The Plant Cell, Vol. 17, 1046-1060, April 2005, www.plantcell.org © 2005 American Society of Plant Biologists

The Mutant crispa Reveals Multiple Roles for PHANTASTICA in
Pea Compound Leaf Development™

Alexander D. Tattersall,’ Lynda Turner, Margaret R. Knox, Michael J. Ambrose, T.H. Noel Ellis, and Julie M.I. Hofer?
Department of Crop Genetics, John Innes Centre, Norwich NR4 7UH, United Kingdom

Pinnate compound leaves have laminae called leaflets distributed at intervals along an axis, the rachis, whereas simple
leaves have a single lamina. In simple- and compound-leaved species, the PHANTASTICA (PHAN) gene is required for
lamina formation. Antirrhinum majus mutants lacking a functional gene develop abaxialized, bladeless adult leaves.
Transgenic downregulation of PHAN in the compound tomato (Solanum Ilycopersicum) leaf results in an abaxialized rachis
without leaflets. The extent of PHAN gene expression was found to be correlated with leaf morphology in diverse
compound-leaved species; pinnate leaves had a complete adaxial domain of PHAN gene expression, and peltate leaves had
a diminished domain. These previous studies predict the form of a compound-leaved phan mutant to be either peltate or an
abaxialized rachis. Here, we characterize crispa, a phan mutant in pea (Pisum sativum), and find that the compound leaf
remains pinnate, with individual leaflets abaxialized, rather than the whole leaf. The mutant develops ectopic stipules on the
petiole-rachis axis, which are associated with ectopic class 1 KNOTTED1-like homeobox (KNOX) gene expression, showing
that the interaction between CRISPA and the KNOX gene PISUM SATIVUM KNOTTED?2 specifies stipule boundaries. KNOX
and CRISPA gene expression patterns indicate that the mechanism of pea leaf initiation is more like Arabidopsis thaliana

than tomato.

INTRODUCTION

Most land plant species have leaves, and among the flowering
plants, these are categorized as simple or compound. The
petiole of a simple leaf is connected to a single blade, or lamina,
whereas the petiole of a pinnate compound leaf is connected to
the rachis, forming an axis, along which multiple blades, called
leaflets, are distributed. The presence of leaflets represents
a profound difference between compound and simple leaves.
Their formation requires an additional developmental axis, at
right angles to the main proximodistal leaf axis.

Leaf formation is initiated at the shoot apical meristem (SAM).
This process involves the establishment of a separate proximo-
distal axis of growth, orientated away from the shoot axis. Once
initiated, leaves usually elaborate along this axis to generate
a bilaterally symmetrical structure. The different developmental
patterns of leaf primordium cells adjacent to (adaxial) and away
from (abaxial) the SAM is proposed to determine the medio-
lateral plane of lamina growth (Waites and Hudson, 1995).
Studies in the simple-leaved species Antirrhinum majus and
Arabidopsis thaliana have shown that the PHANTASTICA (PHAN)
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gene (Waites et al., 1998; Byrne et al., 2000; Xu et al., 2003;
Qi et al., 2004) and class Il HOMEODOMAIN-LEUCINE ZIPPER
gene family members (McConnell et al., 2001; Emery et al., 2003)
specify adaxial lamina identity, whereas members of the YABBY
(Siegfried et al., 1999; Golz et al., 2004) and KANADI (Kerstetter
et al.,, 2001; Emery et al., 2003) gene families specify abaxial
identity, though it is not yet clear how the activities of these genes
are coordinated. In addition to, or as part of, their roles in
specifying polarity in lateral organs, PHAN and YABBY genes
downregulate class 1 KNOTTED1-like homeobox (KNOX) gene
expression (Tsiantis et al., 1999; Kumaran et al., 2002; Golz et al.,
2004), ensuring that apical meristematic activity is excluded.

The effects of the phan mutation on lamina dorsoventral
identity and blade expansion are conditional. In Antirrhinum,
the phan phenotype is low temperature sensitive, manifesting as
planar leaves with occasional loss of adaxial identity at 25°C and
as completely abaxialized, needle-shaped leaves at 17°C
(Waites and Hudson, 1995; Waites et al., 1998). The Arabidopsis
phan ortholog asymmetric leaves1 (as1) (Byrne et al., 2000) has
a higher frequency of radialized leaves in a Landsberg erecta
genetic background (Xu et al., 2003), and this phenotype is high
temperature sensitive (Qi et al., 2004). The maize (Zea mays)
ortholog of phan (Timmermans et al., 1999; Tsiantis et al., 1999),
rough sheath2 (rs2), develops bladeless leaves in some genetic
backgrounds, but these were shown to maintain abaxial/adaxial
asymmetry (Schneeberger et al., 1998).

A recent anatomical study of antisense NSPHAN Nicotiana
sylvestris plants led to an alternative interpretation of radialized
leaves (McHale and Koning, 2004). Adult transgenic leaves
exhibited a bladeless, radialized morphology analogous to An-
tirrhinum phan leaves; however, the radialized leaves expressed
NSPHAVOLUTA, a molecular marker for adaxial identity, in



a wild-type pattern, and the radialized leaves subtended axillary
meristems, which are associated with adaxial leaf identity
(McConnell et al., 2001). Furthermore, juvenile leaves formed
laminae with proliferating adaxial mesophyll layers and delayed
palisade cell differentiation. Together, these findings led the
authors to interpret the radial leaf phenotype as incomplete
differentiation of cell layers rather than loss of adaxial identity
(McHale and Koning, 2004), a role that was also proposed for
AST (Sun et al., 2002). The delay in cell differentiation may be
achieved through ectopic expression of BREVIPEDICELLUS
(BP), which binds the promoters of cell wall biosynthetic genes
and downregulates their transcription (Mele et al., 2003).

Antisense PHAN transgenic plants of another member of the
Solanaceae family, Solanum lycopersicum (tomato), revealed an
additional role for PHAN in species with compound leaves.
Antisense LEPHAN plants exhibited a variable phenotype, rang-
ing from fully radialized, bladeless leaves to peltate and pal-
mate leaves, but in all cases, the wild-type, pinnate morphology
of tomato compound leaves was lost (Kim et al., 2003a,
2003b). After examination of PHAN gene expression in diverse
compound-leaved species, including alegume, the final leaf mor-
phology of pinnate compound leaves was found to be correlated
with an extended domain of PHAN gene expression on the
adaxial side of leaf primordia (Kim et al., 2003a). Thus, there are
alternative interpretations of the role of PHAN in the adaxial
domain of leaves, either conferring adaxial identity (Waites and
Hudson, 1995; Waites et al., 1998) or maintaining determinacy
(Sun et al., 2002; McHale and Koning, 2004), and this has been
found to be associated with leaflet formation in compound leaves
(Kim et al., 2003a).

Defects in proximodistal elaboration are also observed
in phan, rs2, and as1 mutants (Waites and Hudson, 1995;
Schneeberger et al., 1998; Waites et al., 1998; Byrne et al.,
2000; Ori et al., 2000; Sun et al., 2002). The earliest stage of
proximodistal elaboration is at leaf initiation and at low temper-
atures; phan mutants fail to initiate leaves (Waites et al., 1998).
Defective elaboration later in development is seen in phan leaves
(Waites and Hudson, 1995) and in as7 rosette leaves (Tsukaya
and Uchimiya, 1997; Byrne et al., 2000; Sun et al., 2002), which
are shorter, puckered, and heart-shaped or lobed compared with
the lanceolate and spatulate forms of the respective wild-type
leaves. A characteristic proximodistal aberration seen in rs2
maize leaves is that proximal sheath and ligule tissues are
displaced distally into the blade region of the leaf and the sheath
can be shorter than that of the wild type (Schneeberger et al.,
1998).

Localization of PHAN gene expression in leaf founder cells is
consistent with a role in leaf initiation (Waites et al., 1998). This
expression pattern is complementary to that of class 1 KNOX
homologs, whose expression is restricted to meristems (Waites
et al., 1998; Timmermans et al., 1999; Tsiantis et al., 1999) and
whose role in maintaining meristematic activity has been shown
to be at least partly mediated by repressing biosynthesis of
the growth regulator gibberellin (Tanaka-Ueguchi et al., 1998;
Sakamoto et al., 2001; Hay et al., 2002). Arabidopsis has four
class1 KNOX genes; SHOOT MERISTEMLESS (STM), BP,
KNOTTED1-LIKE in ARABIDOPSIS THALIANA2 (KNAT2), and
KNATES. It has been shown that AS7 represses BP, KNAT2, and
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KNATG6 because they are ectopically expressed in as7 mutant
leaf primordia (Byrne et al., 2000, 2002; Ori et al., 2000; Semiarti
et al., 2001), whereas STM is not ectopically expressed in as?1
mutants (Byrne et al., 2000), or at least not to the same degree
(Semiarti et al., 2001). STM is proposed to have a different
regulatory relationship, whereby it downregulates AS7 expres-
sion in leaf initials (Byrne et al., 2000, 2002). Analysis of
compound leaf formation in tomato suggests that it may have
a different mechanism for leaf initiation and development. The
PHAN ortholog, LEPHAN, and class 1 KNOX gene, LET6, are
coexpressed in the SAM and leaves (Koltai and Bird, 2000; Kim
et al., 2003b), though there is conflicting evidence (Pien et al.,
2001; Reinhardt et al., 2003).

Proximodistal defects of PHAN mutants can be attributed to
a failure to repress class 1 KNOX gene expression. The lobed
leaves of as7 mutants (Tsukaya and Uchimiya, 1997) and ectopic
stipules produced on as1 pickle (pkl) and as1 serrate (se) double
mutants (Ori et al., 2000) resemble those of plants overexpress-
ing KNOX genes (Chuck et al., 1996). By contrast, in tomato,
where PHAN and KNOX genes appear to have different regula-
tory relationships (Koltai and Bird, 2000), the simplified leaf
phenotypes of antisense LEPHAN plants (Kim et al., 2003a,
2003b) are the opposite of the supercompound leaf pheno-
types of transgenic plants overexpressing class 1 KNOX genes
(Hareven et al., 1996; Chen et al., 1997; Parnis et al., 1997;
Janssen et al., 1998).

Expression of class 1 KNOX genes in tomato leaf primordia is
thought to be important for maintaining the meristematic activity
required to produce a compound leaf (Hareven et al., 1996; Chen
et al., 1997; Parnis et al., 1997; Janssen et al., 1998) and is also
partially mediated through gibberellin (Hay et al., 2002). Wider
surveys of angiosperm species suggest that class 1 KNOX gene
expression may be found commonly in leaves with complex
primordia (Bharathan et al., 2002). Pisum sativum (garden pea) is
the only other species in which a genetic analysis of compound
leaf development has been performed. The expression pattern of
pea class 1 KNOX genes follows that of simple-leaved species:
transcripts are excluded from leaf founder cells and primordia,
even in supercompound leaf mutant backgrounds (Hofer et al.,
2001). In pea, the wild-type, pinnate leaf morphology is de-
pendent on UNIFOLIATA (UNI), the pea ortholog of LEAFY (Hofer
etal., 1997), and supercompound leaf phenotypes are correlated
with prolonged UNI expression (Gourlay et al., 2000).

To determine the relationship between PHAN and class 1
KNOX genes and ascertain their influence on pea compound
leaf morphology, we identified and characterized crispa (cri)
(Lamm, 1949), the phan mutant in pea. Expression analysis of
PHAN and PISUM SATIVUM KNOTTED1 (PSKNT), the pea
ortholog of STM, shows that they are expressed in comple-
mentary domains, like simple-leaved species and unlike to-
mato. Phenotypic characterization of cri shows that the leaves
are pinnate, unlike antisense LEPHAN transgenic tomato
leaves. Features of cri in common with previously described
phan mutants are that the leaves are shorter and develop
ectopic laminae. We use double mutant analysis to determine
that these are ectopic stipules, and we show that their formation
is associated with ectopic expression of PSKN2, the pea
ortholog of BP. The leaflets of cri mutants develop ectopic
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patches of tissue and are sometimes completely radialized. We
use wax deposition mutants to demonstrate that this phenotype
is due to a loss of adaxial cell identity. These observations
indicate many parallels between pea compound leaf develop-
ment and that of simple-leaved species and highlight funda-
mental differences with tomato compound leaf development.

RESULTS

CRI Is the Pea PHAN Ortholog

A candidate gene approach was used to identify the gene
encoding CRI. The cri mutant was originally identified as a spon-
taneous mutation in the field and was described as having crisp,
or folded, leaflets and stipules (Lamm, 1949). Closer inspection
of the mutant (see below) revealed an apparent loss of adaxial
identity on leaflets and stipules, as observed on the leaves of the
Antirrhinum phan mutant (Waites and Hudson, 1995) and a fore-
shortening of the leaf proximodistal axis, as observed on the
maize phan mutant, rs2 (Timmermans et al., 1999; Tsiantis et al.,
1999). Because of this phenotypic similarity, we undertook to
investigate the pea ortholog of PHAN as a candidate for CRI.

A shoot cDNA library was screened at low stringency using
a heterologous PHAN probe from Antirrhinum. A cDNA clone
1506 bp in size was isolated that encoded an open reading frame
of 359 amino acids, with two MYB domain repeats at the 5’ end,
indicating it was a member of the R2R3 MYB gene subfamily
(Stracke et al., 2001). Sequence similarity with other PHAN-like
genes, including a characteristic Leu residue in the R3 MYB
repeat, further suggested that the clone was a PHAN ortholog
(Koltai et al., 2001). The maximum likelihood tree shown in Figure
1 is based on aligned MYB domain nucleotide sequences (see
supplemental data online), and it supports a close relationship
between the pea cDNA and other PHAN orthologs.

Restriction fragment length polymorphism mapping revealed
that the cDNA was linked to molecular markers B5/1+ and E3/4+
and the classical marker gp, which all lie on linkage group V near
the cri locus (Hall et al., 1997). The map location, in combination
with phenotypic similarities, suggested that CRI was a PHAN
ortholog.

To provide further confirmation of this, corresponding geno-
mic DNA sequences from three independent, spontaneous,
recessive cri mutants were examined in comparison to isogenic
wild-type sequences. The cri-1 mutant-type line (Lamm, 1949)
was found to carry a single base deletion. This would result in
a frame shift encoding three extraneous residues before pre-
mature truncation at position 97, within the second MYB domain
of the protein. The cri-2 mutant was found to carry an Arg212-
Stop transition that would truncate 41% of the protein beyond
the MYB domain. The cri-3 mutation was found to be a 9-bp
deletion that would result in the loss of residues Glu, Gin, and Lys
and the substitution Leu329Val in a conserved region near the C
terminus. The cri-1 mutation resulted in the loss of a Ddel site,
relative to its wild-type allele, and the cri-2 mutation resulted in
the loss of an Rsal site. Cleaved-amplified polymorphic se-
quence (CAPS) markers were used to show that the cri-1 and cri-2
phenotypes cosegregated with the allele lacking a restriction

CRI

LEPHAN

MTPHAN

AS1

PHANZ2
RS2

OSRS2

Figure 1. Phylogenetic Tree of PHAN Homologs.

Maximum likelihood tree based on aligned MYB domain nucleotide
sequences. Homologs from pea (CR/), Medicago truncatula (MTPHAN),
Antirrhinum (PHAN and PHANZ2; A. Hudson, personal communication),
rice (OSRS2), maize (RS2), Arabidopsis (AS7), and tomato (LEPHAN)
were aligned. Length of bars indicates 0.1 substitutions per site.
Bootstrap supports for 100 replicates are shown.

enzyme site in segregating populations of 32 individuals and 120
individuals, respectively (data not shown). Taken together, these
results lead us to conclude that the pea PHAN ortholog corre-
sponded to CRI.

cri Leaves Are Pinnate

Antirrhinum (Waites and Hudson, 1995; Waites et al., 1998),
Arabidopsis (Byrne et al., 2000), and maize (Schneeberger et al.,
1998) phan mutants and antisense-PHAN transgenic tomato
(Kim et al., 2003a) and Nicotiana (McHale and Koning, 2004)
plants have been described that show a range of effects of loss of
PHAN function on leaf development, including leaf radialization
and reduction of the leaf proximodistal axis. We wanted to
compare the cri phenotype with those of other phan mutants
to determine whether PHAN functions were conserved in pea
compound leaves and whether there were any novel functions.

The wild-type, adult garden pea leaf is pinnate and carries
pairs of lateral organs with distinct identities: stipules, leaflets,
and tendrils arranged along the leaf petiole-rachis axis as shown
in Figure 2A. The positions of these organs conveniently mark the
leaf proximodistal axis at the base of the petiole, the proximal
rachis region and the distal rachis region, respectively. The
leaves of all three cri alleles remain pinnate and bear stipules,
leaflets, and tendrils (Figure 2A). To confirm this quantitatively,
the numbers of leaflets and tendrils were counted on cri-3
mutants and compared with the numbers on isogenic wild-type
plants. Figure 3A shows there was no reduction in lateral organ
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Figure 2. External Phenotypes of Wild-Type and cri Mutant Pea Leaves.

(A) An entire wild-type leaf (left) and a cri-2 leaf (right), with organ types as
labeled.

(B) Close-up view of the proximal part of a cri-1 leaf showing ectopic
stipules on the rachis.

number on cri-3 plants compared with the wild type. At nodes 9
to 17, the number of mutant leaflets and tendrils was greater than
the number on wild-type leaves, indicating that the mutant leaf
was actually more complex than the wild type during this phase
of development.

The aspects of leaf development most obviously affected by
the cri mutation are leaf length, lamina shape, lamina position,
and lamina polarity. Although pinnate, the cri leaf petiole and
proximal section of rachis are reduced in length relative to the wild
type. Measurements of petiole lengths (Figure 3B) show that both
cri-3 and the wild type exhibit a progressive increase in petiole
length with increasing node; however, throughout this progres-
sion, cri-3 petioles remain twofold to sixfold shorter than the wild
type. Laminae are narrower in cri mutants than the wild type, and
they are often lobed. Leaflet width:length ratios calculated for
leaves between nodes 3 and 10 (Figure 3C) show that wild-type
leaflet shape ranges from orbicular (ratio = 1) to obovate (ratio =
0.7), whereas cri-2 leaflets are more spatulate (ratio < 0.7).

To determine when cri leaf development first differed from the
wild type, we used scanning electron microscopy to examine
vegetative shoots. Early events in wild-type pea leaf development
have been described previously (Meicenheimer et al., 1983;
Gould et al., 1986; Gourlay et al., 2000). Characteristic stages are
the emergence of dorsoventrally flattened stipules during plas-
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tochron 1 (p1) and emergence of the first pair of leaflets during p2.
These and subsequent leaflets are initialized as radial primordia
but become folded, flattened laminae during later plastochrons.
Figure 4 shows that the cri-3 mutant is not distinguishable from
the wild type until p5. Up to this stage, the cri-3 SAM is ap-
proximately the same size as the wild type, and the developing
rachis and emerging leaflets have the same shape and rate of
initiation (Figures 4A and 4B). By p5, which corresponds to node
9 of these samples, the proximal pair of wild-type leaflets are
dorsoventrally flattened and folded along their length (Figures 4C
and 4D). The p5 cri-3 proximal leaflet is distinctive, being deeply
incised. It is seen developing into two lobes, a smaller proximal
lobe and a larger distal lobe. Division of the cri-3 proximal leaflet
into unequal lobes is also seen at p6 (Figure 4D).
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Figure 3. Lateral Organ Number, Size, and Shape on Wild-Type and cri
Mutant Leaves.

(A) Histogram showing leaflet numbers on wild-type (closed bars, n = 12)
and cri-3 (open bars, n = 12) leaves between nodes 3 and 18. Line
graphs show total lateral organ numbers on wild-type (closed boxes) and
cri-3 (open boxes) leaves between nodes 3 and 18.

(B) Petiole length of wild-type (closed boxes, n = 12) and cri-3 (open
boxes, n = 12) leaves between nodes 3 and 12.

(C) Width:length ratio of wild-type (closed boxes, n = 12) and cri-2 (open
boxes, n = 12) leaflets between nodes 3 and 10.
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Figure 4. Scanning Electron Micrographs of Wild-Type and cri Vegeta-
tive Shoot Tips.

(A) Aerial view looking down on a wild-type shoot apex showing early leaf
development.

cri Leaves Bear Ectopic Stipules

The adaxial side of the leaf petiole and proximal section of rachis
of all three cri alleles bear serrated laminae (Figures 2A and 2B).
These were observed at p5 and p6 in cri-3 leaves (Figure 4D).
Crosses to leaf patterning mutants, shown in Figure 5, were
made to determine the identity of these ectopic laminae. The afila
(af) mutant (Figure 5A) has normal stipules but develops tendril-
bearing rachides in place of leaflets (Kujala, 1953; Marx, 1983).
Figure 5B shows that ectopic laminae are still present on cri-1 af
double mutant leaves, despite the absence of leaflets in this
genotype. The ectopic laminae arise on the petiole, the proximal
region of the main leaf rachis, and the proximal region of lateral
rachides. The stipules reduced (st) mutation (Figure 5C) has an
opposite effect to af, in that leaflets remain intact, but stipules are
replaced by small, strap-like organs (Pellew and Sverdrup, 1923;
Marx, 1983). Ectopic laminae are not present on the petiole-
rachis axis of the cri-1 st double mutant (Figure 5D). In summary,
cri-induced ectopic laminae that emerge from the petiole-rachis
axis remain present in a cri af genetic background, where leaflets
are absent, but are absent in a cri st background, where stipules
are absent. Together, these results determined that these
ectopic laminae are distally displaced stipules, as opposed to
leaflets.

There is a proximal-to-distal gradient in leaf axis foreshorten-
ing and the presence of ectopic stipules in the cri mutant leaf. The
petiole is reduced and laminate, but the distal part of a cri leaf is
unaffected (Figure 2A). Both wild-type and cri leaves bear
tendrils on the distal part of the rachis. To determine whether
tendrils interfered with manifestation of the mutant phenotype at
the distal end of the rachis, cri-1 was crossed with the tendril-less
(t)) mutant (Figure 5E), which bears leaflets in place of tendrils
(Vilmorin, 1910; Marx, 1983). Distal leaflets on the cri-1 t/ double
mutant were spaced apart, rather than bunched together, and no
ectopic stipules were observed between leaflet pairs (Figure 5F).
We concluded that the distal part of the cri rachis is unaffected,
even in the absence of tendrils.

The af tl double mutant leaf develops highly ramified rachides
that terminate in miniature leaflets (Figure 5G). In combination
with cri-1, the petiole, main leaf rachis, and lateral rachides
develop ectopic stipules, as they do in the cri- 1 af double mutant.
Developing leaves of the cri-1 af tl triple mutant have such an
extremely foreshortened proximodistal axis that they are almost
entirely hidden between the basal stipules (Figure 5H). Leaflet
expansion is delayed compared with the af t/ double mutant, and
eventually only the distal sections of the main and lateral rachides
extend and present fully expanded leaflets. One cri-1 af t/ leaf
that escaped extreme foreshortening was found to have de-
veloped a petiole free from contact with the stipules (Figure 5H).
This showed that petiole elongation in cri mutants is impeded by
ectopic stipules developing in connection with the petiole.

(B) Aerial view looking down on a cri-3 shoot apex showing early leaf
development.

(C) Side view of a wild-type shoot showing later leaf development.

(D) Side view of a cri-3 shoot showing later leaf development.

es, ectopic stipule; Ib, lobe; It, leaflet; p, plastochron; s, stipule.
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