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Ovule Development: ldentification of Stage-Specific and 
Tissue-Specif ic cDNAs 

Jeanette A. Nadeau,' Xian Sheng Zhang,* J u a n  Li, and Sharman D. 0Neill3 
Division of Biological Sciences, Section of Plant Biology, University of California at Davis, Davis, California 95616 

A differential screening approach was used to identify seven ovule-specific cDNAs representing genes that are expressed 
in a stage-specific manner during ovule development. The Phalaenopsis orchid takes 80 days to  complete the sequence 
of ovule developmental events, making it a good system to isolate stage-specific ovule genes. We constructed cDNA 
libraries from orchid ovule tissue during archesporial cell differentiation, megasporocyte formation, and the transition 
to meiosis, as well as during the final mitotic divisions of  female gametophyte development. RNA gel blot hybridization 
analysis revealed that four clones were stage specific and expressed solely in ovule tissue, whereas one clone was spe- 
cific to pollen tubes. Two other clones were not ovule specific. Sequence analysis and in situ hybridization revealed the 
identities and domain of expression of several of the cDNAs. 039 encodes a putative homeobox transcription factor that 
is  expressed early in the differentiation of the ovule primordium; 040 encodes a cytochrome P450 monooxygenase 
(CYP78A2) that is  pollen tube specific. 0108 encodes a protein of unknown function that is  expressed exclusively in the 
outer layer of the outer integument and in the female gametophyte of mature ovules. 0126 encodes a glycine-rich protein 
that is expressed in mature ovules, and 0141 encodes a cysteine pmteinase that is  expressed in the outer integument 
of ovules during seed formation. Sequences homologous to these ovule clones can now be isolated from other organ- 
isms, and this should facilitate their functional characterization. 

INTRODUCTION 

Throughout the history of plant biology, much attention has 
centered on the angiosperm ovule because of the central role 
played by the ovule in plant reproduction and agriculture. The 
ovule produces the female gametophyte, which gives rise to 
the haploid egg cell during plant sexual reproduction. The ovule 
also consists of sporophytically derived tissues that nourish 
and protect the female gametophyte and developing embryo. 
Ultimately, the mature embryo, endosperm, and maternal tis- 
sues of the ovule form the seed (Bouman, 1984). 

The study of ovule development promises to yield valuable 
insights into general developmental mechanisms because many 
of the processes involved in ovule development have parallels 
in other eukaryotic organisms, including the establishment of 
polarity and pattern, lineage-specific cell and nuclear division, 
and programmed cell death (Drubin, 1991; St. Johnson and 
Nüsslein-Volhard, 1992; Martin et al., 1994). In theovule, these 
processes are exemplified by events such as the redistribution 
of organelles and biochemical activities in the megasporocyte 
and female gametophyte during development, precisely regu- 
lated divisions of the megaspore nucleus and the construction 
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of new cell walls in highly organized patterns within the female 
gametophyte, and the death of the three abortive megaspores 
or the death of integument cells to form the seed coat (Bouman, 
1984; Noher de Halac and Harte, 1985; Huang and Russell, 
1992). 

Despite the wealth of descriptive knowledge concerning 
ovule anatomy and morphology, little is known about the mo- 
lecular basis of ovule development and function. The relative 
inaccessibility of the ovule within the ovary and the difficulty in 
harvesting adequate amounts of tissue at known developmental 
stages have impeded progress toward understanding the mo- 
lecular basis of ovule development and function. In an effort 
to understand these processes, several mutations affecting 
ovule and female gametophyte development have been iden- 
tified, including bell (bell), shorf infegumenfs (sinl), ovule 
mutant-2 (o"), and ovule mutant-3 (ovm3), which cause fe- 
male sterility in Arabidopsis (Robinson-Beers et al., 1992; 
Reiser and Fischer, 1993; Modrusan et al., 1994). Other genes 
shown recently to be involved in ovule development are aber- 
ranf fesfa shape (ats) (Léon-Kloosterziel et al., 1994) and 
superman (sup) (Gaiser et al., 1995), which regulate growth 
and differentiation of the integument. A few mutations defec- 
tive in aspects of megasporogenesis also have been identified, 
such as the megasporogenesis (msg) gene in wheat (Joppa 
et al., 1987), synaptic mufant-2 (sy-2) in Solanum (Parrott and 
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Hanneman, 1988), and female gametophyte factor (Gf) in
Arabidopsis (Redei, 1965).

Little progress has been made in identifying and analyzing
genes expressed specifically in the ovule and female gameto-
phyte. A major goal of our research has been to develop a
biological system in which it would be possible to isolate large
quantities of synchronized ovules for the identification of ovule-
specific and developmental stage-specific mRNAs. In many
orchid species, no ovules are present in the ovary before pol-
lination and instead are induced to develop by hormonal
signaling associated with the pollination event (Zhang and
O'Neill, 1993). Because of the precise manner in which the
ovule developmental program can be switched on in the ma-
ture orchid flower, orchids provide an excellent system in which
to study both the regulation of ovule development and the in-
tercellular communication events that lead to the activation
of this pathway. The Phalaenopsis orchid system is also amena-
ble to biochemical investigations because ovule development
is nearly synchronous, and thousands of ovules are present
in each ovary, making tissue collection feasible.

The regulatory mechanisms that allow both the appropri-
ate elaboration of the ovule developmental program and the
biochemical specialization of differentiated cells involve the
expression of appropriate genes in highly regulated patterns
during development. Our group has chosen to assess the me-
chanisms involved in ovule development by identifying genes
that are expressed uniquely in ovules, because these genes
must play some role either in regulating development or in es-
tablishing the specialized identities of cells in the ovule. In this
study, we isolated genes specific to developing and mature
ovules of Phalaenopsis orchids by differential screening of
cDNA libraries to explore the molecular basis of female gameto-
phyte and ovule development. Using the unique developmental
features of Phalaenopsis orchid ovules, we have identified sev-
eral genes that are expressed at specific times and in specific
cell types of the sporophyte tissue of the ovule and in the fe-
male gametophyte.

RESULTS
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Figure 1. Diagram of Microgametogenesis and Megagametogene-
sis in Phalaenopsis.

Development of the male gametophyte (pollen grain) is completed be-
fore anthesis. whereas at anthesis the ovary is immature and lacks
ovules. Pollination induces the ovule developmental program, result-
ing in the formation of a Polygonum-type female gametophyte.

Ovule Development in Orchids Is Induced by
Pollination and Extends over 80 Days

Previously, our group presented a detailed account of
Phalaenopsis ovule development and its regulation after pol-
lination (Zhang and O'Neill, 1993). The major events during
male and female gametophyte development in orchids are
shown schematically in Figure 1. Although orchid flowers are
unusual in that ovule development is delayed until anthesis
of the flower and is triggered by pollination, once initiated,
the processes of megasporogenesis and megagametogene-
sis are similar to those of many other plant species. The
development of the mature female gametophyte is of the Poly-
gonum type (Figure 1), which is found in 70% of all flowering

plant species, including Arabidopsis, and is considered to be
the prototypical program of female gametophyte development
(Maheshwari, 1950; Bouman, 1984; Willemse and van Went,
1984; Reiser and Fischer, 1993).

We previously described in detail the regulation of female
gametogenesis by pollination (Zhang and O'Neill, 1993). This
study formed the basis of Figure 2, which illustrates the time-
line of events in ovule development that spans ~80 days and
provides the framework for consideration of the data presented
in this study.

The first events in orchid ovule development are cell divi-
sions within the meristematic region of the placental ridges
that begin shortly after pollination. These ridges elongate and
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branch dichotomously several times over the span of 4 weeks
(Figure 2A). These branches form thousands of fingerlike ovule
primordia at ~5.5 weeks after pollination (WAR). At this stage,
cells in the epidermis and hypodermis are densely cytoplas-
mic. Next, a hypodermal cell near the apex of the primordia
enlarges to form the archesporial cell. The inner integument
initiates as a ring of periclinal cell divisions near the tip of the
primordium, and the outer integument is initiated shortly there-
after (Figure 2B). This is accompanied by asymmetric growth
and division of cells on one side of the primordium to estab-
lish the anatropous orientation of the ovule. Over the course
of ~1 week, the archesporial cell enlarges further to form the
megasporocyte directly (Figure 2C), which develops a distinc-

tive polar distribution of organelles, enzyme activities, and
callose within the wall. The nucellus remains uniseriate and
is crushed between the inner integument and female gameto-
phyte at maturity.

The megasporocyte undergoes meioses I and II to form the
megaspores between 7 and 9 WAP. The micropylar megapores
degenerate, and the chalazal megaspore enlarges as small
vacuoles within it begin to coalesce. After the first division of
the megaspore nucleus, the nuclei migrate to opposite ends
of the coenocytic megagametophyte, where they divide twice
to form the four chalazal and four micropylar nuclei of the eight-
nucleate female gametophyte. The migration of a nucleus from
each quartet to the center establishes the polar nuclei. The
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Figure 2. Timeline of Phalaenopsis Ovule Development

The span of time during which each event takes place within a single ovary is indicated below the timelme. Ovules corresponding to four different
stages of development were photographed using differential interference contrast microscopy
(A) Meristematic protuberances. The inner cell file contains a cell undergoing a mitotic division (arrowhead).
(B) Ovule primordia with archesporial cells showing the beginnings of integument initiation, ii, inner integument; oi. outer integument.
(C) Ovule with megasporocyte and the inner integument surrounding one-half of the nucellus. m. megasporocyte.
(D) Ovule with mature female gametophyte. a. antipodal cell; e. egg cell; s, synergid.
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three remaining nuclei at each pole become enclosed by cell
walls to form three chalazal antipodal cells and two synergids
and an egg cell at the micropylar pole. This results in the for-
mation of a standard Polygonum-type female gametophyte
(Maheshwari, 1950; Bouman, 1984; Willemse and van Went,
1984) over the course of ~2.5 weeks (Figure 2D). Ovules cor-
responding to each developmental time point in Figure 2 were
isolated and used for the comparative analysis of gene expres-
sion at the level of mRNA populations.

Identification of cDNAs Expressed during Ovule
Development

To identify transcripts that were expressed differentially dur-
ing ovule development, cDNA libraries were constructed from
mRNA isolated from Phalaenopsis orchid ovule tissue. Three
pivotal events in the development of the female gametophyte
were selected for this analysis, based on their obvious sig-
nificance to the development of a fertile ovule and because
they represent events that seemed most likely to involve sig-
nificant changes in gene expression. These stages are shown
in Figure 2. The first event targeted was the formation of the
ovule primordia, as defined by fingerlike placental projections,
each containing an archesporial cell (Figure 2B, early primordia
library). Tissue corresponding to these stages was harvested
at 5.5 WAR The second event targeted was megasporocyte
development and its transition to meiosis (Figure 2C, mega-
sporocyte library). Ovule tissue representing this stage of
development was harvested at 6.5 and 7.0 WAR respectively,
to include a range of late premeiotic and early meiotic events.
Finally, development from the mitotic divisions in the four-
nucleate stage through differentiation of the mature female
gametophyte was placed in the third stage-specific library (Fig-
ure 2D, female gametophyte library). This cDNA library was
constructed with ovule tissue harvarested at 11 WAR We expect-
ed this library to contain transcripts involved in such processes
as polar redistribution of organelles within the female gameto-
phyte and differentiation of the cell types within the female
gametophyte and sporophytic tissues of the ovule, in addition
to transcripts involved in signaling between the female and
male gametophytes.

The megasporocyte and female gametophyte libraries were
selected for our initial screening efforts. These libraries were
subjected to three-way differential screening, using cDNA
probes reverse transcribed from ovary wall mRNA as control
and ovule mRNA as experimental probes (6.5 and 11 WAP).
This strategy allowed us to identify cDNA clones in each li-
brary that are characteristic of ovule tissue and to eliminate
mRNAs shared with ovary tissue. Screening in this way pro-
vided information about the abundance of mRNAs in the ovule
relative to the ovary wall in both libraries. Most genes related
to photosynthesis and general housekeeping processes should
be expressed in the ovary wall; therefore, clones selected by
this strategy should represent genes that may not be unique
to the ovule but are part of the contingent of genes responsi-
ble for the biochemical identity of cells in the ovule. This strategy

also enabled us to make an initial observation of the stage spec-
ificity of the clones identified as more abundant in ovule tissue.

A total of 160 clones were selected based on their greater
abundance in ovule tissue compared with ovary wall tissue
at one or both stages examined, as well as 30 clones more
abundant in ovary tissue. One-quarter of the clones more abun-
dant in ovule tissue were chosen for further analysis and carried
through secondary and tertiary screens. Restriction digestion
analysis and cross-hybridization analysis of the resulting clones
revealed a total of seven unique sequence classes, which were
analyzed further.

Stage-Specific Expression of Ovule Genes

To determine the pattern of expression of these genes during
ovule development and to confirm the differences in mRNA
abundance observed in the screening process, each clone was
used to probe RNA gel blots containing total RNA isolated from
ovary or ovule tissue at various times after pollination, as shown
in Figure 3. These time points correspond to stages of ovule
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Figure 3. Stage-Specific Expression of Transcripts in Ovule Tissue.
RNA gel blot hybridization analysis of cDNAs corresponding to clones
identified by differential screening was conducted. Numbers at the
top represent times at which tissue was harvested in weeks after polli-
nation. These numbers correspond to those shown in Figure 2, which
illustrates the developmental events taking place at each time point.
The clone name is indicated at left, and the clone length (in kb') is
indicated at right. Actin served as a control. Twenty micrograms of to-
tal RNA was loaded per lane.
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development described in the timeline of Phalaenopsis ovule
development (Figure 2). In addition, all RN A blots were probed
with a Phalaenopsis actin clone isolated by our laboratory to
confirm the presence of undegraded RNA in each lane.

From this analysis, it was clear that the pattern of expres-
sion of the clones fell into three distinct classes. Two clones,
O39 and O40, isolated from immature ovules at 6.5 WAR were
expressed at high steady state levels at this developmental
stage (Figure 3). Transcripts corresponding to both cDNAs were
first detectable at 5.5 WAR and the levels did not appear to
change dramatically during development. O39 continued to
be expressed up to the mature ovule stage, at 11 WAR In con-
trast to O39, O40 expression was nearly absent by 11 WAR
but much longer autoradiographic exposure times (see Methods)
revealed that O40 transcripts were faintly detectable at 4 and
11 WAR The relative abundance of O40 transcripts was very
high compared with that of O39, which required somewhat
longer autoradiographic exposures. As can be seen from the
timeline in Figure 2, these clones were expressed at high lev-
els during stages when several key events were occurring,
including integument initiation and growth, morphological dif-
ferentiation of the megasporocyte, and subsequent entry into
meiosis (5.5, 6.5, and 7.5 WAR). No ovule-specific clones iso-
lated thus far were detected before 5.5 WAR a time when ovule
primordia are forming.

Several clones that were isolated from nearly mature ovules
(O108, O126, and O141) fell into a second expression class.
Transcripts corresponding to these clones were abundant at
11 WAR but were undetectable at early stages of development,
even after long autoradiographic exposures. This time point
represents the stage when most ovules are completing female
gametophyte development and some ovules have been
fertilized.

The remaining clones isolated from nearly mature ovules
(O129 and O137) fell into a third expression class. Transcripts
corresponding to these cDNAs were detected in ovule tissue
at all stages but increased in abundance to reach a maximum
at 11 WAR

Tissue-Specific Expression of Ovule Genes

Each clone was used to probe RNA blots containing total RNA
isolated from various organs of the Phalaenopsis plant to de-
termine whether the transcripts were present in other organs
or were restricted to ovule tissues. Figure 4A demonstrates
that mRNAs corresponding to clones O39 and O40 were not
found in the ovary wall, in other floral organs such as the stigma
or petals, or in other vegetative organs such as the leaves or
roots. Figure 4B illustrates that O108 and O126 are specific
to mature ovule tissues and are not detected in other tissues
of the plant. Interestingly, O141 is present at high levels in ovules
and is also detectable at low levels in roots. The remaining
clones (O129 and O137) are present at quantitatively higher
levels in ovule tissue, as would be expected from our screen-
ing strategy, but are also present in all organs of the plant
examined.

O39

O40

O141

Figure 4. Tissue-Specific Expression of Ovule Clone Transcripts.
RNA gel blot hybridization analysis illustrates the abundance of tran-
scripts corresponding to clones identified by differential screening in
ovule, ovary wall, petal, stigma, leaf, and root tissues. Actin served
as a control. Twenty micrograms of total RNA was loaded per lane.
(A) Transcripts detected early in ovule development. Ovule and ovary
wall tissue was harvested at 6.5 WAR (6.5W).
(B) Transcripts detected late in ovule development. Ovule and ovary
wall tissue was harvested at 11 WAR (11W).

Sequences Homologous to Ovule cDNAs Are Present
in the Genome at Varying Abundance

To determine the approximate number of sequences in the
Phalaenopsis genome homologous to each cDNA clone, we
hybridized each clone to genomic DNA digested with EcoRI,
BamHI, and Hindlll at moderately high stringency (see Meth-
ods). Figure 5 shows that O39, O40, O126, and O141 are pres-
ent as single-copy sequences. When the strongly hybridizing
bands are considered, multiple fragments in each lane can
be explained by restriction enzyme sites present in the cDNA.
O40 shows fainter bands that may represent related sequences.
In O108, O126, and O137, multiple bands of roughly equal in-
tensity are present, indicating that these cDNAs are members
of a small family of related sequences in the Phalaenopsis
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Figure 5. DNA Gel Blot Hybridization Analysis of Ovule cDNAs.

Each lane contains 10 ng of genomic DNA digested to completion with EcoRI (E), BamHI (B), or Hindlll (H). The bars at the right of each blot
indicate the position of markers corresponding to 12.0, 8.0, 4.0, and 3.0 kb, from top to bottom.

genome. In these cases, additional fainter bands are also ap-
parent that may represent more divergent members of each
gene family.

In Situ Hybridization Demonstrates That Some Ovule
cDNAs Are Cell-Type Specific and That Some
Are Expressed throughout the Ovule

In situ hybridization, using the cDNAs to probe tissue sections,
was conducted to define precisely the spatial pattern of gene
expression at different stages of ovule development. To attain
the level of resolution necessary to identify specific cells within
the ovule that express the gene of interest, we developed a
technique that maintained the structural integrity of delicate
tissues more completely than traditional paraffin-embedding
techniques. To do this, we embedded all tissues in a UV light-
polymerized methacrylate plastic mixture. This approach is
a modification of a procedure that has been used for immuno-
localization studies (Baskin et al., 1992) and has been described
recently for in situ hybridization with RNA (Kronenberger et
al., 1993).

039

Figure 6 illustrates the results of in situ hybridization conducted
with O39 RNA probes to transverse sections through the or-
chid ovary under high-stringency conditions (see Methods).
Figures 6A and 6B show that very little, if any, O39 transcript

is present in the ovary at 3.5 WAR In ovules at 3.5 WAR the
meristematic foci along the ridges have undergone several
rounds of dichotomous branching and will branch at least once
more to amplify the final number of projections available to
form ovules. None of the projections in these sections have
undergone the anatomical differentiation characteristic of the
ovule primordia, such as the characteristically box-shaped cells
in well-ordered files and an enlarged archesporial cell with a
more diffusely staining nucleus. Figures 6A and 6B also illus-
trate the general observation that the hybridization signal was
slightly more abundant over the tissue in sections of meth-
acrylate-embedded tissue; however, this level of signal was
equivalent to that observed in sections probed with the sense
control strand (data not shown). This represents a low level
of probe adherence to cell walls that is inherent in this
procedure.

Figures 6C and 6D show that at the time of the archesporial
cell differentiation in the ovule primordium, the intense hybrid-
ization signal is apparent primarily in the primordia themselves
rather than in the subtending placental regions. Interestingly,
some hybridization is also apparent in the unique layer of
placental epidermal cells that appear dense and secretory and
are located on the side of the placenta where pollen tubes grow.
No hybridization was observed in the parenchymatous epider-
mal cells located on the opposite side of the placenta.

Hybridization with transcripts in the ovule tissue was observ-
able, although at a lower level, throughout subsequent ovule
development. Figures 6E and 6F illustrate ovules that show
hybridization in all cells of the ovule, including the megasporo-
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cyte. Ovules at this stage of development are undergoing rapid 
development of both integuments and have initiated the asym- 
metric growth that leads to the final anatropous orientation of 
the ovule. In Figure 6E, the megasporocyte of ovules has en- 
tered prophase I of meiosis. Very little hybridization is observed 
in the placental region of the ovary, with the exception of the 
placental epidermis. 

Figures 6G and 6H illustrate ovules undergoing the final 
mitotic divisions of female gametophyte development. Once 
again, signal can be seen in all cells of the ovule, including 
the female gametophyte, although it is now more clumped in 
appearance. This is a direct result of the increased vacuoliza- 
tion of the ovule cells at this stage, which has pushed the 
cytoplasm to the cell corners where the signal is now local- 
ized. The layer of secretory cells on the outside of the placenta 
also showed hybridization with the 039 probe, although these 
tissues are not illustrated in Figures 6G and 6H. 

These observations agree with those obtained by RNA gel 
blot hybridization analysis (Figure 3), which showed almost 
undetectable levels of 039 transcript in ovule tissue until 5.5 
WAP, when transcripts were clearly detected. 039 continued 
to be expressed throughout ovule development and was still 
present at 11 WAP, when ovules are mature. 

040 

Figure 7 shows in situ hybridizations with clone 040 to detect 
transcripts present in transverse sections of the orchid ovary. 
Contrary to our initial expectations based on RNA blot hybrid- 
ization results, transcripts hybridizing to clone O40 are localized 
exclusively to the pollen tubes. The identification of this gene 
by our differential screening strategy was not completely un- 
expected, because pollen tubes become intertwined with the 
ovules in the ovary and consequently contribute to the RNA 
population harvested, despite our attempts to remove them 
(see Methods). The pollen tubes first enter the ovary at ~2 
WAP (see Figure 2) and are present in the ovary until fertiliza- 
tion (Zhang and ONeill, 1993). 

Figures 7A and 78 illustrate tissue containing ovules at the 
archesporial stage of development, including many pollen 
tubes that were growing as a large m a s  in the locule adja- 
cent to the specialized placental epidermis. Figures 7A and 
78 show a very high level of 040 transcript present in the pol- 
len tubes, compared with Figures 7C and 7D, which show 
sections from the same tissue block probed with the sense 
strand RNA as a control. No pollen tubes were present on the 
other side of the placenta, which does not differentiate special- 
ized epidermal cells. In Figures 7A and 78, the hybridization 
signal is localized primarily near the placenta rather than 
throughout the pollen tube mass; this observation is explained 
by the fact that the pollen tube tips, which contain the cytoplasm 
of the male gametophyte, track along the placental wall. This 
is illustrated by Figure 88, which shows a longitudinal section 
of the ovary that has been stained with acridine orange and 
visualized with epifluorescence microscopy to show the loca- 
tion of RNA and DNA in the pollen tube. Clearly, the cytoplasm 

of the majority of pollen tubes in the area is localized near the 
placental surface, whereas the bulk of the tissue farther out 
in the locule is composed of empty pollen tubes left behind 
as the tips elongate. A higher magnification of the region in 
Figures 7A and 78 is presented in Figures 7E and 7F and shows 
ovule primordia, placenta, and pollen tubes in detail. 

Later in ovule development, the pollen tubes become fur- 
ther intertwined in the ovules and continue to express the 040 
transcript. Figures 7G and 7H illustrate pollen tubes growing 
on the placenta and the funiculus of ovules predominantly at 
the megasporocyte stage of development. Based on the in- 
tegument length of the ovules shown in Figure 7G, some have 
already proceeded through meiosis. This is most likely the case 
for the ovule indicated by the arrowhead, which has a pollen 
tube that is expressing 040 transcript growing on its funicu- 
Ius toward the ovule micropyle. The position of pollen tube tips 
at these later stages of ovule development can be observed 
more readily in Figure 8A, which illustrates the location of pol- 
len tube cytoplasm (arrow) when surrounding ovules are 
mature. At this stage, pollen tubes are found predominantly 
on or very near the ovule funiculi. 

Finally, Figures 71 and 7J illustrate mature ovules with pol- 
len tubes that did not hybridize with the 040 probe. At this 
stage of ovule development, many ovules had been fertilized 
and pollen tubes may be growing less actively. This finding 
is consistent with RNA gel blot hybridization analysis, which 
shows dramatically reduced levels of 040 transcript in tissues 
harvested at 11 WAP (Figure 3), despite the fact that pollen 
tubes are undoubtedly still intertwined with the ovules during 
tissue collection. 

0108 

0108 transcripts could not be detected until 11 WAP, as ex- 
pected from RNA gel blots. Figures 8C and 8D show that in 
mature ovules, 0108 transcripts were present only in the outer 
layer of the outer integument and in the female gametophyte. 
In Figures 8C and 8D, each ovary section contains 20 to 50 
randomly oriented ovules, which showed that the level of gene 
expression was variable among ovules in the same ovary. Many 
ovules did not express the gene at detectable levels, and these 
ovules were interspersed randomly with those that did. Ex- 
amination of numerous sections did not reveal a discernible 
spatial pattern of organization of ovules within the ovary that 
might explain this observation, and ovules that expressed 0108 
were indistinguishable from those that did not at the anatomi- 
cal level. This pattern of expression within the ovule population 
as a whole indicates that expression of 0108 most likely oc- 
curs within a narrow developmental window; thus, small 
differences in stage between neighboring ovules result in the 
presence or absence of 0108 transcripts. 

Figures 8E and 8F illustrate a higher magnification view of 
numerous ovules containing 0108 transcripts as well as show- 
ing severa1 ovules that did not contain 0108 transcripts. Figures 
8E and 8F also demonstrate that 0108 was not present in other 
tissues of the ovary, such as the hair cells that are derived 
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Figure 6. O39 RNA Distribution during Ovule Development.
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from the inner ovary wall, or in the pollen tubes. In addition, 
background levels of hybridization with the placenta can be 
seen in Figures 8C and 8D, reinforcing datafrom RNA gel blot 
hybridization analysis that suggest that 0108 gene expression 
is strictly ovule specific (Figure 4). 

Some ovules express 0108 in the integument but not in the 
central part of the ovule; this is illustrated by the Ovules in trans- 
verse section in Figures 9A and 9B. In most of these cases, 
examination of seria1 sections led us to conclude that the plane 
of section did not pass through the female gametophyte but 
instead passed through sporophytic tissues in the center of 
the ovule. Figures 9C and 9D illustrate a section through the 
same ovules as shown in Figures 9A and 9B, but two of the 
ovules have been sectioned through the female gametophyte 
and thus show the centrally located 0108 hybridization sig- 
nal. No ovules expressed 0108 in the female gametophyte but 
not in the integuments, although Figures 9C and 9D illustrate 
a rare example of an ovule in which 0108 mRNA abundance 
is lower in the integument than in the female gametophyte. 
These observations allowed us to infer the temporal pattern 
of 0108 gene expression. We conclude that 0108 expression 
in the female gametophyte must coincide closely with expres- 
sion in the outer integument. 

Figures 9E to 9H illustrate longitudinal sections through 
ovules. In Figures 9E and 9F, 0108 transcripts are localized 
to the outer cell layer of the outer integument and female game- 
tophyte only, a point that can be seen most clearly at high 
magnification in Figure 91. Furthermore, the funiculus does 
not express 0108 mRNA. The ovule indicated by the arrow- 
heads in Figures 9G and 9H was at the four-nucleate stage 
of female gametophyte development and did not show the sig- 
nal, whereas the neighboring ovule had probably been 
fertilized recently and did show the signal. This reinforces the 
notion that 0108 turns on during a narrow developmental win- 
dow close to female gametophyte maturation and fertilization, 
as discussed earlier. 

Occasionally, fertilized ovules were observed in sections that 
were recognizable due to the elongation of the outer integu- 
ment relative to the inner integument (data not shown). The 
spatial pattern of cells that express the gene remains the same 
as that observed in prefertilization ovules, although the hy- 
bridization signal intensity was reduced and completely absent 

in some ovules at this stage. This suggests that the domain 
of expression of 0108 does not shift during development and 
that expression of 0108 is turned off or down-regulated after 
fertilization. The structural preservation of the postfertilization 
female gametophyte as well as the rudimentary nature of the 
orchid embryo (Wirth and Withner, 1959) prevented us from 
determining precisely when 0108 expression decreases in re- 
lation to embryo development. 

0141 

In situ hybridization of immature ovules with clone 0141 RNA 
probes showed no hybridization signal (data not shown), and 
the expression of this gene was restricted to the later stage 
of ovule development, as observed in RNA gel blot hybridiza- 
tion (Figure 3). Figures 1OA and 1OB indicate that hybridization 
with mature or nearly mature ovules occurred in both cell layers 
of the outer integument of the mature ovule rather than only 
in the outermost layer of the outer integument, as observed 
with clone 0108. We observed no other tissues of the ovule 
that hybridized with 0141 above background levels, even at 
very long exposures of severa1 months. The 0141 probe de- 
tected transcripts in only a subset of ovules in each section 
observed (Figures 1OA and 1OB). This is similar to the pattern 
observed for 0108 and suggests that Olpl’was expressed only 
in a narrow window of time such that the slight differences 
in the developmental stage of neighboring ovules were reflected 
in 0141 gene expression. In the case of 0141, however, gene 
expression most likely began after fertilization. All of the ovules 
in which the gene was expressed showed the elongated outer 
integument characteristic of postfertilization ovules, as seen 
in Figures 1OC and 10D. Higher magnifications of the ovule 
shown in Figures 1OC and 10D (Figures 10E and 1OF) showed 
a purple-staining pollen tube in the micropyle of the ovule (ar- 
rowhead). Furthermore, most ovules that expressed 0141 
mRNA had integuments that appeared slightly degraded in 
appearance, which accurately represented the condition of the 
ovules and was nota procedural artifact. At this stage, the outer 
integument had begun to develop into the seed coat, while 
the ovules progressed rapidly toward seed maturity. 

Figures 10G and 10H illustrate once again that not all neigh- 
boring ovules were at precisely the same stage of development, 

Figure 6. (continued). 

Transverse sections through the placenta1 region of lhe ovary were hybridized with antisense 039 RNA probes. Bright-field microscopy was used 
for (A), (C), (E), and (G); dark-field microscopy was used for (B), (D), (F), and (H). Some birefringence of the cell walls in methacrylate-embedded 
tissue can be observed in most sections and should not be confused with the true RNA hybridization signal, which is manifested as small white 
spots due to the presence of silver grains in the autoradiographic emulsion. 
(A) and (E) Branching meristematic protuberances from the placenta. Bar = 50 pm. 
(C) and (D) Archesporial-stage ovule primordia. The white arrowhead indicates an archesporial cell. Bar = 50 pm. 
(E) and (F) Megasporocyte-stage ovules. The white arrowhead indicates a megasporocyte. Bar = 50 pm. 
(G)  and (H) Near-mature ovules. The while arrowhead indicates the female gametophyte. Bar = 50 pm. 
a, archesporial cell; fg, female gametophyte; ii, inner integument; m, megasporocyte; mr, meristematic ridges; oi, outer integument; p, placenta; 
pe, placental epidermis; pt, pollen tubes. 
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Figure 7. O40 RNA Distribution during Ovule Development.
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based on gene expression pattern, despite their anatomical 
similarity. In addition, Figures 10G and 10H illustrate ex- 
pression of 0141 transcripts in isolated patches of placental 
epidermal cells. This was the only other location in the ovary 
in which 0141 expression was observed during any stage of 
development. 

Sequence Analysis of Ovule cDNAs Suggests That 
Some Are lnvolved in Gene Regulation Whereas 
Others Are lnvolved in Differentiation 

Clone 039 Encodes a Homeobox Transcription Factor 

Clone 039 represents an apparently full-length mRNA of 3088 
nucleotides containing one long open reading frame (ORF) 
from position 298 to 2593, which is shown in Figure 11A. This 
ORF encodes a protein of 798 amino acids with a calculated 
molecular mass of -84 kD and pl of 5.98. Sequence analysis 
indicated that a region near the N-terminal end of the protein 
exhibits strong similarity with the homeobox DNA binding motif 
of transcription factors. The archetypal homeobox consists of 
~ 6 1  amino acids that form a helix-turn-helix structure capa- 
ble of sequence-specific DNA binding (Scott et al., 1989). The 
predicted sequence of 039 retains all four of the absolutely 
conserved amino acids in the third recognition helix of the 
homeobox as well as nine of the 17 most highly conserved 
amino acids present throughout the homeobox; thus, it is likely 
to encode a true homeobox transcription factor (Figure 11B). 

As with other homeobox protein families, 039 exhibits little 
sequence similarity to other homeobox protein families out- 
side the homeobox region (Duboule, 1994). A notable exception 
is the recently identified GLABRA2 homeobox protein, which 
regulates trichome differentiation in Arabidopsis (Rerie et al., 
1994). Amino acid sequence identity between 039 and GLA- 
BRA2 is 39% over the entire length of the protein and 66% 
within the homeobox region; overall structural organization is 
also similar between the two proteins, with the homeobox at 
the N-terminal end of the protein. In addition, 039 encodes 
a larger protein than most homeobox proteins, as does the 
GLABRAP gene (798 compared with 660 amino acids). When 
compared with other plant homeodomain proteins, the 039 

homeodomain is most similar to Athb-1 and Athb-2 (HAT4 and 
HAT5) from Arabidopsis (Ruberti et al., 1991; Schena and Davis, 
1992) and least similar to the maize protein KNOTTED1 
(Vollbrecht et al., 1991). Figure 116 shows a multiple sequence 
alignment between 039 and other plant homeobox proteins 
compared with the consensus sequence for the plant homeo- 
box proteins. 

The cDNA also contains four short ORFs in the 5’ untrans- 
lated region (UTR) of the transcript, which are followed by stop 
codons (Figure 11A). The final three ORFs, which contain six, 
19, and six codons, respectively, are in frame with the final 
and presumed coding region of the transcript. Although this 
structural feature has no known function in plants, short ORFs 
in the 5’ UTR of the yeast GCN4 mRNA are involved in the 
translational control of expression of this transcription factor 
(Hinnebusch, 1990), and short ORFs have been observed in 
the 5’ UTR of several plant homeobox genes (Ruberti et al., 
1991; Bellmann and Werr, 1992; Schindler et al., 1993) and 
in the transcripts of several other types of gene regulatory pro- 
teins in plants (Hartings et al., 1989; Singh et al., 1990). 

Clone 040 Encodes a Cytochrome P450 Mixed 
Function Monooxygenase 

Sequence analysis of clone 040 indicated that the largest ORF 
encodes a cytochrome P450 monooxygenase with a predicted 
molecular mass of 48 kD and a pl of 6.62. The cytochrome 
P450 monooxygenases are a large superfamily of membrane- 
bound enzymes that catalyze the oxidation of diverse and of- 
ten overlapping substrates of both endogenous and xenobiotic 
origin in organisms from bacteria to fungi, plants, and animals 
(Nebert and Gonzalez, 1987; Donaldson and Luster, 1991). 
These enzymes employ a heme group linked to the polypep- 
tide through a cysteine residue in the motif FxxGxxxCxxG 
(where x is a nonconserved amino acid) that is present in all 
cytochrome P450 monooxygenases. Catalytic activity is ac- 
complished by complexing the substrate with the heme moiety, 
which then acts to transfer an electron from the donor NADPH 
reductase to molecular oxygen, resulting in the reduction of 
molecular oxygen to H20 and the oxidation of the substrate 
(Goodwin and Mercer, 1988). 

The complexity of evolutionary relationships between the 

Figure 7. (continued) 

Sections through the placental region of the ovary were hybridized with sense and antisense 040 RNA probes. Bright-field microscopy was used 
for (A), (C), (E), (G), and (I); dark-field microscopy was used for (B), (D), (F), (H), and (J). 
(A) and (B) Low-magnification view of archesporial-stage ovule primordia and placenta with pollen tubes in the locule Hundreds of pink-staining 
pollen tubes are present in the locule. Bar = 100 pm. 
(C) and (D) Same tissue as shown in (A) and (B) hybridized with the sense RNA probe as a control. Bar in (A) = 100 pm for (C) and (D). 
(E) and (F) Higher magnification of tha section shown in (A) and (B) showing pollen tubes growing along the placental epidermis with archesporial- 
stage ovule primordia. The arrowheads in (E) and (F) indicate a pollen tube tip. Bar = 50 pm. 
(G) and (H) Ovules at the megasporocyte stage or slightly later stages with pollen tubes. The arrowheads in (G) and (H) indicate a pollen tube 
growing on the funiculus of an ovule. Bar = 50 pm. 
(I) and (J) Mature ovules with pollen tubes that do not express 040. The white arrowhead in (J) indicates an area filled with pollen tubes. Bar = 50 pm. 
o, ovule primordium; p. placenta; pe, placental epidermis; pt, pollen tubes. 
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Figure 8. Pollen Tubes in the Ovary and O108 RNA Distribution during Ovule Development

Sections through the placental region of the ovary were hybridized with O108 RNA probes. Bright-field microscopy was used for (C) and (E);
dark-field microscopy was used for (D) and (F). The arrowheads indicate ovules that do not express O108.
(A) Bright-field microscopy of mature and fertilized ovules with pollen tubes intertwined. Pollen tube cytoplasm is localized to the tip (arrow).
Bar = 50 urn.
(B) Longitudinal section of the inner ovary wall stained with acridine orange and visualized with epifluorescence microscopy.
(C) and (D) Mature ovules showing expression of O108. Bar = 100 urn.
(E) and (F) Higher magnification view of the ovules shown in (C) and (D). Bar = 50 jim.
h, hair cell; p, placenta; pe, placental epidermis; pt, pollen tubes.

families of cytochrome P450 monooxygenases has led to the
arbitrary convention that sequences exhibiting <40% amino
acid identity are considered to be members of different gene
families and sequences within a family are considered to be
members of the same gene subfamily if they share ^68%
similarity (Nebert and Gonzalez, 1987). By this convention, O40

represents the second member of the CYP78 gene family and
consequently has been named CYP78A2 by the Cytochrome
P450 Gene Nomenclature Committee (Nelson et al., 1993).

Figure 12 illustrates the relationship between O40 and other
plant cytochrome P450 monooxygenases. The amino acid se-
quence of O40 is most similar to the maize tassel cDNA 1
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Figure 9. O108 RNA Distribution in Mature Ovules.

Sections through the placental region of the ovary were hybridized with antisense O108 RNA probes. Bright-field microscopy was used for (A),
(C). (E), (G), and (I); dark-field microscopy was used for (B), (D), (F), and (H)
(A) and (B) Transverse sections of mature ovules showing expression of O108. Bar = 50 Mm.
(C) and (D) Serial section of the same ovules shown in (A) and (B).
(E) and (F) Longitudinal section of a mature ovule. White arrowhead indicates the funiculus.
(G) and (H) Longitudinal section of two ovules (arrowheads), one mature and one at the four-nucleate stage of female gametophyte development.
(I) Mature ovule showing hybridization signal in the outer layer of the outer integument and the female gametophyte. Bar = 10 nm.
f. funiculus; fg, female gametophyte; ii. inner integument; oi. outer integument.
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Figure 10. O141 RNA Distribution in Mature Ovules.
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(MTC1; CYP78A1), with which it shows 54% amino acid iden- 
tity (Larkin, 1994). 040 also shares sequence similarity with 
several other recently identified plant cytochrome P450 
monooxygenases, including 35% amino acid identity with 
CYP71A1 from avocado, which increases in abundance in the 
pericarp during ripening (Bozak et al., 1990). When compared 
with a number of other plant cytochrome P450 monooxygen- 
ases, 040 exhibits 35% identity with flavonoid-3: 5'-hydroxylase 
(CYP75A3) from petunia (Holton et al., 1993) and 29% identity 
with cinnamate 4-hydroxylase (CYP73A1) from Jerusalem ar- 
tichoke (Teutsch et al., 1993) and with cinnamate 4-hydroxylase 
(CYP73A2) from mung bean (Mizutani et al., 1993). 

Clone 0708 Encodes a Nove1 Peptide of Unknown Function 

Clone 0108 contains several ORFs, and the longest one en- 
codes a putative protein product of -15 kD with a predicted 
pl of 5.37, illustrated by Figure 13. Comparison of the sequence 
of this clone with the data base of known sequences revealed 
no obvious similarity with genes of known function but showed 
significant similarity with an expressed sequence tag (EST) 
from Arabidopsis. To glean more information about the two 
clones through comparison of the deduced protein sequences, 
the 629-bp Arabidopsis EST clone also was sequenced fully 
(data not shown). The most similarity between the two clones 
lies in the 5' region of the mRNA, upstream of the first methio- 
nine codon in 0108 (data not shown), which leads us to believe 
that the orchid clone may not be full length. 0108 lacks only 
a few nucleotides, however, because the 783-bp cDNA corre- 
sponds closely to the length of the transcript observed by RNA 
gel blot hybridization analysis (Figure 3). Similarity between 
the Arabidopsis and Phalaenopsis sequences is highest in the 
N-terminal and C-terminal regions but lower in the middle of 
the predicted peptides (data not shown). The putative protein 
encoded by 0108 contains a consensus ATP/GTP binding site 
at the C-terminal end (Figure 13), a characteristic shared by 
the predicted peptide encoded by the EST clone. 

Clone 0726 Encodes a Glycine-Rich Protein 

Clone 0126 is 867 bp in length, as shown in Figure 14. The 
most reasonable ORF encodes an -18-kD protein rich in gly- 
cine residues, with a predicted pl of 3.71. The cDNA is probably 
not full length, although as with 0108, it corresponds closely 

to the transcript length as determined by RNA blot hybridiza- 
tion (Figure 3). The putative protein contains a probable signal 
peptide sequence (von Heijne, 1986), minus several residues 
of the signal peptide and the initial methionine, making it likely 
that the protein is secreted to the cell wall. Overall, the putative 
protein is 31% glycine and is 42% glycine within the glycine- 
rich region from residue 45 to 190. This falls well within the 
range for glycine-rich proteins that are thought to be structural 
components of the plant cell wall. Moreover, as in other cell 
wall glycine-rich proteins, 0126 contains a slightly irregular 
repeated sequence motif that is found four times. The protein 
does not, on the other hand, contain the consensus ribonucleo- 
tide binding domain found in several plant glycine-rich proteins 
that appear to be localized to the cytoplasm, nor does it show 
similarity with heterogeneous nuclear ribonuclear protein Al .  

These characteristics led us to believe that 0126 is a cell 
wall structural protein similar to those isolated from a variety 
of monocot and dicot species, including Phaseolus vulgaris 
(Keller et al., 1988), petunia (Condit and Meagher, 1986; 
Linthorst et al., 1990), Arabidopsis (de Oliveira et al., 1990, 
1993; Quigley et al., 1991), Nicotiana sylvestris (Obokata et al., 
1991), tomato (Showalter et al., 1991), soybean (Sandal et al., 
1992), barley (Rohde et al., 1990), and rice (Fang et al., 1991; 
Lei and Wu, 1991). Significant sequence similarity in the higher 
order repeats or in the residues interspersed with glycine 
residues has not been observed between 0126 and other 
reported sequences, however, suggesting that 0126 encodes 
a novel glycine-rich protein, which we have named PGRP-1. 
The glycine-rich domain of the protein is highly acidic, con- 
taining 10% aspartate and 3.5% glutamate, in contrast to the 
majority of reported glycine-rich proteins, which are either hy- 
drophobic or basic in nature. 

Clone 0747 1s Homologous to Cysteine Proteinases 

Sequence analysis of clone 0141 revealed that the 1347-bp 
cDNA encodes a putative protein of m40 kD and predicted pl 
of 6.36, as shown in Figure 15. The length of the cDNA is slightly 
shorter than the 1.4-kb mRNA observed by RNA gel blot hy- 
bridization, so the ORF most likely begins at position 12 of the 
cDNA. The predicted polypeptide is most similar to endopep- 
tidases from Vigna mungo, I? vulgaris, Vicia sativa, and 
soybean, with which it shares 67,66,64, and 60% overall iden- 
tity, respectively (Mitsuhashi and Minamikawa, 1989; Kalinski 

Figure 10. (continued). 

Sections through the placental region of the ovary were hybridized with antisense 0141 RNA probes. Bright-field microscopy was used for (A), 
(C), (E), and (G); dark-field microscopy was used for (B), (D), (F), and (H). 
(A) and (B) Fertilized ovules and placenta. One mature but fertilized ovule does not show hybridization (arrowheads). Bar = 50 pm. 
(C) and (D) Mature ovules showing the hybridization signal. Bar = 50 pm. 
(E) and (F) Higher magnification of one ovule as shown in (C) and (D) with a pollen tube in the micropyle (arrowhead in [E]). Bar = 50 pm. 
(G) and (H) Two adjacent ovules with varying patterns of gene expression. Also shown are several cells of the placental epidermis with hybridiza- 
tion signal. Bar = 50 pm. 
p, placenta; pe, placental epidermis; pt, pollen tubes. 
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Figure 11. Sequence Analysis of Glone 039. 

(A) Nucleotide and deduced amino acid sequences of clone 039. The homeodomain is boxed, and start codons upstream of the coding sequence 
are underlined. The GenBank accession number of this sequence is U34743. 
(B) Amino acid sequence alignment of the homeodomain regions of 039 with other plant homeodomain proteins. The most invariant residues 
in helix 3 of the homeodomain are indicated by asterisks. The GenBank accession numbers corresponding to other plant nucleotide sequences 
encoding these proteins are as follows: GLABRA2, L32873; HAT22, M90417; HAT3.7, X69512; Athb-7, X58821; Athb-2, X68145; Athb-3, X62644; 

Knottedl, X61308; OSH7, D16507; Zmhoxla, X67561; HAHB7, L22847. 
Athb-5, X67033; Athb-6, X67034; Athb-7, X67032; ATHI, X80126; KNAT7, U14174; KNAT2, U14175; PRHA, L21991; PRHF: L21975; Sbh7, L13663; 
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Figure 12. Dendrogram lllustrating the Sequence Relationship be- 
tween 040 and Other Plant Cytochrome P450 Monooxygenases. 

The GenBank accession number of 040 (Phalaenopsis CYP78A2) is 
U34744. The GenBank numbers corresponding to the other sequences 
are as follows: maize CYP78A1, L23209; Arabidopsis CYP83, U18929; 
petunia CYP75A1 and CYP75A3, 222545 and 222544, respectively; 
avocado CYP71A1, M32885; eggplant CYP71A2, CYP75A2, CYP76A1, 
and CYP77A1, D14990, X70824, X71658, and X71656, respectively; 
periwinkle CYP72 and CYP73A4, LI9074 and 232563, respectively; 
Thlaspi arvense (Thlaspi) CYP71B1, L24438; Jerusalem artichoke 
CYP73A1, 217369; mung bean CVP73A2, L07634; alfalfa CYP73A3, 
L11046. 

et al., 1990; Tanaka et al., 1991). The predicted polypeptide 
also shares significant identity with the well-characterized fruit 
endopeptidases papain (43%) and actinidin (45%) as well as 
with the aleurone-specific endopeptidase aleurain (39%) 
(Rogers et al., 1985; Cohen et al., 1986; Praekelt et al., 1988). 
It is likely that 0141 encodes an authentic endopeptidase 
enzyme because it contains the consensus sequences sur- 
rounding the three key amino acids critical to catalysis (Cys-155, 
His-290, and Asn-311 of 0141) and nine of 10 type II glycine 
residues found in both papain and actinidin that are impor- 
tant to the overall protein conformation (Kamphuis et al., 1985). 

Examination of the predicted amino acid sequence suggests 
that the first 19 residues represent a signal sequence that is 
cotranslationally removed from the protein to yield a 38-kD prod- 
uct (von Heijne, 1986). Alignment of the 0141 sequence with 
the mature peptides of other cysteine proteinases suggests 
that it may be processed to produce a mature 25-kD protein 
in a manner similar to that of other cysteine proteinases, most 
likely by proteolytic cleavage before the leucine in position 131. 
There is evidence that removal of the prosequences of both 
papain and the V mungo cotyledon enzyme results in activa- 
tion of the enzyme. The similarity between 0141 and these 
proteins suggests that it also may undergo conversion to an 
active peptide, thus possibly providing a mechanism to limit 

enzyme activity to the appropriate cellular compartment or de- 
velopmental milieu. Interestingly, both 0141 and the cysteine 
proteinases to which it is most similar contain endoplasmic 
reticulum retention signals at the C-terminal end (Denecke et 
al., 1992), suggesting that they might usually function in this 
cellular compartment. 0141 does not contain potential glyco- 
sylation sites in the mature peptide or prosequences of the 
peptide, unlike severa1 similar proteinases that are thought to 
be transported through the secretory pathway. 

DISCUSSION 

There is ample evidence from various sources, for example, 
from solution hybridization experiments (Kamalay and 
Goldberg, 1980, 1984) and genetics (Meyerowitz and 
Somerville, 1994), that the highly precise pattern of develop- 
ment and tissue differentiation in plant organs results from the 
expression of specific subsets of genes in defined temporal 
and spatial domains. For this reason, we have used the 
Phalaenopsis orchid as a model system to identify genes ex- 
pressed predominantly in ovules, because these genes are 
involved in the regulation of development or in the differentia- 
tion of cell types within the ovule. Using a differential screening 
approach, we identified a number of transcripts that increase 
in abundance during specific stages of ovule development. 
We also identified one transcript that is expressed solely in 
pollen tubes. The ovule-specific genes can be placed into three 
basic classes, based on their pattern of expression. Severa1 
genes identified (0129 and 0137) become more abundant in 
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Figure 13. Nucleotide and Deduced Amino Acid Sequence of Clone 
0108. 

Amino acids of the consensus ATP/GTP binding site are boxed. The 
GenBank accession number of this sequence is U34745. 
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Figure 14. Nucleotide and Deduced Amino Acid Sequence of Clone 
0126. 

Irregular repeats in the amino acid sequence are underlined, and a 
potential N-glycosylation site is indicated by an open diamond. The 
GenBank accession number of this sequence is U34746. 

the mature ovule but are expressed at all stages of ovule de- 
velopment and in all tissues of the plant. Another class, 
represented by clone 039, begins to be expressed during early 
development and is expressed almost exclusively in the ovule. 
The third class of genes, represented by clones 0108, 0126, 
and 0141, is expressed almost exclusively in maturing ovules. 

As has been observed in studies of male reproductive de- 
velopment (Stinson et al., 1987; Ursin et al., 1989; Koltunow 
et al., 1990), examination of the spatial pattern of gene expres- 
sion studied here suggests that complex developmental 
programs are active within the ovule that lead to diverse do- 
mains of gene expression. The isolation of ovulespecific genes 
now provides the tools for examining both the regulatory 
mechanisms involved in controlling gene expression and the 
function of genes expressed in specific domains during ovule 
development. 

Early Development 

039 Homeobox Protein 
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Figure 15. Nucleotide and Deduced Amino Acid Sequence of Clone 
0141. 

Residues of the active site are indicated by (*), probable type II gly- 
cines that contribute to protein tertiary structure are indicated by (+), 
cysteines that may form disulfide linkages are indicated by (-), the 
potential propeptide cleavage site is indicated by an arrow, the en- 
doplasmic reticulum retention signal is underlined, and the predicted 
signal peptide is boxed. The GenBank accession number of the 0141 
sequence is U34747. 

One of the best characterized classes of transcription factors 
known to regulate developmental decisions is the homeobox 
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protein. Homeobox proteins bind DNA in a sequence-specific 
manner to regulate the expression of target genes during de- 
velopment (Scott et al., 1989; Gehring, 1993). The activity of 
downstream target genes leads ultimately to the biochemical 
specialization of cells in patterns determined by the expres- 
sion of the master regulatory homeobox protein. This activity 
is exemplified by the homeotic mutants in Drosophila that trans- 
form segments of the body plan into a segment that would 
normally form elsewhere, for example, as a result of mutations 
in homeobox genes (Lawrence and Morata, 1994). In animal 
systems, large numbers of homeobox proteins that play vari- 
ous roles in gene regulatory cascades during development 
and differentiation have been identified (see Duboule, 1994, 
for a listing of homeobox gene classes). Typically, homeobox 
proteins are divergent outside the region of the homeobox. 
These regions are thought to allow for interactions with other 
protein partners in order to yield variation in binding site af- 
finities and cellular activities, which helps to explain the diverse 
developmental roles played by these proteins. 

Recently, a number of homeobox genes have been isolated 
from plants, including the Knottedl-like genes that appear to 
play a role in maintaining the indeterminacy of plant cells 
(Vollbrecht et al., 1991; Jackson et al., 1994). Other plant 
homeobox proteins may play a role in activating genes involved 
in the host response to pathogen infection (PRHP and PRHA) 
(Korfhage et al., 1994) and, as most recently discovered, in 
the appropriate differentiation of the Arabidopsis trichome 
(GLABRA2) (Rerie et al., 1994). Thus, it is likely that clone 039, 
which contains a homeodomain, plays a role in gene regula- 
tion during ovule development. 

Recent investigations of the Mgr3 and Mgr9 mutants of to- 
bacco have led to conclusions that may assist in understanding 
the role of the 039 gene product in ovule development. Ex- 
amination of the behavior of the ovules of both normal and 
mutant plants in tissue culture provided evidence that tobacco 
ovule primordia become committed to develop as ovules 
shortly before the formation of the nucellus and the initiation 
of the ovular integuments (Evans and Malmberg, 1989). Ex- 
tending these observations to the time course of ovule 
development in Phalaenopsis, it is possible that the commit- 
ment to ovule development occurs between 4 and 5.5 WAP 
(Figure 2), when ovule primordia with recognizable archesporial 
cells are first apparent. This corresponds with the time when 
039 begins to be expressed (Figures 3, 6C, and 6D). In situ 
hybridization analysis demonstrated that the 039 transcript 
is present throughout the ovule primordium at early stages 
as well as throughout the various differentiating ovule tissues 
at later stagesof development (Figures 6D to 6G). The specific- 
ity of this transcript to ovule tissue, the timing of its expression, 
and the broad domain of expression in all cells of the ovule 
led us to hypothesize that this putative transcription factor may 
play a role in initiating the program of ovule development. Al- 
ternatively, it is possible that 039 expression is induced in 
response to the commitment to ovule differentiation and that 
its gene product acts to regulate a subset of genes involved 
in the developmental pathway. 

It is intriguing that expression of 039 continues through the 
stage at which the ovule is mature and receptive to fertiliza- 
tion and that in situ hybridization experiments show that the 
transcript continues to be expressed throughout the ovule, even 
at late stages of development, when meristematic cell layers 
have differentiated into diverse tissues (Figures 6D to 6H). It 
is possible that the cells of the ovule require the presence of 
the homeodomain protein to continue appropriate differentia- 
tion. Just such a requirement has been described for Drosophila 
adult epidermal cells, which require the continuous expres- 
sion of homeotic selector genes to attain the appropriate fate 
(Castelli-Gair et al., 1994). On the other hand, other tissues 
of the Drosophila embryo respond to homeotic gene expres- 
sion in an immediate and lasting way, much like a "switch:' 
so that further presence of the protein is unnecessary for con- 
tinued differentiation (Castelli-Gair et al., 1994). 

040 Cytochrome P450 

The second gene we identified as being expressed during early 
ovule development is a member of the cytochrome P450 mono- 
oxygenase superfamily. Interestingly, in situ hybridization has 
shown that 040 transcripts are not specific to ovules but rather 
are found exclusively in the pollen tubes intertwined with the 
ovules at these stages of development (Figure 7). This obser- 
vation underscores the importance and necessity of examining 
the tissue localization of gene expression before the develop- 
ment of hypotheses concerning the role of the gene product 
in the plant. 

The cytochrome P450 monooxygenases are known to cata- 
lyze a wide variety of oxidative reactions in animals, including 
the metabolism of steroids, biogenic amines, fatty acids, pro- 
staglandins, and leukotrienes, as well as the detoxification of 
xenobiotic substances (Nebert and Gonzalez, 1987; Nelson 
et al., 1993). In plants, cytochrome P450 monooxygenases are 
known to play a role in the biosynthesis of terpenoids, phenyl- 
propanoids, gibberellins, fatty acids, and sterols, as well as 
in the detoxification of herbicides (Benveniste et al., 1982; 
OKeefe et al., 1987; Donaldson and Luster, 1991). Because 
of the immense variety of possible substrates acted on by 
cytochrome P450 monooxygenases, it is difficult to predict what 
the function of 040 might be in the pollen tube. Unfortunately, 
sequence analysis provides little information about the possi- 
ble activity of 040 because the most closely related gene, 
MTC1, also has no known function (Larkin, 1994). 

A provocative possibility is that 040 plays a role in the bio- 
synthesis of a hormone involved in intercellular communication, 
an idea that is certainly not without precedent in animal 
systems. The most thoroughly studied cytochrome P450 mono- 
oxygenases are known to catalyze multiple steps in the 
metabolism of such steroid hormones as testosterone and es- 
trogen (Nebert and Gonzalez, 1987). Related substances such 
as androgen and estrogen have been identified tentatively in 
severa1 plant species (Simons and Grinwich, 1989) and have 
been suggested to play a role in aspects of reproduction such 
as sex expression and floral induction, although the evidence 
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is inconclusive (Kopcewicz, 1970, 1972; Jones and Roddick, 
1988; Zhang et al., 1991). However, functions of this class of 
enzymes in plants may be considerably different from those 
in animal systems, because this complex gene family is ancient 
and probably has undergone major functional diversification 
since the divergence of the plant and animal kingdoms (Nelson 
et al., 1993). 

An exciting possibility is that 040 might play a role in the 
biosynthesis of nonpolar plant growth substances, as does the 
recently cloned Dwarf3 locus (Winkler and Helentjaris, 1995). 
This gene encodes a cytochrome P450 monooxygenase be- 
longing to a new family (CYP88) thought to catalyze one of 
the early steps in the biosynthesis of gibberellin (enf-kaurene 
to ent-7a-hydroxykaurenoic acid). Alternatively, 040 may play 
a role in the biosynthesis of plant hormones such as abscisic 
acid or brassinosteroids. Pollen has long been known to be 
a rich source of brassinosteroid compounds, but little is known 
about the biological role of such compounds in pollen 
(Mandava, 1988). It is clear that brassinosteroids can induce 
elongation or swelling of tissues as well as cell division when 
applied to various plant tissues (Mandava, 1988). Recent study 
of the gibberellin mutant gib-7 in tomato has shown that gib- 
berellin plays a role in pollen development, because deficiency 
causes gibberellin-reversible arrest of the pollen mother cells 
in the G1 phase of the premeiotic interphase (Jacobsen an$ 
Olszewski, 1991). It is interesting to speculate that synthesis 
or modification of a plant hormone by the pollen tube might 
be important for some aspect of pollen tube elongation or for 
the continued growth of the ovary and ovules in response to 
pollination. 

Finally, it is possible that the 040 gene product is involved 
in the biosynthesis of a secondary metabolite found in the pol- 
len tube. Work with chalcone synthase-deficient plants has 
shown that pollen germination requires the presence of spe- 
cific flavonols and that male fertility of chalcone synthase- 
deficient plants can be restored by applying these flavonols 
to the stigma (Mo et al., 1992). This work showed that second- 
ary metabolites can play a crucial role in developmental events, 
in this case, pollen hydration and growth. 

of the 0108 product is not known. It can be concluded logi- 
cally that nucleotide binding may play a role in the function 
of the protein, because both 0108 and an Arabidopsis EST 
with which it shares sequence similarity contain a consensus 
ATP/GTP binding domain. 

An interesting observation derived from analysis of this gene 
is that the domain of 0108 expression is not delineated by struc- 
turally defined tissues of the ovule. Despite the fact that both 
layers of the outer integument in the Phalaenopsis ovule are 
morphologically similar and appear to play the same role in 
seed ontogeny (Wirth and Withner, 1959), 0108 transcripts are 
found only in the outermost layer of the outer integument. In 
addition, 0108 is expressed in the gametophyte, a tissue that 
does not, at least at the superficial level, appear to share any 
obvious morphological or biochemical function with the outer 
integument. The biochemical “compartments” within the or- 
gans of the flower do not necessarily intersect exactly with 
anatomically recognizable tissues; this information can pro- 
vide insight into the function of the gene itself as well as point 
to previously unrecognized biochemical differentiation of sub- 
sets of cells (Gasser, 1991). 

ln this case, the expression domain of 0108 led us to spec- 
ulate that the outermost or epidermal layer of the ovule has a 
specific role in successful seed production, perhaps by echoing 
a signal produced by a mature or receptive female gameto- 
phyte to attract a pollen tube. It is obvious that signaling 
between the ovules and the pollen tube must occur, because 
previous observations have shown that Phalaenopsis pollen 
tubes, which have been present in the ovary for ~ 1 0  weeks, 
resume elongation and reorient the direction of growth when 
ovules begin to mature (Zhang and ONeill, 1993). Additional 
evidence for the active participation of the ovule in pollen tube 
attraction is provided by mutants in ovule development in 
Arabidopsis. Mutants that fail to develop a mature ovule also 
fail to attract pollen tubes (Hülskamp et al., 1995). 

0108 is expressed in tissues during both the diploid sporo- 
phytic and the haploid gametophytic phases of the plant life 
cycle. Common use of the same gene indicates that genes 
and regulatory mechanisms may be shared between haploid 
and diploid tissues, rather than being unique to these very 
different stages of the plant life cycle. 

Late Development 
0126 Glycine-Rich Protein 

0108 

RNA blot hybridization analysis showed that 0108 gene ex- 
pression is limited to 11 WAP, when ovule development is nearly 
complete. This pattern is substantiated by results from in situ 
hybridization to immature and mature ovules. Moreover, the 
pattern of 0108 expression is regulated in a cell-specific man- 
ner within the ovule itself, so only the outermost layer of the 
outer integument and the female gametophyte express the 
gene at detectable levels (Figure 8). This unique spatial pat- 
tern of expression suggests that the gene product plays a 
specific role in processes within the ovule, but the function 

Like 0108, 0126 (PGRP-1) is expressed exclusively in ovule 
tissue at 11 WAP, as determined by RNA blot hybridization (Fig- 
ure 3). This gene encodes a glycine-rich protein distinct from 
previously reported sequences. Glycine-rich proteins isolated 
to date fall into three known classes: (1) structural proteins in 
the cell wall (Keller et al., 1989; Condit et al., 1990; de Oliveira 
et al., 1990); (2) cytokeratin-like proteins (Rohde et al., 1990); 
and (3) RNA binding proteins (Crétin and Puigdomènech, 1990; 
Ludevid et al., 1992; Sturm, 1992). 0126 represents a putative 
cell wall structural protein because it contains a signal pep- 
tide that most likely targets it to the extracellular matrix, and it 
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contains loosely defined sequence repeats common to glycine- 
rich cell wall proteins (Figure 14). 0126 does not contain an 
RNA binding consensus domain, so it is unlikely to be a mem- 
ber of this class of proteins. On the other hand, the large 
proportion of acidic residues in the glycine-rich domain of the 
protein seems to be a unique characteristic of 0126 not shared 
by other basic or highly hydrophobic cell wall structural proteins. 

Many characterized glycine-rich proteins are regulated de- 
velopmentally within the plant (Condit and Meagher, 1987; 
Condit et al., 1990; de Oliveira et al., 1990, 1993; Ryser and 
Keller, 1992; Showalter et al., 1992) and may respond to exter- 
na1 signals, such as virus infection (de Oliveira et al., 1990; 
Linthorst et al., 1990; Fang et al., 1991) and light (Sheng et 
al., 1993) or wounding, drought stress, and abscisic acid treat- 
ment (Showalter et al., 1992). In two cases, glycine-rich proteins 
that have been shown definitively to be present in the cell wall 
are tissue specific: petunia GRP1 has been localized to the 
vascular tissue in cells and is most likely present in the cell 
walls of the phloem or cambium (Condit et al., 1990); Phaseo- 
lus GRP1.8 has also been localized to the vascular tissue, 
primarily in the protoxylem cell walls, but immunogold label- 
ing of the Golgi apparatus suggests that the protein is secreted 
by xylem parenchyma(Ryser and Keller, 1992). In both cases, 
it is proposed that the protein plays a role in cell wall forma- 
tion, but in the case of I? vulgafis, the protein has recently been 
shown to be not associated strictly with wall lignification, as 
hypothesized previously (Ryser and Keller, 1992). Because 
there is no vascularization in the Phalaenopsis ovule and no 
expression of 0126 in other vascularized tissues of the plant, 
it is unlikely that 0126 has a similar tissue specificity. Instead, 
it is possible that 0126 is a component of a specialized cell 
wall in the ovule. 

0141 Cysteine Proteinase 

RNA gel blot hybridization demonstrated that 0141 transcripts 
were expressed in ovule tissue only at 11 WAP, when ovule 
development is complete (Figure 3). This pattern of expres- 
Sion is defined further by in situ hybridization, which shows 
that transcripts are present only in mature ovules (Figure 10). 
Moreover, expression was limited to the outer integument of 
the ovule after the outer integument had elongated to its full 
length. We suggest that 0141 may be involved in the late stages 
of biochemical differentiation of the outer integument. The 
similarity between the putative 0141 product and cysteine pro- 
teinases (Cysps) provides some insight into the function of this 
gene. 

The 0141 polypeptide is most similar to the papain family 
of Cysps found in seed or fruit of several species. 0141 has 
the most similarity with a subgroup of papain-like cysteine pro- 
teinases, including the V: mungo protein that is induced during 
seed germination and is thought to be involved in seed stor- 
age protein degradation (Akasofu et al., 1989; Mitsuhashi and 
Minamikawa, 1989). Similarly, 0141 bears significant similar- 
ity with EP-C1 from I? vulgafis pods (Tanaka et al., 1991), which 

has been hypothesized to play a role in the mobilization of 
amino acids from proteins in the matu.ring pod to the develop- 
ing seed. 0141 bears significant but considerably less similarity 
with monocot seed storage mobilization proteins such as 
aleurain and EP-B from barley (Rogers et al., 1985; Koehler 
and Ho, 1988) and oryzains from rice (Watanabe et al., 1991). 
0141 is not expressed in maturing or germinating seed or in 
the orchid fruit wall, however, making it unlikely that it is in- 
volved in storage protein mobilization. 

0141 is similar to the well-characterized Cysps papain and 
actinidin, which are found in fruit tissues (Cohen et al., 1986; 
Praekelt et al., 1988). The function of these proteins is not 
understood, but they may be involved in defense against her- 
bivores. It seems unlikely that 0141 plays a similar role, because 
it is not expressed in the ovary wall and because the window 
of expression during development is very limited. It also seems 
unlikely that 0141 is involved in stress responses, as has been 
observed for several other related Cysps with a somewhat lower 
degree of similarity. These Cysps are induced after wounding 
(Linthorst et al., 1993), cold shock (Schaffer and Fischer, 1988), 
drought, or wilting stress (Guerrero et al., 1990; Koizumi et al., 
1993; Williams et al., 1994). 

A potential role of 0141 in the biochemical specialization 
of the integument might be the production of a mobile signal 
that acts to attract chemotropically the growing pollen tube to 
a receptive ovule. This possibility is intriguing in light of studies 
demonstrating that several polypeptide hormones and neu- 
ropetides in animal systems are cleaved by specific Cysp 
activities to yield a biologically active peptide. For example, 
the conversion of proinsulin to insulin is performed by a 31.5- 
kD Cysp (Docherty et al., 1982). A Cysp also has been impli- 
cated in the conversion of b-endorphin precursor by the rat 
pituitary intermediate lobe (Loh and Gainer, 1982). In these 
cases, the Cysp activity is regulated developmentally so that 
the activation of a precursor peptide occurs under the appro- 
priate conditions. These observations led us to speculate that 
a possible function of 0141 might be the specific cleavage of 
a pro-hormone that is released at ovule maturity and that at- 
tracts the growing pollen tube to the ovule. 

Alternatively, 0141 might act to degrade the set of proteins 
associated with the young integument to allow the integument 
to install a new set of proteins associated with the biochemical 
processes necessary for the conversion of the outer integu- 
ment to the mature seed coat. A similar role has been proposed 
for the developmentally regulated cysteine proteinase 1 of 
Dictyostelium; in this case, the proteinase activity may be as- 
sociated with bulk protein degradation for nutrition before stalk 
formation or in targeted degradation of developmentally sig- 
nificant proteins during the shift from slime to stalk development 
(Williams et al., 1985). 

One obvious event in the formation of the seed coat is the de- 
generation of integument cells. This event occurs relatively early 
in the formation of the orchid seed because of it5 reduced na- 
ture; the embryo undergoes very little development before seed 
maturity, and there is little growth and differentiation of other 



234 The Plant Cell 

seed structures after fertilization (Wirth and Withner, 1959). 
Because the time at wiíicn integument cells ilie corresponds 
with the window of 0141 gene expression, it is conceivable 
that 0141 plays a role in conducting the developmentally 
programmed cell death. This ideais supported by the develop- 
mental pattern of expression of TA56, a Cysp isolated from 
tobacco (Koltunow et al., 1990). This gene is expressed only 
in the anther, initially in the circular cluster of cells between 
the stomium and connective and later in the connective and 
stomium. In these locations, expression of TA56 immediately 
precedes degradation of cells that allow the anther to dehisce 
and release the pollen grains. 

Furthermore, this idea is lent credence by the recent real- 
ization that cysteine proteinases play a role in regulating 
programmed cell death in animals. The mammalian interleukin- 
1 kconverting enzyme (ICE) is a Cysp (Vaux et al., 1994) that 
seems to be both necessary and sufficient to induce apopto- 
sis in rat fibroblasts (Miura et al., 1993). In addition, the gene 
Ced-3 that is required for apoptosis in Caenorhabditis elegans 
encodes an ICE homolog (Yuan et al., 1993). When these pro- 
teins are active, apoptosis probably results from degradation 
of a protein(s) necessary for cellular function. Although 0141 
does not share sequence similarity with the ICEICed-3 family 
of Cysps, the functional similarity is provocative, and thus it 
is interesting to speculate that the activity of specific Cysps 
might be tied to programmed cell death in the integument. 

.- - - 

Genetic Control of Ovule Development Can Be 
Generalized from Orchids to Other Plant Species 

In conclusion, the unique physiology of orchid flowers has 
provided the basis for the identification of stage- and tissue- 
specific molecular events in ovule development, but unfortu- 
nately, this system is not suitable for genetic mutant analysis 
or for the routine production of transgenic plants. Because the 
primary future goal of our research isto elucidate the function 
of severa1 ovule stage-specific genes, it is important for infor- 
mation and genes derived from orchids to be transferred to 
another more tractable genetic system, such as Arabidopsis. 
Although orchid flowers are unusual in that ovule development 
is delayed and triggered by pollination, once initiated, the 
processes'of megasporogenesis and megagametogenesis are 
similar to those in many other flowering plant species, with 
the development of the mature female gametophyte being of 
the Polygonum type (Figure 1). Recently, we found that tran- 
scripts homologous to orchid ovule stage-specific genes are 
present in Arabidopsis flower buds (J.A. Nadeau and S.D. 
O'Neill, unpublished results). Taken together, it appears likely 
that the molecular tools developed in orchids to study ovule 
development can be used to isolate homologous genes from 
Arabidopsis to test their function in a system better suited to 
genetic analysis. In addition, it is likely that the information 
derived from both species will be transferable to a wide range 
of crop species that share similar aspects of ovule and female 
gametophyte development. 

METHODS 

Plant Material 

Genetically identical orchid plants of the genus Phalaenopsis (cv 
SM9108; Stewart Orchids, Carpinteria, CA) that were generated by 
mericloning were used for all material in this study. Plants were main- 
tained under optimal growth conditions in the greenhouse at the 
University of California-Davis. Flowers from these plants were polli- 
nated randomly, and ovaries were harvested at appropriate times after 
pollination. After each harvest, tissues were frozen immediately in liq- 
uid nitrogen. A small sample of tissue from each time point was 
examined whole by light microscopy to confirm the stage of ovule 
development. 

Tissues harvested at O, 1, and 4 weeks after pollination (WAP) con- 
tained both ovary wall and meristematic ovule and placental tissues, 
which could not be separated dueto the early stage of ovule develop- 
ment. Tissues harvested subsequently were separated into Ovules and 
ovary wall by rapid dissection. The top and bottom of the ovaries were 
excised and discarded because the ovules at the extreme ends of the 
ovary were not generally at the same developmental stage; the remain- 
ing .V7O0/o of the ovary was opened longitudinally with a sterile razor 
blade, effectively splitting it into sections representing the three loc- 
ules. The thin layer of ovules along the placental region of each slice 
was dissected with a razor blade, taking care to avoid adjacent areas 
containing numerous hair cells (Zhang and ONeill, 1993). Most pol- 
len tubes were pulled out of the wall and ovule tissue before freezing, 
but by 5.5 WAP, many pollen tubes were well intertwined with the ovules 
and could not be separated without damaging the tissue. The ovary 
wall tissue, on the other hand, contains hair cells. Young leaves, roots, 
and unpollinated flower parts also were removed with a sterile razor 
blade and frozen immediately in liquid nitrogen to represent vegeta- 
tive and other reproductive organs of the plant. 

Library Construction 

Total RNA was isolated as described previously (ONeill et al., 1993). 
Poly(A)+ RNA was isolated using paramagnetic oligo(dT) beads (Dy- 
nabeads; Dynal, Lake Success, NY), according to the manufacturer's 
suggestions. LiCl was removed from the poly(A)+ RNA by two etha- 
no1 precipitations before first-strand cDNA synthesis. Libraries were 
constructed from 5 pg of poly(A)+ RNA isolated from 5.5-, 6.5-, 7-, and 
11-WAP ovule tissue as well as from pollen tube tissue. RNA from 5.5- 
WAP ovule tissue was used for the archesporial cell-stage library, 11 
WAP ovule tissue was used for the mature ovule library, and RNA from 
6.5- and 7-WAP ovules was pooled for the construction of the mega- 
sporocyte-stage library. cDNA was constructed and cloned into the 
hzAPll phage vector (Stratagene), according to the manufacturer's pro- 
tocol. The three ovule cDNA libraries each contained -3 x 106 
clones, and the pollen tube cDNA library contained ~ 1 . 8  x 106 
clones, of which 295% contained inserts. 

Library Screening 

Three-way differential screening was conducted with the 6.5-, 7-, and 
11-WAP libraries. Approximately 2.0 x 105 clones from each library 
were plated out, and three replica filters (BA85 nitrccellulose; Schleicher 
& Schuell, Keene, NH) were made from each plate. Each filter set was 
hybridized with first-strand cDNA probes synthesized from either 6.5- 
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or 11-WAP ovule poly(A)+ RNA as the experimental probes, or 6.5-WAP 
combined with 11-WAP ovary wall poly(A)+ RNA as the control probe. 
cDNAs were labeled with 32P-dATP in 50-pL reverse transcription 
reactions containing 5 pg of poly(A)+ RNA, 1.5 pg of oligo(dT),,.,8 
(Pharmacia), 40 units of RNasin (Promega), 50 pM dATP, 500 pM dCTP, 
dGTP, and dTTP, 1 x reverse transcriptase buffer (Gibco BRL), 10 
mM DTT, 12.5 pL of U-~~P-~ATP (6000 Cilmmol), and 600 units of 
Superscriptll reverse transcriptase (Gibco BRL) at 37OC for I hr. 

DNA and RNA Gel Blot Analyses 

The methods used for RNA extraction as well as RNA gel blot hybrid- 
ization have been described previously (ONeill et al., 1993), except 
that 20 pg of total RNA was used in each lane of the RNA gels. DNA 
was extracted from young leaves, as described by Jofuku and Goldberg 
(1988). Fifteen micrograms of genomic DNA was digested-with EcoRI, 
BamHI, or Hindlll (Promega), according to standard procedures, 
reprecipitated by the addition of 0.3 M NaCl and 2.5 volumes of 95% 
ethanol, resuspended in Tris-EDTA, and electrophoresed on a 0.8% 
agarose gel for 12 hr at 4OC. The DNA was transferred to Nytran mem- 
branes (Schleicher & Schuell) by overnight capillary transfer, according 
to standard procedures (Sambrook et al., 1989). 

Both RNA and DNA blots were hybridized with probes labeled to 
high specific activity by random priming (Prime-a-Gene kit; Promega) 
with 32P-dCTP, as described previously (ONeill et al., 1993). RNA gel 
blots were hybridized at 42OC for 48 hr in 50% formamide, 5 x SSC 
(1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.05 M phosphate 
buffer, pH 6.5, 1 x Denhardt's solution (1 x Denhardt's solution is 
0.02% Ficoll, 0.02% PVP, 0.02% BSA), 0.2 mg/mL sheared denatured 
salmon testes DNA (Type 111; Sigma), and 0.2% SDS (Gibco BRL), to 
which denatured labeled probe was added to a final concentration of 
1.5 x 106 cpmlmL of hybridization solution. RNA blots were washed 
once at room temperature for 20 min, twice at 55OC. and once at 63OC 
for 20 min. Each wash was in 0.2 x SSC, 0.1% SDS, 0.05 M phos- 
phate buffer, pH 6.5. After being stripped, all RNA blots were hybridized 
with a Phalaenopsis actin clone (GenBank accession number U18102) 
to confirm the presence of undegraded RNA in each lane 

DNA gel blots were hybridized at 42OC for 48 hr in 50% formamide, 
5 x SSC, 0.05 M phosphate buffer, pH 7.0, 5 x Denhardt's solution, 
0.2 mglmL of sheared denatured salmon testes.DNA (Type 111; Sigma), 
0.2% SDS (Gibco BRL), to which denatured labeled probe was added 
to a final concentration of 5 x 106 cpmlmL of hybridization solution. 
DNA blots were washed once at room temperature for 20 min and twice 
at 55OC for 20 min; each wash was in 0.2 x SSC. 0.1% SDS, 0.01% 
sodium pyrophosphate. Autoradiography was performed at -80°C, 
using Kodak XAR-5 film and one intensifying screen (Cronex Light- 
ning Plus; Du Pcmt). DNA gel blots were exposed for 2 to 5 days, whereas 
each RNA gel blot hybridization experiment was exposed to film at 
least twice. The first exposure, which varied from 12 hr to 4 days, was 
calculated to be appropriate for photographic reproduction, whereas 
the final exposure was for 7 to 10 days to detect faint bands not appar- 
ent in shorter exposures. 

9 

Sequence Analysis 

Clones were reconstituted as pBluescript SK- plasmids from the 
hZAPll library by in vivo excision, as described by the manufacturer's 
protocol (Stratagene). Sequencing was performed by the dideoxy- 
nucleotide chain termination method (Sanger et al., 1977), using 

Sequenase version 2 as suggested by the manufacturer (U.S. Bicchem- 
ical/Amersham). Nested deletions were constructed by exodeletion, 
using the Erase-a-Base system (Promega), and by restriction diges- 
tion of the plasmids. In the case of some clones, sequence-specific 
primers were synthesized and used to generate overlapping sequence 
information. Sequence analysis and multiple sequence alignment 
(PILEUP) were accomplished by using Genetics Computer Group 
(Madison. WI) and BLAST (Altschul et al., 1990) computer programs. 

In Situ Hybridization 

The fixation and embedding of tissues for in situ hybridization to mRNA 
in tissue sections was performed as described initially for immunolocali- 
zation by Baskin et al. (1992) and described subsequently for detection 
of mRNA by Kronenberger et al. (1993), with a few modifications. 
Essentially, 1.0- to 1.5" slices of tissue were fixed in 4% parafor- 
maldehyde (Sigma), 0.3% glutaraldehyde (Polysciences, Warrington, 
PA), and 0.1% Triton X-I00 (Sigma) in 0.05 M phosphate buffer, pH 7.0, 
for 1 to 4 hr at 4OC. Tissue was transferred to fresh fixative overnight 
and then rinsed three times with buffer alone to remove fixative. Tis- 
sue was dehydrated by passage through a graded ethanol series (10 
to 100%) containing 1 mM DTT. The tissue was infiltrated with 4:l (vlv) 
A!-butyl-methacry1ate:methyLmethacrylate (Ted Pella, Inc., Redding, 
CA) embedding material without DTT, which proved to be unneces- 
sary and tended to make the resin brittle. The tissue was placed 
sequentially into 2.1, 1 3 ,  then a 1.2 ethanol-methacrylate mixture (vlv) 
for at least 12 hr at each step. Finally, tissue was placed into three 
changes of pure methacrylate solution for 24 hr each, which contained 
0.5% benzoin ethyl ether and through which nitrogen gas had been 
bubbled to displace dissolved oxygen. Tissue was placed in plastic 
molds (model no. 16643A; Polysciences) with fresh embedding me- 
dia, covered with parafilm, and exposed to UV light supplied from 20 
cm below the mold by a small hand-held long-wave UV source for 12 
to 18 hr. All steps were performed at 4OC, and all solutions and materials 
were made RNase free, according to standard procedures (Sambrook 
et al., 1989). Tissue was sectioned dry on glass knives with a Reichert- 
Jung ultramicrotome to 2.5 or 5 pm and placed on drops of distilled 
water on Superfrost Plus microscope slides (Fisher). Sections were 
spread with chloroform and allowed to dry onto the slides overnight 
at 42%. 

Hybridization, washing, and autoradiography were performed as de- 
scribed previously (Nadeau et al., 1993) and as modified from the 
procedure described originally by Cox and Goldberg (1988), with a 
few exceptions. Initially, the methacrylate embedding media was re- 
moved thoroughly by two washes in 100% acetone for 20 min each, 
with gentle stirring. Slides were then rinsed three times in water be- 
fore BSA treatment. Proteinase K digestion was performed essentially 
as described, except proteinase K (Boehringer Mannheim) was used 
at 10 pglmL rather than 1 pg/mL. 35S-UTP-labeled RNA probes were 
synthesized by in vitro transcription from pBluescript SK- plasmids 
(Stratagene) by using T7 and T3 FINA polymerases (Promega), as de- 
scribed previously. Probes were purified using diethyl pyrocarbonate- 
treated Chromaspin-100 columns (Clontech, Palo Alto, CA) and then 
sheared as described previously (Nadeau et al., 1993). Hybridizations 
were conducted at 44OC as described previously, except for 039, in 
which case the hybridization was performed at both 44 and 50%. Slides 
were air dried after the hybridization wash steps, and autoradiography 
was performed as described previously. Slides were exposed for 7 
to 21 days, as necessary. Slides were stained subsequently with 0.005% 
toluidine blue (w/v) in water, passed through an ethanol dehydration 
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series to xylene, and mounted in Permount (Fisher). An Olympus BX60 
microscope was used for bright-field, dark-field, and epifluorescence 
photography with Kodak color Gold or Ektar film (Kodak). 

Microscopy 

To visualize intact ovule structure, tissue was harvested directly into 
clearing solution composed of 1:1:1 chloroform-methyl salicylate- 
DMSO (vh). After severa1 hours at 4% tissue was mounted in the same 
media and photographed with differential interference contrast (Nomar- 
ski) microscopy, using an Olympus 6x50 microscope. Photographs 
were made with Kodak Gold 400 film. 
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