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FI G. 2. Expression analyses of homologues of CRC in P. sativum and M. truncatula flowers. (A) Anthesis flowers of P. sativum (top) and M. truncatula (bottom). (B)
Dissected floral organs from a pea flower at anthesis. (C–I) Pisum sativum flowers probed with PsCRC: transverse sections (C–G) and longitudinal sections (H, I). (C)
PsCRC transcripts accumulate uniformly in young carpel primordia at stage 6. (D–G) Later in development, PsCRC transcripts become associated with the main
vascular vein in the carpel wall. (D) In a stage 7 flower, PsCRC expression is detected as a ring surrounding the vein. (E) At stage 8, the expression pattern is
similar. Strong expression is also detected in the area of the staminal tube where the nectary develops (arrow). (F) In the anthesis carpel, PsCRC is detected adaxially
to the vein. (G) Strong expression is also detected in a transverse section at the ovary–style junction of an anthesis carpel. (H) Longitudinal section of an anthesis carpel
showing strong PsCRCexpression at the style and stigma. (I) Longitudinal section of the ovaryof an anthesis carpel, where PsCRC transcripts can be detected adaxially
to the vein. (J, K) Transverse sections of M. truncatula stage 8 flowers probed with MtCRC. MtCRCexpression is visible in the carpel in a ring-shaped pattern around the
vasculature (J) and in the areawhere nectaries develop at the base of the staminal tube (arrowhead in K). (L) Expression levels of PsCRC in different organs of P. sativum
flowers at anthesis, determined by qRT-PCR. (M) Expression levels of MtCRC in different organs. Values correspond to the level of Mtr.22428.1.S1_at Affymetrix
probe signal from the Medicago Gene Expression Atlas (Benedito et al., 2008). Pisum sativum developmental stages from Ferrandiz et al. (1999). dap, days after plant-

ing. Medicago truncatula stages according to Benlloch et al. (2003). Scale bar ¼ 100 mm except in (H, J) ¼ 50 mm.
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PsCRC-VIGS-inoculated plant (250 flowers in total). In 37 % of
the cases, flowers showed abnormal carpel development, with
ovaries reduced in length (Fig. 3). All the affected carpels
showed fusion defects, displaying an aperture in the upper half
of the ovary ranging from 1 to 2 mm in the less affected
flowers to almost 1 cm in the most severe cases (Fig. 3B–E).
The disruptions of carpel closure led to the development of exter-
nal ovules, ranging in number from one to four. Apical carpel
tissue development was also affected in the PsCRC-VIGS-
inoculated plants. In the wild-type carpel, the style emerges
almost perpendicularly to the ovary, ending in a hairy stigmatic
zone in its adaxial side (Fig. 3F). In PsCRC-VIGS carpels,
styles were shorter and grew at a wider angle compared with the
wild-type (Fig. 3G, H). In the most severely affected carpels,
styles were narrow and short, and grew almost parallel to the lon-
gitudinal axisof the ovary. Inaddition, stigmatic tissuewas strong-
ly reduced (Fig. 3C, D, H). Seed set in PsCRC-VIGS pods was
reduced to one or two seeds in the most affected lines compared
with three to five seeds in wild-type plants. Histological sections
of PsCRC-VIGS carpels further confirmed the defects in stigma,
style and ovary development (Fig. 4A–H). Defects of carpel
closure were visible from the style to more basal positions in the
ovary, where ovules developed outwardly at the unfused carpel
margins (Fig. 4E, H). In addition, developmental defects were
also visible in the ovary medial vascular veins: in PsCRC-VIGS
carpels, medial vascular bundles showed clear morphological dif-
ferences when compared with wild-type (Fig. 5). The overall
shape of a transverse section of the vein in wild-type carpels is
shown in Fig. 5A, B: xylem/ protoxylem cells are positioned
adaxially; phloem cells, which appear densely stained, form a
band of tissue adjacent to xylem, and are abaxially capped by a
few cell layers of fibre cells (Fig. 5C, F); and the whole bundle
has a lenticular/pyramidal shape typical of collateral veins. In
PsCRC-VIGS carpels, the overall transverse shape of the vein
was circular (Fig. 5G, H); phloem cell number appeared strongly
reduced, while adaxial xylem and protoxylem were well devel-
oped; abaxially, fibre cell layers appeared increased in number,
and protoxylem/xylem cells were also found adjacent to phloem,
visible as large empty cells with thickened walls. Overall, these
phenotypes were consistent with a slight adaxialization of the
bundle in the PsCRC-VIGS carpels (Fig. 5I, L).

DISCUSSION

CRC expression in legumes does not follow the most common
pattern in other eudicots

The legume CRC orthologues studied in this work, PsCRC and
MtCRC, show very similar expression domains, suggesting that
this might be a general pattern for at least legumes in the inverted
repeat-lacking clade (IRLC), to which both species belong
(Lavin et al., 2005). Like other CRC orthologues from eudicot
species, legume CRC genes are strongly expressed in nectaries
and in carpels. In carpels, however, expression is initiated uni-
formly throughout the pistil primordia and later it is found asso-
ciated with the medial vein and in the apical tissues, a pattern that
differs significantly from those described for CRCorthologues in
other eudicot species. For example, in arabidopsis, AtCRC is
expressed in the abaxial side of the lateral domains of young
pistil primordia, while at later developmental stages it is

restricted to the epidermis of the valves, internally associated
with placentae, and also strongly expressed in the apical
domain that will differentiate into style and stigma (Bowman
and Smyth, 1999; Lee et al., 2005). The expression of CRC in
abaxial carpel domains and apical carpel tissues has been
described in several other eudicot species, such as P. hybrida
(Lee et al., 2005) and E. californica (Orashakova et al., 2009),
in the monocot Asparagus asparagoides (Nakayama et al.,
2010) and in basal angiosperms such as Amborella trichopoda
(Fourquin et al., 2005) and Cabomba caroliniana (Yamada
et al., 2011), and therefore is generally considered to be ancestral.
Legume CRC genes lack abaxial-specific expression, as has also
been described in monocots of the Poaceae family, in which CRC
genes are expressed uniformly throughout the carpel primordia
(Yamaguchi et al., 2004; Ishikawa et al., 2009). Given the evo-
lutionary distance between legumes and grasses, it is likely
that the independent loss of regulatory elements may have
resulted in these similar patterns in both clades.

On the other hand, legume CRC genes are expressed in stam-
inal tissues, while in other core or basal eudicots CRC genes are
not expressed in these floral organs. Stamen expression is also
found in basal angiosperms such as C. caroliniana and
A. trichopoda (Fourquin et al., 2005, Yamada et al., 2011), al-
though in these species CRC expression is detected in both fila-
ments and anthers, while in legumes it seems restricted to the
basal staminal tube. Thus, it appears more likely that CRC ex-
pression in stamens of basal angiosperms and legumes does
not have a common origin but is the result of derived acquisition
of additional regulatory elements in legumes.

In contrast, the characteristic ring-shaped expression around
vascular veins was observed in the legumes in this study, and
also occurs in the basal eudicot A. formosa, and in monocots
such as rice, wheat, maize and sorghum (Yamaguchi et al.,
2004; Lee et al., 2005; Yamada et al., 2011), although in these
monocot species it is not associated with carpel vasculature but
found in the medial veins of lemmas, considered to be the equiva-
lent of sepals in grasses (Ambrose et al., 2000) and in the midrib
of leaves. Midrib leaf expression of CRC genes in grasses has
been generally considered to be acquired at some point at the
base of monocot diversification. However, the strikingly
similar expression patterns of CRC genes associated with the
medial vein in species from such widely divergent families
may suggest that elements directing expression to vasculature
are ancestral but have experienced several independent modify-
ing events that have affected their activity in the different clades,
such as the gain of leaf expression in grasses and their loss in
some eudicot species.

In spite of an atypical expression pattern, CRC genes in legumes
have similar roles to those in other species

The phenotypes observed in PsCRC-VIGS plants affecting
margin tissue development are related to those described for
other eudicot species in which functional studies have been per-
formed. The phenotypes in style and stigma development of the
PsCRC-VIGS pea lines are of moderate severity, mainly affect-
ing the size and morphology of these tissues, but not preventing
their development, as also observed in other species in which
mutation or downregulation of CRC has been reported
(Alvarez and Smyth, 1999; Yamaguchi et al., 2004; Lee et al.,
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2005; Orashakova et al., 2009). This supports a non-essential
role of CRC for the specification of the apical domain of the
legume carpel, although it could also be possible that it relies
on the residual activity of PsCRC in the VIGS-treated plants.

In addition to style and stigma phenotypes, PsCRC-VIGS
pistils consistently showed clear defects in carpel margin

fusion, again a common aspect shared by crc mutants in other
eudicot species (Alvarez and Smyth, 1999; Lee et al., 2005,
Orashakova et al., 2009). However, unlike CRC orthologues
from these other species, PsCRC transcripts are not detected at
or adjacent to carpel margins, suggesting that CRC may have a
non-cell-autonomous activity. In fact, such non-cell-autonomous
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FI G. 3. Phenotypes of P. sativum plants inoculated with pCAPE2-PsCRC. (A–E) Ventral view of P. sativum pistils at anthesis. (F–H) Side view of P. sativum pistils at
anthesis. (A, F) Wild-type pistils, composed of a flat rectangular green ovary capped by a perpendicular white elongated style, which ends with a hairy stigma. (B, G)
PsCRC-VIGS pistils displaying a mild phenotype. Note unfusedmarginsat the upperpart of the ovaryand the presence of an external ovule. The angle between the style
and the ovary is slightly wider than in the wild-type. (C–E, H) PsCRC-VIGS pistils displaying strong phenotypes. In addition, style and stigma tissues are considerably
reduced and develop almost parallel to the longitudinal axis of the ovary. Note the strongly unfused ovary and the presence of several external ovules. (I) Expression

level by real-time PCR analysis of PsCRC in PsCRC-VIGS anthesis flowers. Values have been normalized to wild-type. Scale bar ¼ 2 mm.
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signalling mechanisms have already been proposed for the
E. californica CRC orthologue (Orashakova et al., 2009) and
other YABBY family members, such as the Antirrhinum majus
GRAMINIFOLIA gene and the arabidopsis FILAMENTOUS
FLOWER gene, where it does not seem to involve mRNA or
protein movement directly, but to be mediated by other independ-
ent factors (Golz et al., 2004; Goldshmidt et al., 2008).

PsCRC-VIGS flowers did not show defects in floral determin-
acy, a phenotype that has been described in mutants for CRC-like
genes in several eudicot and monocot species (Alvarez and
Smyth, 1999; Yamaguchi et al., 2004; Lee et al., 2005;

Orashakova et al., 2009). Although this might suggest that
PsCRC does not have a role in the control of pea flower determin-
ation, other alternative scenarios are possible. For instance, it
could be a consequence of the incomplete inactivation of CRC
function in the VIGS-treated lines. Alternatively, it may reflect
the possible redundancy of legume CRC and other factors, as
observed, for example, in arabidopsis (Alvarez and Smyth,
1999; Prunet et al., 2008). However, it is interesting to note
that flower ontogeny in pea has some particularities regarding
flower termination that could be relevant to this point. In contrast
to floral ontogeny in most eudicot species, in which floral organ

Wild type
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E F G H
PsCRC-VIGS

FI G. 4. Transverse sectionsof P. sativum pistils at anthesis from plants inoculated with pCAPE2-PsCRC. (A–D) Wild-typepistils. (E–H) PsCRC-VIGS pistils. (A, E)
style, (B, F) transition style/ovary, (C, G) upper part of ovary, (D, H) middle part of ovary. Scale bar (A, B, E, F) ¼ 100 mm; (C, D, G, H) ¼ 500 mm.
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FI G. 5. Morphology of the medial vein in the ovary of PsCRC-VIGS pistils. (A–F) Transverse sections of wild-type pistils at the medial vascular bundle. (A, C, E)
show the same pistil. In (C), the same section as in (A) is shown at higher magnification. In (E), the same section is shown, but vascular components have been colour-
highlighted for clarity; xylem/protoxylem has been shaded in pink, phloem in green and fibres in yellow. (B, D, F) Equivalent sections to (A, C, E) for a different wild-
type pistil. (G–L) Transverse sections of PsCRC-VIGS pistils at the medial vascular bundle. (G, I, K) show the same PsCRC-VIGS pistil. In (I), the same section as in
(G) is shown at higher magnification. In (K), the same section is shown, but vascular components have been colour-highlighted as described above. (H, J, L) Equivalent

sections to (G, I, K) for a different PsCRC-VIGS pistil. Scale bars (A, B, F, G) ¼ 100 mm; (C–F, I–L) ¼ 50 mm.

Fourquin et al. — Function of CRC orthologues in legumesPage 8 of 10

 at C
SIC

 on M
arch 2, 2015

http://aob.oxfordjournals.org/
D

ow
nloaded from

 

http://aob.oxfordjournals.org/


initiation proceeds sequentially from sepals to petals, stamens
and finally carpels, in pea the carpel primordium is initiated
before petals and stamens, and therefore floral termination
does not appear to be restricted to growth suppression in the
centre of the floral meristem, but also involves termination of
some characteristic meristematic domains known as common
primordia, from which petals and stamens develop (Tucker,
1989; Ferrándiz et al., 1999). In fact, some indeterminate
mutants characterized in pea show petal and stamen proliferation
but no significant effect on carpel number (Ferrándiz et al.,
1999). It is thus possible that CRC retains the carpel determin-
ation function in legumes but that early carpel differentiation
reduces the ability of the flower to produce extra inner whorls
in the absence of factors promoting meristem determination.

Finally, in the PsCRC-VIGS plants, we observed weak pheno-
typic defects in the development of the medial vein in the carpel,
a phenotype not previously described for crc mutants in core
eudicots. Interestingly, PsCRC expression was associated with
the adaxial side of the vein, while PsCRC downregulation
caused mainly defects in the abaxial side of the bundle. Again,
this could be explained by non-cell-autonomous activity of
PsCRC, although it could also be the consequence of altered
cell proliferation or cell identity specification in the adaxial
domain, which could have an effect on overall vein organization.
Vascular phenotypes have been described for crc mutants in
Poaceae and E. californica, although restricted to the midrib of
leaves in grasses and to carpel vasculature in Californian
poppy (Yamaguchi et al., 2004; Orashakova et al., 2009). The
different nature of the organs affected in each case (vegetative
in grasses, floral in poppies) has led to the proposal that CRC
orthologues went through neofunctionalization to acquire inde-
pendent roles in vascular development in both groups (Preston
et al., 2011). However, the similarity of expression patterns
around vascular tissues in monocots, basal dicots and legumes,
together with the related phenotypes of the different mutants in
these groups, might suggest a common origin of the role of
CRC in vascular development that predates the divergence of
monocots and dicots, a hypothesis whose confirmation will
have to await additional studies in a larger number of representa-
tive species.

Conclusions

In this work, CRC orthologues from two legume species were
studied by expression analyses and one of them, PsCRC, by the
characterization of phenotypes associated with reduced CRC ac-
tivity. It is concluded that the orthologues of CRC from pea show
conserved roles in carpel development in this legume species, in-
cluding carpel margin fusion and style and stigma development.
In addition, expression data support the idea that CRC factors
from legume species also direct nectary development, a
common feature of CRC genes in all eudicot species in which
functional studies are available. Despite these conserved roles,
CRC genes from legumes show atypical expression patterns in
carpel development, which also supports the hypothesis of
CRC acting non-cell-autonomously. An intriguing result of
this work is the likely role of CRC in vascular development,
which appears to be shared by species of monocots, basal eudi-
cots and core eudicots, challenging the generally accepted idea

of the neofunctionalization of CRC orthologues to direct leaf
midrib development in monocots.
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