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Summary

Background: The majority of pollen-tube growth in Ara-
bidopsis occurs in specialized tissue called the trans-
mitting tract. Little is currently known about how the
transmitting tract functions because of a lack of mutants
affecting its development. We have identified such a mu-
tant and we used it to investigate aspects of pollen-tube
growth.

Results: Reverse genetics was used to identify muta-
tions in a gene, NO TRANSMITTING TRACT (NTT), en-
coding a C2H2/C2HC zinc finger transcription factor
specifically expressed in the transmitting tract. The ntt
mutants have a negative effect on transmitting-tract de-
velopment. Stage-specific analysis of transmitting-tract
development was carried out and was correlated with
investigations of pollen-tube behavior. In ntt mutants,
pollen tubes grow more slowly and/or terminate prema-
turely, and lateral divergence is accentuated over apical-
to-basal movement. Normal transmitting-tract develop-
ment is shown to involve a process of programmed cell
death (PCD) that is facilitated by, but does not depend
upon, pollination.

Conclusions: This is the first report of a gene that is spe-
cifically required for transmitting-tract development in
Arabidopsis. Mutations in NTT cause reduced fertility
by severely inhibiting pollen-tube movement. The data
support the idea that the function of the transmitting
tract is to increase fertilization efficiency, particularly in
the lower half of the ovary. This occurs by facilitating
pollen-tube growth through differentiation and then
death of transmitting-tract cells.

Introduction

In Arabidopsis, self-fertilization occurs when pollen
grains germinate on the stigmatic surface of the carpel
and form pollen tubes to carry sperm cells to ovules in
the ovary chamber [1-4]. The journey through the female
reproductive tract, which includes the stigma, style,
transmitting tract, septum epidermis, funiculus, and mi-
cropyle, terminates at synergids contained within each
ovule (Figures 1A and 1B). Each of these tissues repre-
sents a potentially unique phase of pollen-tube growth
[1]. Incomplete formation of portions of the reproductive
tract, as occurs, for example, in spatula (spt) mutants,
results in very low seed yield [5].
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Most pollen-tube growth in the carpel occurs within
the transmitting tract. Two types of transmitting-tract
tissue are generally recognized, represented by either
the open style of lily (Lilium longiflorum), where pollen
tubes grow within a channel filled with secretions, or the
closed style of Arabidopsis, where pollen tubes must
grow through various cell layers rather than on epider-
mal surfaces [6, 7]. The precise mechanism by which
pollen tubes translocate within a closed transmitting
tract remains unclear. It has been suggested that there
is facilitated movement within intercellular spaces and
that cell death might contribute to this process [7, 8]. It
has also been suggested that movement of the pollen
tube itself might promote breakdown of transmitting-
tract tissue [8]. The recent identification of a pollen-
specific gene, VANGUARD1 (VGD1), encoding a pectin
methylesterase, is consistent with this idea [9]. The con-
tribution of the transmitting-tract tissue to pollen-tube
movement, however, is largely undefined although there
have been many speculations involving support, nutri-
tion, and guidance. Importantly, a pollen tube must at
some point exit the internal environment of the transmit-
ting tract and locate the micropylar opening of an ovule.
Targeting of ovules is presumed to involve one or more
guidance mechanisms, possibly involving chemical gra-
dients and signal molecules [10, 11].

Here we report the identification and characterization
of a gene critical for proper development of transmit-
ting-tract tissue and show that perturbations in transmit-
ting-tract function profoundly affect pollen-tube growth.
The NTT (NO TRANSMITTING TRACT) gene encodes
a putative transcription factor expressed in both the
transmitting tract and the funiculus of ovules. In ntt mu-
tants, which are female specific, pollen tubes germinate
and travel through the style efficiently but experience
considerable difficulty moving within the carpel. Fertil-
ization of basal ovules is impaired, leading to partial in-
fertility. We also examined the behavior of limiting num-
bers of pollen tubes and found that in wild-type, ovules in
the central to basal portion of the ovary are preferentially
targeted for fertilization.

Results

Fruit Morphology and Fertility in ntt

Both fruit length and seed set are reduced in no transmit-
ting tract (ntt) mutants. Mature fruit are approximately
30% shorter than wild-type (Figures 1E and 1F), and
the number of fertilized seeds is reduced by 60% (Col =
51.4 = 5.6 seeds per silique, n =16; ntt =20.4 + 2.4 seeds
per silique, n = 28). Seeds develop only in the apical part
of the fruit (Figures 1C-1F) and are larger than wild-type.
Only female reproductive tissue is affected in ntt mu-
tants, as shown by the fact that ntt mutant pollen pro-
duces a normal seed set when applied to wild-type
flowers (data not shown). Considerably more siliques
are produced in ntt mutants, probably because of the
reduced fertility of individual flowers [12].
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Figure 1. Carpel Structure and Seed Set in Wild-Type and ntt Mutant

(A and B) Cross-section and longitudinal section of stage 12 carpel.

(A) Cross-section of carpel with structures colored and labeled. Transmitting tract (TT) is brown, septum (S) is green, septum epidermis (SE) is

olive green, funiculus (F) is light blue, and ovule (O) is pink.

(B) Longitudinal section of carpel with structures colored and labeled. In addition to the structures labeled in (A), the ovary chamber (OC) is

yellow, the style (St) is purple, and the stigma (Sm) is maroon.

(C and D) Siliques with valves removed to show seed set.

(C) Wild-type seed set with both apical and basal seed distribution.
(D) ntt mutant seed set lacking basal seeds.

(E and F) Series of siliques removed from single plant illuminated from below.

(E) Wild-type siliques showing seeds throughout fruit.
(F) ntt mutant siliques showing consistency of loss of basal seeds.

Gene Structure and In Situ Hybridization

NTT is predicted to encode a 383 amino acid protein with
C2H2/C2HC zinc finger motifs in the C-terminal region of
the protein [13] and a proline-rich region near the N ter-
minus (Figure S1A in the Supplemental Data available
online). NTT is a member of the A1 zinc finger family in
Arabidopsis that contains 24 members with conserved
arrangements of the zinc finger domains [14]. Within this
family, it is most closely related to group A1d that has six
members recently described as the WIP genes [13]. Two
phenotypically indistinguishable alleles were identified
from the Salk collection, ntt-1 and ntt-2 (Figures S1A
and S1B).

In situ hybridization analysis was performed on trans-
verse sections from four stages of fruit development.
NTT expression was first detected and was most intense
at stage 9 at the point of fusion where the septum and
transmitting tract will later develop (Figure 2A, sideways
V). During stage 11, when septum development has been
completed, expression was found within the central re-
gion of the septum where the transmitting tract will form
(Figure 2B). Expression was also seen in the funiculus,
particularly the epidermis (Figure 2B, arrow). There also

appeared to be a small region of expression in develop-
ing ovules (Figure 2B, arrowhead). Stage 12 in Arabidop-
sis immediately precedes fertilization, and at this stage
NTT expression could still be observed throughout
the transmitting tract (Figure 2C). The epidermal cells
of the funiculus continued to display strong expression
(Figure 2C, arrow). At stage 13, during fertilization, NTT
expression was reduced in both the transmitting tract
and epidermal cells of the funiculus (Figure 2D). A longi-
tudinal section probed with NTT is shown in Figure S1C.
At stage 12, NTT expression was observed to be stron-
gest within the transmitting tract and weak or absent in
the style or the stigma.

Maximal Pollination Experiments

To characterize pollen-tube movement, we used whole-
mount staining of carpels with aniline blue, allowing
the tubes to be visualized by fluorescent microscopy.
We also examined the apical-to-basal progress of pollen
tubes in cross-sections of carpels displaying pollen-
specific GUS expression (by using the ACA9-promoter::
GUS construct [15]).
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Figure 2. NTT Expression in Developing
Wild-Type Carpels

Transverse sections of wild-type carpels
probed with NTT by in situ hybridization.

(A) Stage 9 carpel with sideways V indicating
expression at the point of carpel fusion.

(B) Stage 11 carpel with arrowhead indicating
expression in the ovule and arrow indicating
expression in the funiculus epidermis.

(C) Stage 12 carpel with arrow indicating
expression in the funiculus epidermis.

(D) Stage 13 carpel showing a decrease in

St13

X % &

expression levels.
Scale bars represent 50 um.

2 hr after hand-pollinating emasculated carpels, the
ntt mutant and wild-type showed no significant differ-
ence in the amount or pattern of pollen-tube growth (Fig-
ures 3A and 3B). This indicates that pollen-tube growth
in ntt mutants is essentially unaffected prior to entry into
the ovary chamber.

The first difference between the wild-type and ntt mu-
tant was observed 4 hr after pollination. Pollen tubes in
wild-type had traveled a substantial distance into the
transmitting tract, but in ntt mutants, tubes had only
slightly penetrated the ovary chamber (Figures 3C and
3D). In wild-type carpels, the first pollen tubes reach the
base of the ovary after 10 hr, whereas in ntt carpels, pol-
len tubes made little additional progress (Figures 3E and
3F). Even after 48 hr, pollen tubes in the ntt mutant had
penetrated only approximately a third of the way into
the ovary chamber (Figures 3G and 3H).

An analysis of cross-sections of carpels displaying
pollen-specific GUS expression 24 hr after pollination
was consistent with results from aniline blue staining.
There was no difference in stylar expression between
mutant and wild-type (Figures 3J and 3K). Expression at
the apex of the ovary was also roughly comparable be-
tween mutant and wild-type, although the pattern in the
mutant was more dispersed (Figures 3L and 3M). More
basal sections revealed a significant reduction in the
number of pollen tubes for the mutant compared with
wild-type (Figures 3N-3Q).

In ntt mutants, a number of pollen tubes at the top of
the ovary grew toward the sides of the ovary chamber in
a manner not seen for wild-type (Figures 3D and 3l,
arrowheads). This behavior can also be seen in the
cross-sectional analysis shown in Figure 3 where GUS
staining is more widely distributed at the top of the ntt
mutant ovary than it is in wild-type (Figures 3L and 3M).

Overall, the results indicate that pollen tubes in ntt
mutants have considerable difficulty growing within the
transmitting tract, causing them to terminate travel pre-
maturely and to frequently leave the transmitting tract.
This is in contrast to wild-type, where apical-to-basal
tube growth is rapid and lateral growth is seen only

rarely, presumably reflecting movement toward ovules
for fertilization.

Minimal Pollination Experiments

It has been reported that pollen tubes within the trans-
mitting tract grow straighter than tubes on the septum
epidermis [16]. To observe the growth morphology and
growth pattern of individual pollen tubes, we pollinated
wild-type and ntt mutant carpels with minimal amounts
of pollen. Two pollen-tube morphologies were observed
for wild-type. One type (Figure 4A) was thick, intensely
staining, and rather crooked compared to the other type,
which was straighter and thinner (Figure 4B). Straight,
thin tubes were found associated only with linear api-
cal-to-basal movement, whereas crooked tubes often
pursued wandering sideways paths that terminated in
the vicinity of ovules. For ntt mutants, only the intensely
staining crooked type of pollen-tube growth was ever
seen (Figure 4C).

Increased callose deposits in pollen tubes are associ-
ated with a decreased speed of travel and more difficult
movement [17]. Our observations regarding pollen-tube
growth suggest that pollen tubes in wild-type grow rela-
tively easily within the environment of the transmitting
tract (straight/thin morphology) but grow less efficiently
after leaving the transmitting tract to target ovules
(crooked/thick morphology). Pollen tubes in the ntt mu-
tant experience an environment where movement is dif-
ficult whether inside or outside the transmitting tract,
consistent with their crooked/thick morphology.

Previous studies with limited pollination described a
preference for pollen tubes to emerge from the transmit-
ting at the most apical ovule and to travel preferentially
to nearby ovules [18]. We used minimal pollination stud-
ies (1-5 grains per carpel) to examine the behavior of
pollen tubes in both wild-type and the ntt mutant. First,
the spatial distribution of seed set within each silique
was recorded at maturity (Figures 4F and 4G). Second,
individual tubes were examined by staining with aniline
blue after 24 hr. The approximate location of the end
point of each pollen tube was noted (Figures 4D and 4E).
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Figure 3. Pollen-Tube Movement in Wild-Type and ntt Mutant

(A-I) Time series of pollen-tube movement stained with aniline blue. Carpels were emasculated, left for 24 hr, and then pollinated. Carpels of wild-
type (A, C, E, and G) and ntt mutant (B, D, F, and H) were fixed at 2, 4, 24, and 48 hr after pollination. Arrowheads indicate sideways pollen-tube

movement in carpels of ntt 6 hr after pollination (D and I).

(J-Q) Distribution of pollen tubes visualized with GUS-labeled pollen in transverse sections 24 hr after pollination. Carpels were emasculated, left
for 24 hr, pollinated with pollen expressing the ACA9-promoter::GUS construct [15], and processed after an additional 24 hr. A carpel of wild-type
(J, L, N, and P) and ntt mutant (K, M, O, and Q) was sectioned. The cross-sections were taken from the styleimmediately beneath the stigma (J, K),
the top of the ovary chamber at the first ovule (L, M), and at around 100 um (N, O) and 200 um (P, Q) from the top of ovary chamber.

Scale bar represents 50 um.

Figure 5 shows seed distribution within siliques of
wild-type (n = 96) and ntt (n = 54) after minimal pollina-
tion. The distribution is divided into tenth percentiles
starting from the top (0-10 percentile) of the ovary cham-
ber (indicated between two arrows in Figure 4G). In wild-
type, 62% of the seeds were found in the bottom half
of the silique (50-100 percentile) and 5% were found in
the apical region (0-20 percentile). On average, seeds
formed toward the center of the silique (50-60 percen-
tile). No preference was observed for fertilization of the
most apical ovules. In the ntt mutant, most seed formed
in the upper half of the carpel (90%), consistent with
its general phenotype. Despite this fact, there was again
no preference for fertilization of the most apical ovules
(0-20 percentile).

The number of data points for the microscopic analy-
sis (wild-type, n = 34; ntt mutant, n = 19) was more limited
than that for seed set, but again there was no indication
of preferential targeting of the most apical ovules in ei-
ther wild-type or mutant. In wild-type, the average pollen
tube reached the bottom half of the carpel (60-70 per-
centile) whereas for ntt mutants they terminated in the
top half (20-30 percentile).

Transmitting-Tract Structure in ntt Mutants

and Wild-Type

Plastic cross-sections were obtained from five different
stages of wild-type and ntt mutant carpels (Figures 6A-
6J). The sections were stained with neutral red to high-
light cell walls and with alcian blue to stain acidic
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Figure 4. Minimal Pollination Studies in Wild-Type and ntt Mutant

(A-C) Close examination of pollen-tube growth morphology within
the transmitting tract of wild-type (A, B) and ntt mutant (C). Scale
bar represents 25 um.

(D and E) Examples of pollen tubes arising from minimal pollination
events after staining with aniline blue in wild-type (D) and ntt mutant
(E). Scale bars represent 100 pm.

(F and G) Examples of seed set resulting from minimal pollination
events in wild-type (F) and ntt mutant (G). Arrows indicate distance
of 10% in fruit.

polysaccharides, a major component of the extracellular
matrix (ECM) of the transmitting tract [7, 19].
Developmental stages 10, 11, 12, 14, and 17 were an-
alyzed [20]. Stage 10 shows no detectable ECM staining
in either mutant or wild-type, and the overall cellular
structure of the septum in ntt mutants is comparable to
wild-type (Figures 6A and 6F). Stage 11 in wild-type
shows the first alcian blue staining occurring in the inter-
nal cell layers of the septum (Figure 6B). Such staining is
absent in ntt mutants (Figure 6G) and suggests that ECM
is either not being produced or is different in overall
composition. Another feature of the wild-type septum

at stage 11 is the presence of intercellular spaces in the
region of the septum adjacent to the transmitting tract
(Figure 6B, arrowheads). These spaces represent the
beginning of cellular breakdown and are not present in
ntt mutants. At stage 12, the transmitting tract stains in-
tensely in the wild-type but does not stain in ntt mutants
(Figures 6C and 6H). Stage 14 is after fertilization and
shows an almost complete cell breakdown within the
septum epidermis of the transmitting tract of wild-type
(Figure 6D). Cells in the flanking region appear loosely
packed though still intact. In contrast, at stage 14 in nit
mutants (Figure 6l), cells in the transmitting-tract region
remain intact with no alcian blue staining (Figure 6l).
Some intercellular spaces have appeared in the area
adjacent to the replum (Figure 61, arrow). In mature
wild-type fruit, stage 17, breakdown of cells within the
transmitting tract has been completed and the mature
two-cell layered septum has formed (Figure 6E). In ntt
mutants, cellular breakdown has not occurred, leaving
several layers of cells between the two epidermal walls
(Figure 6J).

Cell Death in Emasculated Carpels

As described above, the cells of the transmitting tract
in wild-type undergo breakdown when pollination (stage
12) and fertilization (stage 14) occur. To determine
whether cell death was autonomous or required pollina-
tion, wild-type and ntt mutant carpels were emasculated
at stage 12 and allowed to develop without pollination.
Cross-sections were examined at 1, 3, 5, and 7 days
after emasculation.

1 day after emasculation, the wild-type transmitting
tract had intense alcian blue staining and large amounts
of intercellular space (Figure 7A, arrow), indicative of
transmitting-tract breakdown. In ntt mutants, there
was no alcian blue staining and no cell breakdown in
the region corresponding to the wild-type transmitting
tract (Figure 7E). After 3 and 5 days, staining was still
present in the transmitting tract of wild-type but intact
cells were mostly absent (Figure 7B, arrow; Figure 7C).
In contrast, cells in the transmitting-tract region of ntt re-
mained intact and unstained (Figures 7F and 7G). At 7
days, the two cell layers of the septum in wild-type
had fused and all traces of the transmitting tract were
gone (Figure 7D). In ntt mutants, the two cell layers of
the septum had also joined by this time, but the center
of the septum still contained many cells from the trans-
mitting tract (Figure 7H).

Figure 5. Results of Minimal Pollination Stud-
ies in Wild-Type and ntt Mutant

Seed-set distribution in wild-type and ntt. Bar
charts represent the number of seeds present
in each ten percentile of fruit length from the
most apical (1%-10%) to the most basal
(90%-100%) region of the fruit.
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Figure 6. Transverse Sections of Different Stages of Transmitting-
Tract Development

Thin sections (3 um) stained with alcian blue and neutral red were
taken from wild-type (A-E) and ntt mutant (F-J). Developmental
stages 10 (A and F), 11 (B and G), 12 (C and H), 14 (D and I), and
17 (E and J) were used. Arrowheads in (B) and arrow in (l) indicate
the appearance of intercellular spaces between the replum and
transmitting tract. Scale bar represents 50 um.

Discussion

Transmitting-Tract Function and Pollen-Tube

Growth

The transmitting tractin Arabidopsis facilitates the trans-
port of pollen tubes to the ovules for fertilization. In ntt
mutants, where transmitting-tract development, ECM
production, and PCD are defective, pollen-tube growth
is severely impaired. Despite this, ntt mutant plants still
display significant fertility. One explanation could be that
the remaining transmitting-tract cells still retain some
functionality in terms of assisting pollen-tube growth.
Another possibility is that the transmitting tract in Arabi-
dopsis is not strictly required for fertilization and simply

Figure 7. Development of Transmitting Tractin Unpollinated Carpels

(A and E) Thin (3 um) plastic sections of carpels.

(B-D and F-H) 4 um wax sections of carpels.

Wild-type (A-D) and ntt mutant (E-H) carpel sections taken at 1 day
(A and E), 3 days (B and F), 5 days (C and G), and 7 days (D and H)
after emasculation. Arrows indicate intercellular spaces that are
arising. Scale bar represents 50 um.

increases fertilization efficiency. As previously noted, the
transmitting tract may operate as a “highway” for pollen-
tube movement, enabling pollen tubes to travel longer
distances [1]. Itis interesting to speculate that a mutation
such as ntt might render the carpel considerably more
infertile in species such as tobacco, where pollen tubes
must travel a much greater physical distance to reach
the ovules through tissue that also produces ECM and
displays PCD [8].

Differentiation of the Transmitting Tract

Transmitting-tract cells secrete a complex extracellular
matrix composed of carbohydrates, glycoproteins, and
lipids whose purpose is to assist and perhaps guide
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pollen-tube movement [10, 11]. Acidic glycoproteins
such as arabinogalactans (AGPs) are major components
of the ECM. Their exact function is unknown, but it has
been suggested that they provide nutrition and adhe-
sion for pollen-tube growth and movement [7]. Alcian
blue is a stain for acidic polyanions and is used to repre-
sent transmitting-tract development and localization in
plant studies [7]. We have shown in this work that the ex-
pression of NTT precedes and accompanies the accu-
mulation of alcian blue staining in the transmitting tract.
The ntt mutant completely lacks staining and displays
severe perturbations in transmitting-tract differentia-
tion, breakdown, and pollen-tube growth. The ECM
has other components besides acidic polysaccharides,
and we have no information as to the effect of ntt upon
these molecules. Additional mutations eliminating other
ECM components might be additive with nitt mutants in
terms of their effect upon pollen-tube growth.

A possible involvement of AGPs in programmed cell
death in plants has been reported [21, 22]. These studies
are intriguing because they suggest that the production
and/or secretion of these large molecules somehow
triggers an apoptosis-like event in plant cells.

Programmed Cell Death in Pollen-Tube Growth

Cell death occurs in the transmitting tract around the
time of pollination. We have documented the structural
progression of this process in detail for Arabidopsis.
Intact cells enclosed by the septum epidermis prior to
pollination are absent by complete fruit maturation. Pol-
len-specific production of a pectin methylesterase was
shown to enable pollen-tube growth [9] and was hypoth-
esized to facilitate penetration of the pollen tube into the
ovary chamber. Our studies show, however, that initia-
tion and progression of PCD in the transmitting tract
does not specifically require pollination. PCD occurs in
unpollinated carpels and is absent in ntt mutants de-
spite the presence of pollen tubes. The fact that PCD oc-
curs in the absence of pollination indicates a mechanism
of developmental control. Although pollen tubes are
apparently not required to initiate PCD, our results sug-
gest that pollen tubes assist in promoting PCD, probably
by some sort of synergy with the normal mechanism(s)
of transmitting-tract development. Lastly, PCD most
closely correlates with the rise in alcian blue staining and
suggest the involvement of AGPs or other AGP-like mol-
ecules in promoting cell breakdown.

Regulation of Pollen-Tube Exit from

the Transmitting Tract

Pollen-tube growth involves attraction and guidance
mechanisms acting along the apical-basal axis and along
lateral axes toward ovules. The simplest model for api-
cal-basal movement is mechanical. Studies by Sanders
and Lord [23] showed that appropriately sized nylon
beads could be efficiently drawn down transmitting
tracts in several types of plants. This suggests that a
role for chemical attraction along the apical-to-basal
axis might be secondary. One possibility for chemical
involvement is that the ECM might, through nutritional
support, act to draw pollen tubes downward through
the ovary because the concentration of nutrient would
always be highest in advance of the tubes. This idea de-
rives from studies on a unique class of AGPs in tobacco

(TTS proteins) [11]. PCD could play a role in generating
the materials necessary for pollen-tube growth.

The work of Hulskamp et al. [18] strongly suggests that
ovule development influences pollen-tube movement
within carpels. This in turn implies some sort of signaling
by ovules to pollen tubes. However, the pattern of pollen-
tube movement described by these authors predicts
a wave of fertilization peaking apically and proceeding
basally at continually diminishing levels. We found this
not to be the case. In our experiments, the probability
of fertilization peaked in the central-basal region of the
carpel. Even the ntt mutant, which displayed fertilization
mainly in the apical half of the carpel, showed no prefer-
ence for the most apical ovule. These results are not
easily interpreted but argue against a strictly stochastic
model of tube divergence. It is clear that lateral devia-
tions in pollen-tube movement must in some way reflect
the presence and availability of awaiting ovules. Recent
in vitro experiments purport to show the existence of
diffusible ovule-specific signals directing pollen-tube
growth [24]. This type of molecule clearly offers promise
as part of a guidance mechanism.

The ratio of forces acting to promote apical-basal and
lateral growth in the pollen tube will determine the prob-
ability for exit from the transmitting tract. These forces
undoubtedly change temporally and spatially as the
transmitting tract undergoes PCD and possible nutrient
consumption by pollen tubes, and ovules are constantly
fertilized and removed as potential signal sources. Initial
pollen tubes (represented by our limiting pollination
experiments) might consequently experience a consid-
erably different environment than later-arriving pollen
tubes. Added to the complexity of these various possi-
bilities is the consideration that pollen tubes might com-
pete with each other to fertilize ovules [25]. An excess of
microgametes competing to reach the macrogamete is
a well-known feature of sexual reproduction.

In summary, the observed pattern of pollen-tube
movement is probably the sum of multiple influences,
and additional work will be necessary to dissect the in-
dividual contributions. However, it is clear that pollen-
tube movement within the carpel is nonrandom and that
the overall path to fertilization includes influences acting
to promote both basal travel through the transmitting
tract and lateral travel over epidermal surfaces toward
ovules. Mutants such as ntt should prove useful in dis-
secting these different influences.

Experimental Procedures

Plants

Wild-type was Col-O. ntt-1 and ntt-2 were obtained from the SALK
T-DNA collection [26]: ntt-1 (SALK_049220) is 934 base pairs and
ntt-2 (SALK_007406) is 1909 base pairs from the start codon, re-
spectively. We focused on NTT (At3g57670) as a gene of interest
after screening 36 candidate genes by in situ hybridization for their
pattern of carpel-specific tissue expression. Candidates were ini-
tially identified by a survey of publicly available microarray data
(Supplemental Data).

Genotyping

To genotype ntt-1, we used SALK_049220+LP (5-TCTCAGATTCTC
ATTGGCCCT-3) and SALK_049220+RP (5'-TCTAACCAGCAGACG
CAACTT-3'). To genotype ntt-2, we used HAD1-RP (5-TGGTCCATA
GATTTAGGTTTCTT-3) and HAD1-LP (5-TTGTTAACCTAAGCATG
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CATTGAC-3) to detect wild-type. SALK_049220+LP and HAD1-RP
were used with the JMLB2 primer to detect the insertion.

In Situ RNA Hybridization, Microscopy, and Histology
In situ RNA hybridization was carried out as described previously
[27]. The NTT probe was transcribed with T7 RNA polymerase (Prom-
ega) from a PCR product produced from a pCR2.1 vector with M13
forward and reverse primers. An NTT cDNA clone was obtained from
stage 12 carpel cDNA with the primers 5-ATGACTGATCCTTATTCCA
ATTTCTTCAC-3' and 5'-CTATTTAGACTGCATTGACTCATGATC-3'.
Embedding plant material in JB-4 media and sectioning was
performed as previously described [28]. Alcian blue staining of thin
sections was performed as previously described [19]. Paraplast sec-
tions were embedded as previously described [28]. Samples were
sectioned to 4 um with a disposable steel blade on a Jung Biocut
microtome and mounted on slides. Slides were dewaxed in three
changes of Histoclear 10 min each and rehydrated in an ethanol se-
ries. The slides were counterstained with 0.1% Nuclear Fast Red for
5 min and then stained with 0.5% alcian blue (pH 3.1). The slides were
then rinsed in water, air dried, mounted in Permount, and viewed
under DIC optics.

Minimal Pollinations and Aniline Blue Staining

Aniline blue staining of pollen tubes in pistils was performed as de-
scribed [9]. The flowers were emasculated at stage 12 and left for
24 hr. For the time series, we added maximal pollen with a paint-
brush. The pollinated pistils were collected after 2, 4, 6, 24, and
48 hr. For the minimal pollinations, we used a fine hair to pick up
1-5 pollen grains from a slide under a compound microscope. The
pollen grains were then transferred to the stigma under a dissecting
microscope. The pistils were fixed and stained as described [9].
We used the software program Imaged (http://rsb.info.nih.gov/ij)
to analyze the lengths of the pollen tubes within the carpel and to
determine the position of the seeds within the fruit [29].

GUS Pollen

Cross-sections of pollen tubes could be visualized after pollinating
with pollen containing the ACA9-promoter::B-glucuronidase (GUS)
construct [15]. Flowers were emasculated at stage 12 and pollen
was added after 24 hr. Sections of the GUS-staining tissue were
prepared as previously described [27].

Supplemental Data
One figure and Experimental Procedures are available at http://
www.current-biology.com/cgi/content/full/17/13/1101/DC1/.
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