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Summary. A vacuolar continuum exists from base to tip in the secre-
tory trichomes of chickpea (Cicer arietinum). This continuum is seen
in living trichomes which have been labeled with Lucifer yellow CH
and examined with confocal microscopy. It encompasses the large
vacuole of the lower stalk cell, the vacuoles and tubules of the cen-
tral stalk cell, the thin tubules of the upper stalk cell, and the tubules
and vacuoles of the secretory head cells. The vacuolar-tubular sys-
tem is structurally distinct within each cell, forming a gradient of
large vacuoles in the lower stalk cell, thick tubules in the central stalk
cell, and thin anastamozing tubules in the upper stalk cell. This mem-
brane system appears to be continuous between trichome cells, as
thin tubules emanate from plasmodesmata between stalk cells and
between the upper stalk and lower head cell. In the upper stalk cell,
the thin tubules of this continuum are streaming up and down the
long axis of the cell at 0.67 um/s. The larger vacuolar-tubular system
in the central and lower stalk cells is also slowly moving, with appar-
ent peristalsis occurring in the central cell. The vacuolar-tubular sys-
tem of the secretory head cells is completely labeled with Lucifer
yellow when the dye has only partly diffused up the long walls of the
trichome, indicating that the streaming tubular system delivers solute
through the stalk cells to the secretory head cells faster than diffusion
through the trichome walls. In the lower head cells, tubules emanate
from the plasmodesmata connecting to the upper stalk cell, and these
titbules are continuous with the head cell vacuoles. In addition,
another layer of thin tubules forms along the edges of the secretory
head cells, at the site of exocytotic secretion. We propose that the
continuous vacuolar-tubular system in these trichomes functions to
rapidly deliver solute from the base of the trichome to the secretory
head cells. This system provides a pathway for the transport of secre-
tory material.
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Introduction

The trichomes of chickpea (Cicer arietinum) have a
basal cell, long vacuolate stalk cells, and a terminal
cluster of dense secretory head cells (Schnepf 1963,
Lazzaro and Thomson 1989). Schnepf first described
the ultrastructure of these secreting trichomes, particu-
larly the head cells, in 1965 when electron microsco-
py was emerging as a premier tool in plant cell biolo-
gy. Twenty-five years later we published further ultra-
structural details of the head cells as well as the
organizational features of the stalk and basal cells
(Lazzaro and Thomson 1989).

The secretions from these trichomes appear to protect
the plants from insect predation (Srivastava and Sri-
vastava 1989). Recently, it has been shown that the
trichomes secrete hydrochloric acid (pH 0.52), malic
acid, and calcium (Lauter and Munns 1986, Lazzaro
and Thomson 1995). Schnepf (1965) first observed
that the head cells had numerous mitochondria and
made the quite reasonable suggestion that the secre-
tion process is highly energy dependent. However, the
head and stalk cells do not have developed chloro-
plasts (Schnepf 1965, Lazzaro and Thomson 1989)
and thus carbon substrate essential to fuel the energy
cost of secretion must flow through the stalk cells to
the head cells (Lazzaro and Thomson 1989, 1992a, b).
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Using non-toxic levels of lanthanum, an apoplastic
marker (Revel and Karnovsky 1967, Thomson et al.
1973), we found that this electron dense probe was
taken into the stalk cells and sequestered into the vac-
volar system through pinocytosis (Lazzaro and
Thomson 1992a). The fluorescent dye Lucifer yellow
CH is also non-toxic and will not cross the plasma
membrane of intact cells (Stewart 1978), so is an ideal
apoplastic marker. In the present study we observed
that exogenously applied Lucifer yellow is also taken
up pinocytotically and sequestered in the vacuolar
system of the stalk cells. The dye then moves through
and labels the entire vacuolar complex of the tri-
chome cells, including the secretory head cells. Using
fluorescently labeled living cells, we find that the
vacuolar complex, or more accurately the vacuolar-
tubular system, is continuous from cell to cell within
these secretory trichomes. The ultrastructural defini-
tion of this continuum is lost during conventional fix-
ation.

Material and methods

Leaves of Cicer arietinum L. cv. UC5 were excised and dipped into
distilled water to rinse off secretion droplets. The petiole was then
cut again, the cut end was placed in a microfuge tube containing
8.5 mM Lucifer yellow CH dipotassium salt (Cole et al. 1991) in dis-
tilled water, and these tubes were then placed in a humid chamber to
hasten the reformation of secretion droplets. In some experiments,
leaves were first placed in a solution of 5.0 mM probenecid (pH 7.0)
for 2 h and then transferred to 8.5 mM Lucifer yellow CH (Oparka et
al. 1991). Dye uptake proceeded for 6 to 24 h. Fresh sections of leaf-
lets were then cut for microscopy. Trichome cells were examined
with the Bio-Rad MRC 600 laser scanning confocal microscope
using the CM program. The “BHS” filter block was used, with an
excitor filter which selects a 10 nm wide laser line at 488 nm, a di-
chroic reflector (DR 510 LP) and a 515 nm barrier emission filter.
The X60 oil immersion objective (Nikon) was used (numerical aper-
ture 1.4), so the theoretical resolution limit of the confocal images is
174 nm. Still images were enhanced with Kalman averaging, while
time lapsed images were collected with the direct setting on slow
speed and written automatically to the computer hard drive.
Subsequent image processing was completed using “NIH Image” on
a Macintosh computer. We measured the cross sectional diameter of
the vacuolar-tubular system by measuring tubules which intersected
transverse axes drawn at 20 um intervals on longitudinal sections of
the stalk cells. The cell images were calibrated with images of a stage
micrometer recorded at the same magnification.

To measure tubule motility, images were collected with the “Direct”
setting on normal speed, resulting in a laser scan of the cell every
1.06 s. These images were recorded for analysis by videotaping the
image monitor of the confocal microscope. The video tapes were
played back and a ruler was used to measure organelle movement
across a flat video monitor, calibrated with a stage micrometer. For
motility measurements, stalk cells were scanned and recorded for
2-3 min each., Tubules were judged to be moving directionally when
their movement was consistently up or down for at least 4 consecu-

tive scans {average of 13 consecutive scans), and only these tubules
are included in the motility data. Probenecid treated material was
never used to measure streaming rates.

Results

Lucifer yellow labels the entire vacuolar system of
the secretory trichomes after being taken up by pino-
cytosis in the central stalk cell (Fig. 1). Since the only
detectable autofluorescence within the trichomes is
from the small chloroplasts in the basal cell (Fig. 2 a,
b), all fluorescent labeling in treated material results
from Lucifer yellow.

Fig. L. Lucifer yellow labeled the entire vacuolar-tubular system of
the trichome, including the three stalk cells and the head cells

Fig. 2. In control trichomes treated with distilled water, only the
chloroplasts in the basal cell were visible with fluorescent microsco-
py (arrow). Stalk and head cells had no autofluorescence. Nomarski
DIC (a) and confocal fluorescence (b) pair. Bars: 25 um
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The vacuolar system is structurally distinct between
each stalk cell. The lower stalk cell has large vacuoles
(Fig. 3 a), which occasionally branch near the trans-
verse wall (Fig. 3 b, ¢). The central stalk cell contains
a dynamic vacuolar system, ranging from large vacu-
oles (Fig. 4 a) to tubules (Fig. 4 b, ¢). This dynamic
range is seen within single cells as vacuoles extend
into tubules which run the entire length of the stalk
cell (Fig. 4 a—c). The tubules also contain distinct,
swollen regions (Fig.4 c) and form complex net-
works (Fig. 4 b). The upper stalk cell contains the
thinnest tubules (Fig. 5 a—e). These tubules traverse
the length of the stalk cell in long parallel arrays and
also branch into complex patterns (Fig. 5 a—e). When
examined in serial section, it is clear that the thin
tubules are present just beneath the plasma membrane
(Fig. 5 a) and form a continuous network deep into
the stalk cell (Fig. 5 b-e).

The vacuolar-tubular system is continuous between
stalk cells. Thin tubular branches, 200-500 nm in
width, extend from the larger vacuolar-tubular system
and lead to the transverse walls between the upper
stalk and head cells, and distinct fluorescent bands
across the transverse wall connect these tubules
between cells (Fig. 6 a). In addition, the tubules in the
head cells lead directly into small vacuoles (Fig. 6 a).
Thin tubules also lead to the transverse walls between
the central and upper stalk cells (Fig. 6b) and
between the lower and central stalk cells (Fig. 6 ¢).
These tubules lead to the same area on either side of
the transverse wall, in likely connection across the
wall. We conclude that the bands across the wall are
concentrated groups of plasmodesmata traversed by
fluorescently labeled tubular membrane strands that
connect the tubules in the upper stalk and lower head
cells, and that a similar connection exists across the
transverse walls between stalk cells.

A network of thin tubules (680 nm average diameter)
is present along the edges of the head cells (Fig. 7 a,
b). These tubules are at the site of secretion from the
head cells, and may have a direct role in the secretion
process. In serial section, it is clear that further into
the cells, these tubules connect directly to small vac-
uoles (Fig. 7 ¢, d). The entire vacuolar-tubular system
of the head cells and upper stalk cell is labeled with
Lucifer yellow when the dye has diffused only partly
up the long trichome walls (Fig. 8), indicating that the
vacuolar-tubular system delivers the dye to the secre-
tory tip of the trichomes faster than diffusion through
the wall. The peripheral tubules in Fig. 7 are from the

same trichome shown in Fig. 8, so the Lucifer yellow
in these peripheral tubules must have come from the
vacuolar-tubular system, and not from the cell walls.
There is a clear quantitative difference between the
vacuolar system in the three stalk cells. We measured
the cross sectional diameter of the vacuolar-tubular
system at 20.0 um intervals along the three cells and
found that in the lower cell, the vacuolar-tubular sys-
tem ranged from large vacuoles which filled the entire
cell diameter (up to 16.§ um), to thinner branches
(0.9-2.0 um in diameter) at the end of the cell. The
central stalk cell also had a diverse vacuolar-tubular
system, but overall the tubules were thinner than in
the lower cell, since 96.5% of the tubules were be-
tween 0.4 and 6.0 um in diameter. Quantitatively, the
upper stalk cell was unique. All of the tubules in the
upper cell were between 0.2 and 2.8 um in diameter,
and 85.7% of them were less than 1.1 um in diameter
(Table 1).

The vacuolar-tubular system moved within the stalk
cells. In the lower and central stalk cells, the larger
vacuoles slowly moved in and out of the focal plane
of the confocal microscope (not shown). In addition,
slow directional movement (0.49 + (.18 um/s) was
seen in the central stalk cell. Swollen regions in the
central stalk cell emerged into the plane of focus and
then moved up towards the trichome tip in apparent
peristalsis (Fig. 9). Within the upper stalk cell, the
thinner tubules moved faster and more consistently
than in the central cell (Fig. 10). These tubules move
both up and down the stalk cell at 0.67 um/s
(Table 2).

Discussion

The membrane impermeant fluorescent dye, Lucifer
yellow CH, has proven useful as a general apoplastic
marker (Oparka and Prior 1988), but it has alsc been
shown to enter plant cells and become sequestered
within the vacuole (for reviews, see Robinson and
Hillmer 1990, 1991; Oparka 1991). We have assumed
that uptake and transport of the dye to the stalk cell
vacuoles of the chickpea trichomes is by fluid phase
endocytosis, based on our earlier observations that
this mechanism occurs with the uptake of lanthanum
observed in the electron microscope (Lazzaro and
Thomson 1992a). There is the possibility that Lucifer
yellow crosses the plasma membrane through probe-
necid sensitive anion transport (Cole etal. 1991;
Oparka 1991, 1993; Wright et al. 1992), We tested
this possibility by treating trichomes with 5.0 mM
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Table 1. The cross sectional diameter of the vacuolar-tubule system
was measured in the lower, central, and upper stalk cells

Size category Distribution (%)

Table 2. Within the upper stalk cell, the thin vacuolar-tubules were
streaming both up towards the tip of the trichome and down towards
the base

(uwm) Rate of movement Number of moving tubules Direction
lower central upper (uwm/s)

0.0-1.0 4.5 25.7 85.7 0.67 £0.27 41 up
1.1-2.0 28.1 49.6 13.8 0.67£0.27 35 downt
2.1-3.0 14.6 11.9 0.5
3.140 6.7 4.8 0.0 Streaming was observed in 13 recorded cells, Not all tubules were
4.1-5.0 7.9 23 0.0 moving within cells, and only those that were moving in one direc-
5.1-6.0 34 22 0.0 tion for at Jeast 4.3 s were used in the rate calculations. The average
6.1-7.0 5.6 0.8 0.0 duration of unidirectional movement was 13.8 s, with some tubules
7.1-8.0 22 0.2 0.0 moving up to 48.8 s in one direction. Rates are means * standard
8.1-9.0 6.7 0.5 0.0 deviations
5.1-10.0 0.0 0.2 0.0

10.1-11.0 34 0.0 0.0

11.1-12.0 1.1 0.5 0.0

12.1-13.0 5.6 0.3 0.0

iiijgg }1; g; 8:8 and a morphological gradient was apparent. Lower
| 51‘16:0 0.0 03 0.0 stalk cells contain large vacuoles with tubular exten-

16.1-17.0 45 0.0 0.0 sions, central stalk cells have a vacuolar complex con-

Measurements were taken of all vacuolar-tubules that crossed lines
drawn at 20 um intervals perpendicular to the long axis of the stalk
cells. In the lower stalk cell, tubule diameters ranged from filling the
main body of the cell (large vacuoles up to 16.8 um in diameter) to
thin branches (0.9 um) at the cell ends. Within the central stalk cell,
the vacuolar system was primarily composed of tubules less than
6.1 um in diameter (96.5%), although vacuoles up to 15.7 pm in
diameter were occasionally present. In the upper stalk cell, all the
vacuolar-tubules were between 0.2 and 2.8 um in diameter. The
average tubule diameter was 5.4 um for the lower stalk cell, 1.9 pm
for the central stalk cell, and 0.7 wm for the upper stalk cell. 1,118
tubule cross sections were measured in 5 lower, 8 central, and 7
upper stalk cells

probenecid in some experiments (Oparka et al. 1991)
and found no difference in the localization of dye
within the vacuolar system. In fact, all figures except
4 a, 9, and 10 are from probenecid treated material.

We found that Lucifer yellow accumulated in the vac-
uolar complex of the stalk cells and then diffused
throughout the entire vacuolar system of stalk and
head cells. This vacuolar-tubular system was structu-
rally and dimensionally distinct within each stalk cell,

sisting mainly of elongate tubules, and upper stalk
cells have anastomozing tubular strands. This vacuo-
lar-tubular system streams slowly up and down the
long axis of the stalk cells with the thin tubules in the
upper stalk cell moving faster than the vacuolar-tubu-
lar system in the lower stalk cells. The vacuolar-tubu-
lar system appears to be continuous between cells by
way of strands extending to, through, and from plas-
modesmata in the walls between trichome cells. This
continuum extends into the head cells via tubules
emanating from the plasmodesmata into vacuoles
within the head cells. We found that the entire vacuo-
lar-tubular continuum from the stalk cells to the head
cells was labeled with Lucifer yellow prior to the dif-
fusion of the dye through the walls of the stalk cells
and into the walls of the head cells. From these obser-
vations we suggest that solute is first taken up pinocy-
totically and sequestered in vacuoles of the stalk cells,
and then diffuses within the streaming continuum
from the stalk cells to the head cells. Thus, this vacuo-
lar-tubular continuum functions to rapidly deliver sol-
ute from the base of the trichomes to the head cells.

There are several other implications to be drawn from
these observations. If the solutes are maintained with-

Fig. 3. In the lower stalk cell, the vacuolar-tubular system ranged from a central vacuole filling the whole cell diameter (a), to thinper tubules
which branched from the central vacuole (b and c). These tubules were predominantly at the upper transverse wall

Fig. 4. The vacuolar-tubular system within the central stalk cell included large vacuoles which extended into thick tubules running the length of
the cell (a). Thin, anastomozing tubules also ran the length of the central stalk cell (b). In addition, the tubules formed swollen regions (arrows)
along their length (¢). Bars: 10 um. The images in Figs. 3 and 4 are from 6 different cells
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in this vacuolar-tubular continuum through the plas-
modesmata between cells, this would indicate that the
central membranous component of these plasmodes-
mata is continuous with the tonoplast membrane that
delimits the boundary of the vacuolar-tubular exten-
sions. We note that we did not detect the extent and
form of the vacuolar-tubular complex with probable
continuities to and through the plasmodesmata in our
previous ultrastructural studies (Lazzaro and Thom-
son 1989, 1992a, b). This was probably due to the two
dimensional images produced by TEM examinations
of thin sections as opposed to the three dimensional
view of cell organization provided by confocal micros-
copy. It is very important that in the present study, /iv-
ing cells were examined. The complexity of the vacu-
olar continuum is probably disrupted during conven-
tional fixation for electron microscopy (see O’Brien
etal. 1973, Mersey and McCully 1978, Dong et al.
1994, for discussion of the fidelity of fixation proce-
dures). In our previous ultrastructural studies, we
mterpreted the membranous, bubble-like extensions
from the axial component of the plasmodesmata to be
extensions of the endoplasmic reticulum (Lazzaro and
Thomson 1989). This was and still is the most com-
mon interpretation in the literature (Robards and
Lucas 1990, Lucas et al. 1993). However, we suggest
that these blister-like bubbles extending from the
axial component of the plasmodesmata are compo-
nents of the vacuolar-tubular continuum and that they
assume a vesiculate appearance with the disruption of
the thinner elements of the continuum during fixation.
It may be imprudent to identify such membrane ex-

tensions from plasmodesmata as ER in all instances,
particularly in mature, vacuolate cells.

Our view of the vacuolar-tubular continuum as a path
for solute diffusion from cell to cell would infer a pas-
sageway through the plasmodesmata via a channel in
the center of the axial component. Current views of
plasmodesmatal structure and function tend to mini-
mize the possibility of trafficking of ions, water or
small molecular species via a channel through the
center of the axial component. These views are based
primarily on ultrastructural observations (for reviews,
see Robards and Lucas 1990, Lucas et al. 1993) and
theoretical considerations (Overall et al. 1982). How-
ever, the presence or absence of an axial channel has
not been definitively established with ultrastructural
studies, nor precluded on deductive grounds (Gun-
ning and Overall 1983). Even rapidly frozen, freeze
substituted material (Ding etal. 1992) cannot be
assumed to be free of preparation induced alterations.
These alterations may be subtle and small, but signif-
icant considering the small dimensions and structural
parameters of plasmodesmatal organization.

The streaming of the vacuolar-tubular continuum in
the stalk cells transports Lucifer yellow to the tri-
chome tip faster than diffusion alone through the
walls. We propose that this streaming may be directed
and controlled by the cytoskeleton within stalk cells.
We have observed that vesicles are aligned in long
arrays parallel to microtubules oriented from base to
tip in the stalk cells (Lazzaro and Thomson 1989).
These vesicles were observed in conventionally fixed
material, and represent the vacuolar-tubular continu-

Fig. 5. Thin wbules were always present throughout the upper stalk cell, forming either long parallel arrays or branching into complex patterns.
Images are 0.5 um thick optical serial sections at 1.0 um intervals, beginning at the plasma membrane (a) and continuing into the stalk cell
{b—e). After only three hours of incubation in dye solution, tubules at the top of the cell contain Lucifer yellow while the dye has only partially
diffused up the lateral cell walls

Fig. 6. Thin tubules of the vacuolar-tubular system connect across the transverse wall between the upper stalk cell (a) and the head cells
(arrows). Distinct fluorescent bands are seen across this transverse wall. Within the head cells, these tubules lead directly into the small vacu-
ole (v). Tubules from the central stalk and upper stalk cells (b) lead to the same area on either side of the transverse wall between the cells (dou-
ble headed arrow), In addition, thin tubules in the lower stalk and central stalk cells (c) lead to the same area at the transverse wall between these
cells (double headed arrow)

Fig. 7. Along the periphery of the head cells, where secretion takes place, a network of thin tubules is loaded with Lucifer yellow. The average
diameter of these tubules was 680 * 150 nm (n = 85 tubules from 4 cells). In successive 0.5 um thick optical serial sections at 1.0 pum intervals,
the dye is present within tubules at the periphery of the head cells (a and b), while further into the cells the same tubules are connected with
small vacuoles (v} (¢ and d). The peripheral tubules are labeled with dye that has come from the vacuolar-tubular system, since the cell walls
are not labeled

Fig. 8. Lucifer yellow has diffused partly up the long walls of the upper stalk cell, while the entire vacuolar-tubular system of the head cells is
labeled, indicating that the dye has moved through the vacuolar-tubular system of the stalk into the head cells. This is the same trichome at high-
er magnification as in Figs. 5 a—e and 7 a—d. Bars: 10 ym
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Fig. 9. Time lapsed series of images of the central stalk cell where the vacuolar-tubular system is slowly moving. Swollen regions form in the
plane of focus and then move up towards the top of the cell. The arrowhead is in the exact same place throughout the time series and marks the
point where thin branching tubules form a swollen emerge. A single swollen region is marked with an arrow as it moves up towards the trichome
tip over time in apparent peristalsis. It is moving up at 0.35 um/s. Images are at 4 s intervals. Bar: 10 um

Fig. 10. Series of time lapsed images from the upper stalk cell demonstrating that the thin tubules move directionally within the cell. In this
example, the branch point in the tubule is moving up towards the tip of the trichome at 0.45 pm/s. The lower arrow is in the exact same location
in each frame and marks the initial position of the branch. The upper arrows identify the location of the branch point at 5 and 10 s. Bar: 10 pm

um seen in the present study (see also O’Brien et al. associated with plasmodesmata between plant cells
1973). In staminal hairs of Tradescantia blossfeldia- (White et al. 1994). The thin tubules in the upper stalk
na, both microtubules and microfilaments have a role cell are streaming at 0.67 um/s. This rate is much
in cytoplasmic streaming (Salitz and Schmitz 1989), slower than myosin driven motility along microfila-
and actin microfilaments have recently been found ments (26 um/s; Kohno and Shimmen 1988), and is
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also slower than the actin-myosin based movement
(Liebe and Quader 1994) of the ER in epidermal cells
(up to 4 um/s; Knebel et al. 1990). The rate 1s similar
to kinesin driven wmotility along microtubules
(0.6 wm/s; Vale etal. 1985), and kinesin has been
identified in higher plants (Tiezzi et al. 1992, Cai
et al. 1993, Mitsui et al. 1993, Liu et al. 1994), The
vacuolar-tubular continuum in these trichomes may
be an intriguing model system for investigating cyto-
skeletal function in a secretory system.

Within the central stalk cell, swollen regions progress
through the tubular system in apparent peristalsis.
This type of peristaltic movement also occurs within
the tubule-vacuole continuum in fungal hyphae to
transfer solute between vacuole clusters (Shepherd
etal. 1993a). In chickpea trichomes, pinocytosis of
solute occurs in the central stalk cell (LL.azzaro and
Thomson 1992a), and the observed peristaltic move-
ments in the cell may transport this solute towards the
trichome tip for secretion. Peristaltic movements
were 1ot seen in the upper stalk cell, where thinner
tubules (less than 2.8 wm in diameter) streamed faster
than the thicker tubules (less than 6.1 wm) in the cen-
tral cell. In the upper cell, streaming was measured as
tubule tips moved up or down for at least 4 s before
moving out of the focal plane, and tubular diameter
did not change during these movements.

A network of tubules and vacuoles, the “peripheral
caniculate system” (Mersey and McCully 1978,
McCully and Canny 1985), as well as an extensive,
peripheral system of ER, the “peripheral reticulum”
(Quader et al. 1989, Knebel et al. 1990) are present in
plant cells. Although their role in cell-to-cell trans-
port has not been explored, these systems may be
related to the tubular-vacuole continuum in chickpea
trichomes. A dynamic continuum of tubules and vac-
voles has been identified in fungal hyphae (Shepherd
et al. 1993a), and tubules in this system pass through
the dolipore in the wall between the terminal and
penultimate tip cells (Shepherd et al. 1993b). To what
extent the diffusion of vacuolar solution from cell to
cell occurs in plant cells is conjectural at this time.
However, in chickpea the diffusion of vacuolar solu-
tion from base to tip in the trichomes may have a
direct role in secretion. These trichomes secrete
hydrochloric acid, malic acid, and calcium (Lauter
and Munns 1986, Lazzaro and Thomson 1995), all
these compounds are actively sequestered in vacuoles
in plant cells (Martinoia 1992). The vacuolar-tubular
continuum in the trichomes may deliver these com-

pounds to the site of secretion in the head cells. Cal-
cium and chloride ions must be transported to the tri-
chome tip for secretion, and since the stalk and head
cells lack chloroplasts (Lazzaro and Thomson 1989),
carbon substrate must also be transported from the
basal cells for the secretion of malate. In fact, calcium
has been localized in the vacuolar-tubular continuum
in stalk cells and in head cells, and is secreted via exo-
cytosis in the head cells (Lazzaro and Thomson
1992b). Since there are no plasmodesmata connecting
the basal cell of the trichome to other cells of the leaf
(Lazzaro and Thomson 1989), the vacuolar-tubular
continuum is limited to the trichomes. Malate synthe-
sis and compartmentation in vacuoles is suggested to
be of major importance in the carbon metabolism of
guard cells (Tallman 1992). We suggest that a high
degree of metabolic similarity may exist between
guard cells and these trichomes particularly since
both are epidermal specializations and at maturity are
symplastically isolated from adjacent mesophyll and
epidermal cells. Further, the basal cells have small
chloroplasts (Lazzaro and Thomson 1989) and we
suggest that the synthesis of malate and its compart-
mentation in the vacuolar complex probably occurs
predominantly in the basal cells. In addition, since
uptake and internalization of Lucifer yellow occurs at
the lower stalk walls, the diffusion pathway of solute
within the continuum is directionally limited and vec-
torially upward.
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