











the outer integument has been proposed to derive from the
leafletlike cupule that often surrounded a group of several
ovules in some fossil gymnosperms (Stebbins, 1974). Ongo-
ing paleobotanical and phylogenetic investigations should help
clarify the origins of both carpels and the components of an-
giosperm ovules.

CURRENT STUDIES ON PISTIL DEVELOPMENT

Molecular Signals in Postgenital Carpel Fusion

As noted above, C. roseus has proven to be a valuable model
system for study of postgenital carpel fusion and of postgeni-
tal fusion in general. In this species, ~400 cells come into
contact and undergo rapid redifferentiation when its two car-
pels meet (Verbeke and Walker, 1985).

The participation of intercellular communication in this pro-
cess was first demonstrated by the observation that simple
removal of one carpel or the placement of an impermeable
barrier between the two carpels blocks the redifferentiation
program (Walker, 1978; Verbeke and Walker, 1986). By con-
trast, the insertion of a permeable barrier between the two
carpels allows normal redifferentiation (Verbeke and Walker,
1986). A porous barrier can even absorb the apparent com-
municating substance through contact with one carpel. When
this barrier is then removed and brought into contact with the
other carpel, normal redifferentiation ensues (Siege! and
Verbeke, 1989). Subsequent experiments showed that each
of the two carpels produces a unique signal that can only ai-
fect the other carpel (Verbeke, 1992). Thus, fusion of the two
carpels of C. roseus requires two different factors. The acces-
sibility and ease of manipulation of C. roseus carpels provide
a unique opportunity for direct identification of morphogenic
factors governing fusion and redifferentiation in the gynoecium.
Characterization of these factors would be an important step
toward a more general understanding of intercellular commu-
nication in higher plants.

Examination of Pistil Gene Expression

The novel tissues in pistils are likely to be associated with the
expression of genes unique to this organ system. Determina-
tion of the nature of the products of these genes and the
mechanisms controlling their expression could greatly increase
our understanding of the formation and function of pistil tis-
sues. In early studies of genes expressed in the different organs
of plants, Kamalay and Goldberg (1980) showed that the gy-
noecium contains up to 10,000 different mRNAs that are not
present in other plant organs. The genes corresponding to
these mRNAs would include regulatory genes responsible for
controlling pistil development as well as “downstream” genes
encoding proteins associated with differentiated cell types in
the pistil.
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In more recent work, researchers have used a variety of
methods (reviewed in Gasser, 1991) to identify and isolate
clones of genes that are expressed predominantly in pistils.
Because these methods rely largely on detection of differences
in specific mRNA levels between pistils and vegetative parts
of plants they resulted in the isolation of genes preferentially
expressed at relatively high levels. The majority of such genes
are downstream genes that are not directly involved in control
of development. However, as outlined below, these genes are
proving to be useful tools for dissecting developmental
processes and characterizing tissue differentiation in pistils.

Genes governing self-incompatibility and their homologs are
one class of genes with pistil-predominant expression patterns
that have been studied intensively. The properties of these
genes are described in more detail elsewhere in this issue (see
Nasrallah and Nasrallah, 1993, this issue; Newbigin et al., 1993,
this issue) and will not be covered here.

Only a small number of additional genes expressed predom-
inantly in pistils have been identified. The nature of the products
of some of these genes has been determined immunologically
or by comparison to previously sequenced genes or proteins.
One such gene, AGL7, which appears o be expressed exclu-
sively in the gynoecium of Arabidopsis, was isolated on the
basis of its homology to known floral homeotic organ identity
genes (Ma et al., 1991). Although little is known about this gene,
the fact that it encodes a protein homologous to transcription
factors and the specificity of its expression in the gynoecium
make it a good candidate for a regulatory gene involved in pistil
tissue differentiation.

Other genes isolated to date appear to encode downstream
genes characteristic of differentiated pistil tissues. These in-
clude B-glucanase (Ori et al., 1990), pectate lyase (Budelier
etal., 1990; McCormick, 1991), an extensin-like protein (Chen
et al., 1992), a chitinase (Lotan et al., 1989, K. Harikrishna and
C. S. Gasser, unpublished data), a proline-rich protein (Cheung
et al., 1993), and a proteinase inhibitor (Atkinson et al., 1993).
It should be noted that with the exception of the proteinase
inhibitor gene, which is expressed in the stigmatic region, all
of these genes are expressed primarily in the transmitting tis-
sue. |n addition, all of these proteins have been shown to be
extracellular or to include putative signal peptides that could
direct them to the outside of the expressing cells. Thus, the
majority of the currently characterized proteins may be depos-
ited in the extracellular secretions of the transmitting tissue
or the stigma. The stigmatic secretions and stylar matrix are
unique to the gynoecium, so it is not surprising that many pistil-
predominant genes would be involved in the production of
these materials.

The currently identified downstream pistil-predominant
genes encode proteins that fall into two overlapping catego-
ries: those homologous to known pathogenesis-related proteins
and those homologous to enzymes involved in cleavage of
glycosidic bonds. Homologs of pistil-predominant chitinase,
B-glucanase, proteinase inhibitor, proline-rich protein, and
extensin genes have all been found to be induced during re-
sponses to pathogen attack or wounding and are hypothesized
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to have defensive roles (Linthorst, 1991). The style provides
an open, nutrient-rich pathway into the plant, and one possi-
ble function of stylar expression of these genes could be to
protect the plant against infection by fungi or bacteria (Gasser,
1991). Three of the identified genes (pectate lyass, chitinase,
and p-glucanase) encode homologs of proteins associated with
cleavage of glycosidic linkages. Polysaccharide substrates for
pectate lyase and p-glucanase are known to be present in the
transmitting tissue. These enzymes have been proposed to
facilitate pollen tube growth by digesting these components
(Ori et al., 1990; McCormick, 1991). Substrates for chitinases
have not been identified in higher plants. However, the recent
observation that a chitinase can have a profound effect on so-
matic embryogenesis in carrot (De Jong et al., 1992) suggests
that such substrates may exist or that plant chitinases may
have activity against other plant compounds. Clearly, further
work will be necessary to fully understand the roles of pistil-
predominant genes.

Another distinctive characteristic of most currently identi-
fied pistil-predominant genes is that their expression is confined
to specific subsets of cells within the pistil. Each of these genes
therefore represents a specific biochemical marker for the tis-
sue in which it is found. In some cases, the expression patterns
of the genes define novel compartments within a previously
identified pistil tissue. For example, the tomato gene desig-
nated 96712, which encodes a protein with homology to pectate
lyases (Budelier et al., 1990; McCormick, 1991), is expressed
only in the upper two-thirds of the outer layers of the transmit-
ting tissue of the style (Budelier et al., 1990). This region is
not histologically different from the remainder of the transmit-
ting tissue, but it is shown to be a biochemically distinct
compartment by virtue of 9672 gene expression. Formulation
of a complete model of control of gene expression in pistils
will require that all such compartments be defined.

Promoter regions from genes expressed in specific tissues
of pistils may also prove useful in characterizing the control
of pistil differentiation. For example, Budelier et al. (1990)
showed that the promoter region of the tomato 9672 gene
directs expression of an attached p-glucuronidase coding re-
gion in the upper region of the transmitting tissue of the style
in transgenic tomato plants. Thus, this construction could be
used to begin characterizing the promoter sequences neces-
sary for production of this expression pattern. Surprisingly, the
same construct showed a completely different pattern of
expression in transgenic tobacco, indicating significant differ-
ences between control of gene expression in these two
members of the same family.

A novel use for promoter regions that direct tissue-specific
expression of chimeric genes has recently been described.
Using the promoter from a Brassica self-incompatibility gene,
Thorsness et al. (1991) targeted expression of the diphtheria
toxin to the stigmatic and transmitting tissue regions of trans-
genic tobacco. Any cells expressing this chimeric gene would
be killed by the action of the toxin. In addition to lacking stigmas,
the pistils of the transgenic plants showed varying defects in
other aspects of pistil morphology. All expressing plants showed

some shortening of the style. In the most extreme cases, the
style was absent and fusion of the carpels was disrupted. These
observations provide evidence of a relationship between the
stigmatic and transmitting tissues and the process of organ
fusion. The isolation of additional promoter regions with differ-
ent tissue specificities within the pistil will facilitate further
dissection of pistil development by this potentially powerful
method.

Genetic Studies on Pistil Development

Using genetic approaches, several laboratories have recently
made significant progress in identifying the determinants of
floral organ identity. These studies on Antirrhinum and
Arabidopsis have shown that the developmental fates of floral
organ primordia are determined by a small set of conserved
genes encoding putative transcription factors (see Coen and
Carpenter, 1993, this issue; Okamuro et al., 1993, this issue;
van der Krol and Chua, 1993, this issue). Models of floral or-
gan identity resulting from these studies indicate that once
the floral program has been initiated, a single gene, referred
to as AGAMOUS (AG) in Arabidopsis and PLENA in Antirrhi-
num, is a primary determinant of carpel identity (Coen and
Meyerowitz, 1991; see Coen and Carpenter, 1993, this issue;
Okamuro et al., 1993, this issue). This single factor cannot,
however, direct the differentiation of tissues and structures
within the gynoecium. Indeed, stigmatic tissues and ovules
can be seen to form in ag mutants of Arabidopsis if this muta-
tion is present in combination with mutations in other classes
of floral organ identity genes (Bowman et al., 1991b). Thus,
additional, as-yet-undefined genes must govern the later stages
of pistil development.

Several laboratories have initiated research to isolate and
characterize mutants that may illuminate factors governing pistil
development. Okada et al. (1989) have isolated mutants that
affect the gross morphology of pistils in Arabidopsis. In sev-
eral of these mutants, septal fusion is aberrant, and the pistils
have a single locule. One such mutant, f/-89, exhibits the ad-
ditional feature of having a terminal bifurcation of the pistil,
resulting in the formation of two stigmas. Further analysis of
these and other pistil morphology mutants will aid in under-
standing the determinants of pistil form and the relationship
between tissue differentiation and morphological development.

A fascinating Arabidopsis mutant that may help illuminate
the processes of postgenital fusion and stigma differentiation
has recently been described by Lolle et al. (1992). In this mu-
tant, fiddlehead (fdh), leaves and all of the floral organs engage
in postgenital fusion with adjacent structures. Fusion of
adjacent floral organs distorts the inflorescences into the char-
acteristic curled shape after which the mutant is named. As
noted above, postgenital fusion is usually observed in Arabidop-
sis only in the developing septum of the pistil and in tissue
that will form the stigma. The fusion of vegetative and floral
organs in fdh mutants appears to occur by the same mecha-
nism that is responsible for normal fusion of the septum of



the pistil. Further characterization of the fadh mutant has shown
that in addition to its fusion competence the epidermis of the
mutant supports both pollen hydration and polien tube germi-
nation (Lolle and Cheung, 1993). In wild-type plants, this
capacity is confined to the stigma.

Thus, the entire epidermis of fdh plants exhibits two proper-
ties that are normally confined to epidermal regions of the
gynoecium. More specifically, fdh epidermis has properties
of the stigma and of the region of the septum that will give
rise to the transmitting tissue, which is likely to be related to
the stigma (see above). On the basis of these observations,
it has been hypothesized that the wild-type FDH gene encodes
a factor that normally restricts development of the unusual
epidermal properties to specific regions of the gynoecium (Lolle
and Cheung, 1993). The disruption of this gene leads to ex-
pression of the program for organ fusion and pollen activation
in all of the epidermis. Thus, the FDH gene appears to directly
control some aspects of tissue differentiation in the pistil of
Arabidopsis. This mutant further supports the relationship be-
tween the stigmal/transmitting tract and organ fusion implied
by the cell ablation experiments described above. Additional
analysis of fdh mutants will help to illuminate the processes
of postgenital fusion and pollen tube germination and may lead
to important insights into control of tissue differentiation in the
gynoecium.

In our laboratory, we have taken a direct approach to the
identification of mutations that affect the differentiation of pis-
til structures necessary for female fertility: the stigma,
transmitting tissue, and ovules. Mutants altered in formation
or differentiation of these structures are isolated by initiaily
screening a mutagenized population of Arabidopsis for infer-
tile mutants (i.e., those plants with fruits that fail to expand).
This is followed by reciprocal crosses to differentiate between
male- and female-sterile mutants. The first two female-sterile
mutants we have characterized, short integuments (sin1) and
bell (bel1), both affect ovule development (Robinson-Beers et
al., 1992). Homozygous sin1 mutants have short integuments
that fail to cover the nucellus at anthesis. It can be seen that
this phenotype results from a failure of the integumentary cells
to elongate normally because the number of cells in the in-
teguments of sin7 mutants is similar to the number in wild-type
integuments (Robinson-Beers et al., 1992). This indicates that
the processes of cell division and cell elongation, both of which
are necessary for normal morphological development of ovules,
are regulated independently in this structure. Within the
nucellus of sin1 mutants, a megasporocyte differentiates, but
meiosis does not occur. Thus, sin? mutants are affected in both
integument development and megasporogenesis, indicating
that these two processes are interconnected or interdependent.

bell mutants appear to initiate only an outer integument
(Robinson-Beers et al., 1992). Further development of the sin-
gle integument is aberrant, resulting in the formation of a thick
collar of tissue that grows up around the nucellus. The collar
of tissue can also produce small outgrowths that superficially
resemble organ primordia. In be/7 mutants, a megasporocyte
develops and appears to undergo meiosis, but subsequent
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development of the gametophyte is aberrant. Thus, bel? mu-
tants further indicate connections between integument and
embryo sac development.

In collaboration with D. Preuss (Stanford University), we have
now isolated more than a dozen additional female-sterile mu-
tants with a variety of defects in pistil development, the majority
of which affect ovule development (C. S. Gasser, K. Robinson-
Beers, and D. Preuss, unpublished data). Other laboratories
have recently reported the identification of T-DNA insertion
mutations affecting pistil (Sessions et al., 1993) and ovule
(Haughn et al., 1993) morphology. Because facile methods are
available for isolating genes mutated by T-DNA insertion
(Yanofsky et al., 1990), it is likely that sequence information
for some genes governing pistil development will soon be avail-
able. The combination of a broad range of mutants in pistil
formation and the isolation of clones of a subset of genes gov-
erning this process provide the necessary tools for genetic
and molecular dissection of pistil development.

PERSPECTIVE

The prospects for new insight into understanding pistil
development seem promising. Ongoing paleobotanical investi-
gations are providing new information on the nature of primi-
tive carpels and the evolution of the gynoecium. Biochemical,
histological, and molecular analyses have allowed further
refinement of the description of differentiated compartments
within pistils. Mutants in genes responsible for controlling pis-
til differentiation have now been identified that will allow direct
examination of the factors governing this process. Application
of these new tools should provide a dramatic increase in our
understanding of this critical organ system in the near future.
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