
support this hypothesis, are revealed in plants in which
PIN-FORMED1 (PIN1) and PINOID (PID), which act to

limit CUC expression in cotyledon tissues, are mutated.
Accordingly, cuc1 pin1 double mutants show enhanced
defects in cotyledon separation compared with cuc2 pin1
double mutants (Aida et al., 2002), while cuc1 pin1 pid
triple mutants show a greater recovery of the cotyledon devel-
opment that is lost in pin1 pid double mutants compared with
cuc2 pin1 pid triple mutants (Furutani et al., 2004). However,
these effects may reflect differential regulation of CUC1 and
CUC2 in response to auxin, rather than differences in the bio-
chemical properties of the proteins encoded by these genes.
Thus, an alternative to positive selection operating on CUC1
is relaxed selection, which may have allowed the coding
sequence of this gene to change more rapidly than that of its
paralogue CUC2. Indeed, both positive and relaxed selection
may have operated on distinct domains of CUC1.

Gymnosperms ANA grade Monocots (Eurosids II) Eurosids I

Brassicaceae

Last common ancestor
of extant angiosperms

Last common ancestor
of extant seed plants

N
A

M
/C

U
C

3-like
M

IR
164

C
U

C
3

N
A

M
other M

IR
164

B
-clade M

IR
164

C
U

C
3

N
A

M
other M

IR
164

B
-clade M

IR
164

C
U

C
3

N
A

M
other M

IR
164

B
-clade M

IR
164

C
U

C
3

C
U

C
2

C
U

C
1

other M
IR

164

B
-clade M

IR
164

FI G. 6. Summary of CUC and MIR164 gene evolution in the angiosperms. A duplication event prior to the radiation of the angiosperms generated the NAM and
CUC3 lineages, and a later duplication in eurosids II generated the CUC1 and CUC2 lineages present in Brassicaceae. At least two MIR164 gene clades
(‘B-clade’ and ‘other’) were present in the last common ancestor of the extant angiosperms (Jasinski et al., 2010) and have persisted in both ANA-grade and

more recently diverged angiosperm lineages.
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In addition to gene duplications in the NAC family, we
have also addressed the question of the post-transcriptional
regulation of NAC genes by miR164. We conclude that a
loss of regulation by this microRNA has occurred in at
least five NAC family lineages in the angiosperms, including
that of CUC3, and further show that loss of post-
transcriptional regulation in this lineage preceded the radi-
ation of the extant angiosperms. By contrast, we have
found no loss of regulation by miR164 in any gene of the
angiosperm NAM clade. It is interesting to note that the con-
servation of regulation by miR164 in NAM genes since the
last common ancestor of the extant angiosperms is paralleled
by conservation in the structure of the miR164 gene family
(Fig. 6). Accordingly, at least two miR164 genes appear to
have been present in the last common ancestor of the
extant flowering plants and these gene clades have been
conserved to the present day in several distantly related
angiosperm lineages, including those of the ANA grade
(Jasinski et al., 2010).

The function of NAM and CUC3 in early angiosperms

We have focused here on the earliest diverging of all angios-
perm lineages, uniquely represented by Am. trichopoda, to
gain insight into the CUC genes present in the last common
ancestor of the extant angiosperms. We show that expression
of NAM and CUC3 orthologues co-localizes with a develop-
mental boundary that forms between the nucellus and
chalaza of the Am. trichopoda ovule. This highly specific
expression pattern appears to be entirely conserved between
Am. trichopoda and diverse eudicots (Souer et al., 1996;
Ishida et al., 2000; Weir et al., 2004; Hibara et al., 2006),
suggesting its conservation since the last common ancestor
of the extant angiosperms. We argue that conservation of
such a highly specific expression pattern, in a developmental
boundary that is also conserved between the species under
comparison, implies the conservation of gene function. A
full test of this hypothesis will, however, have to await the
development of functional genetics approaches in Am. tricho-
poda or other ANA-grade angiosperms.

Our study has also demonstrated co-localization of miR164
expression with that of its putative target AtrNAM, in Am. tri-
chopoda ovule tissues, closely resembling the situation in
eudicots (Valoczi et al., 2006). No specific phenotype has
yet been associated with the expression of miR164 in ovules.
However, expression of miR164 in Ar. thaliana leaf and
other tissues is known to modulate, rather than eliminate, the
expression of its CUC gene targets (Laufs et al., 2004;
Nikovics et al., 2006). Accordingly, the co-localization of
miR164 and NAM expression reported here suggests this fine-
tuning mechanism also to operate in ovule tissues, and to have
been conserved at this location since the last common ancestor
of the extant flowering plants.

NAM genes and their miR164 regulator are known to form a
genetic module that has been recruited many times indepen-
dently to processes such as compound leaf development and
leaf lobe formation (Nikovics et al., 2006; Blein et al., 2008;
Berger et al., 2009). In addition, this module is known to be
involved in the fusion of carpels into a syncarpic gynoecium,
a process which has also evolved many times independently in

the angiosperms (Armbruster et al., 2002). For a genetic
module to remain in a state of readiness to be recruited to
such evolutionarily labile processes, it may also play some
more constant developmental role that acts to maintain it
over long evolutionary periods. Thus, the functions of NAM,
CUC3 and miR164 in ovule development, which the results
presented here suggest to have persisted throughout flowering
plant evolution, in addition to basic functions in the SAM, may
represent conserved roles from which these genes have been
recruited to other more variable functions, such as leaf dissec-
tion, during angiosperm evolution.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Fig. S1: Sequence
alignments used in phylogenetic analyses. Fig. S2:
Maximum-likelihood phylogenetic analyses of CUC genes
and related sequences in angiosperms and gymnosperms.
Fig. S3: Conservation of miR164 target sites in CUC-like
genes from angiosperms and gymnosperms. Fig. S4:
Conserved domains in selected CUC proteins. Table S1:
Accession numbers of sequences analysed.
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