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Citrus leaves accumulate large amounts of calcium that must be compartmented effectively to prevent stomatal closure by
extracellular Ca®* and interference with Ca®*-based cell signaling pathways. Using x-ray microanalysis, the distribution of
calcium between vacuoles in different cell types of leaves of rough lemon (Citrus jambhiri Lush.) was investigated. Calcium was
accumulated principally in palisade, spongy mesophyll, and crystal-containing idioblast cells. It was low in epidermal and
bundle sheath cells. Potassium showed the reverse distribution. Rubidium and strontium were used as tracers to examine the
pathways by which potassium and calcium reached these cells. Comparisons of strontium and calcium distribution indicated
that strontium is a good tracer for calcium, but rubidium did not mirror the potassium distribution pattern. The amount of
strontium accumulated was highest in palisade cells, lowest in bundle sheath and epidermal cells, and intermediate in the
spongy mesophyll. Accumulation of strontium in palisade and spongy mesophyll was accompanied by loss of potassium from
these cells and its accumulation in the bundle sheath. Strontium moved apoplastically from the xylem to all cell types, and
manipulation of water loss from the adaxial leaf surface suggested that diffusion is responsible for strontium movement to this
side of the leaf. The results highlight the importance of palisade and spongy mesophyll as repositories for calcium and suggest
that calcium distribution between different cell types is the result of differential rates of uptake. This tracer technique can

provide important information about the ion uptake and accumulation properties of cells in intact leaves.

Studies of the elemental composition of vacuoles in
leaf cells have shown that nutrients are asymmetri-
cally distributed between different cell types (Leigh
and Tomos, 1993; Leigh, 2001). This has been studied
in most detail in barley (Hordeum wvulgare), where
phosphorus is largely restricted to mesophyll cells,
while calcium and chlorine are mainly in epidermal
cells, with potassium and nitrate more evenly distrib-
uted (Dietz et al, 1992; Leigh and Storey, 1993;
Williams et al., 1993; Fricke et al., 1994). Other species
also show differences in vacuole composition between
different cell types. In wheat, the patterns of distribu-
tion are similar to those in barley (Hodson and
Sangster, 1988), but in other species they are not. In
Lupinus luteus leaflets, phosphorus was found at higher
concentrations in epidermal cells than in palisade
and spongy mesophyll (Treeby et al., 1987), while in
sorghum, phosphorus was highest in bundle sheath
cells and lowest in the adaxial epidermis, these latter
cells containing the highest calcium levels (Boursier
and Lauchli, 1989). In the calcicoles, Centaurea scabiosa
and Leontodon hispidus, calcium was highestin palisade,
spongy mesophyll, and trichomes, and was excluded
from the epidermal cells (De Silva et al., 1996).
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Although the physiological reasons for these distri-
butions remain largely unexplained, they do raise
questions about their underlying mechanisms and
whether they result from differential uptake of ions
from the apoplast as the transpiration stream passes
different cell types, or whether different ions follow
different apoplastic or symplastic pathways from the
xylem to particular cell layers (Leigh and Tomos, 1993;
Karley et al., 2000b). Attempts to show that different
cell types possess different transporters that might
differentially remove ions from the transpiration
stream have largely been unsuccessful (Dietz et al.,
1992; Karley et al., 2000a). Indeed, there is evidence to
suggest that the movement of ions to different cell
layers cannot be explained fully by assuming ions
move in the transpirational water flow from the xylem
to the sites of evaporation. In Commelina communis,
Atkinson (1991) found an even distribution of calcium
between adaxial and abaxial epidermal layers even
though the rate of transpiration was over 4-fold higher
from the abaxial surface. Also, fluorescent dyes fed to
cereal leaves via the xylem reach the epidermal layers
by traveling along vein extension pathways and
appear to bypass the mesophyll (Canny, 1990). These
observations suggest that movement of ions through
leaves is not always via mass flow in the transpiration
stream and that multiple mechanisms may exist to
ensure that particular ions move to particular cells
(Leigh and Tomos, 1993; Karley et al., 2000b).
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X-ray microanalysis (XRMA) of frozen hydrated
tissues (Sigee, 1993) is a powerful method for de-
termining the elemental composition of cells and cell
compartments and has been one of the main methods
by which differential distribution of nutrients between
cells has been investigated (Treeby et al., 1987; Leigh
and Storey, 1993; Williams et al., 1993; De Silva et al.,
1996; Kiipper et al., 2000, 2001; Lombi et al., 2002;
Storey et al., 2003). It can be used to measure elemental
composition at particular points (e.g. cell compart-
ments or different cells; Leigh et al., 1986; Leigh and
Storey, 1993) or to map the distribution of elements
within tissues and organs (e.g. Williams et al., 1993).
Here we have used both modes to investigate the
elemental composition of vacuoles in different cell
types in leaves of rough lemon (Citrus jambhiri Lush.)
and to elucidate the pathways for calcium movement
through the leaf using strontium as a tracer. Previous
studies have shown that strontium can be used as an
analog for calcium in plants (Nelson et al., 1990, and
refs. therein), and thus it can be used to label the routes
along which calcium travels to reach the cells where it
accumulates. Further, there is a lack of discrimination
between Ca®" and Sr** in overall transport from the
external medium to the shoot (White, 2001), and
voltage-gated Ca®"-permeable channels in plants are
also permeable to Sr** (White et al., 2002). In addition,
the H'/Ca?" antiport at the tonoplast has been
reported to show little discrimination between Ca”"
and Sr** (Kim and Heinrich, 1994).

Rough lemon was chosen for these experiments
because it is a commercially important citrus rootstock
in Australia that, like most citrus rootstocks, permits
high levels of calcium accumulation in shoots (Taylor
and Dimsey, 1993). Further, citrus leaves may live for
up to 2 years and continuously accumulate calcium
throughout this period, with concentrations reaching
3% to 6% in dry matter (Robinson et al., 1997). A recent
survey showed that only a small number of angio-
sperms have shoot calcium concentrations greater
than 3% (Broadley et al., 2003). Lacking trichomes in
which calcium can be accumulated (compare with De
Silva et al., 1996), citrus leaves must have efficient
mechanisms for compartmenting calcium within other
leaf cells to prevent interference with Ca”*-signaling
pathways and to avoid stomatal closure induced by
extracellular Ca?* (De Silva et al., 1985).

RESULTS

Rough lemon leaves show typical dorsiventral anat-
omy, with adaxial and abaxial epidermal layers,
spongy mesophyll, two layers of palisade mesophyll,
and vascular strands surrounded by bundle sheath
cells (Fig. 1; see also Esau, 1977). Stomata are only pres-
ent on the abaxial surface (Schneider, 1968). Just below
the adaxial epidermis are large idioblast cells, some of
which contain calcium-oxalate crystals. There are also
smaller idioblast cells beneath the abaxial epidermis.
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Figure 1. Light micrograph of a transverse section of a rough lemon
leaf.

Elemental mapping of the adaxial half of a leaf
grown in unamended nutrient solution showed that
calcium and potassium were asymmetrically distrib-
uted between different cell types (Fig. 2). Calcium was
enriched in palisade and spongy mesophyll cells and
was also deposited in crystals contained within some
idioblast cells (Fig. 2, C and F). These crystal-containing
idioblast cells often formed a companion-type arrange-
ment with a crystal-free, potassium-rich idioblast
cell (Fig. 2, E and F). Calcium was not accumulated
significantly in epidermal or bundle sheath cells.
In contrast, potassium was localized mainly in the
epidermal cells, bundle sheath, and crystal-free idio-
blast cells (Fig. 2, B and E), but was much lower in
palisade and spongy mesophyll cells.

To quantify these distributions, the (peak — back-
ground)/background [(p — b)/b] ratio, a semiquanti-
tative proxy for elemental concentration (Sigee, 1993),
was measured for calcium and potassium in vacuoles
of the different cell types from young and old leaves.
Calcium (p — b)/b ratio was highest in the palisade
and spongy mesophyll cells and was low in epidermal
cells, particularly in young leaves (Table I). The (p —
b)/b ratio for calcium increased 3-fold in the palisade
and 2-fold in the spongy mesophyll of older leaves.
The highest (p — b)/b values for calcium in vacuoles
were considerably less than those measured in cal-
cium-containing crystals in idioblasts that had mean *
st values of 5.141 = 0.410 (n = 16). For potassium, the
(p — b)/b ratio was highest in adaxial and abaxial
epidermal cells and bundle sheath cells. Values were
similar in palisade and spongy mesophyll cells in
young leaves, but, in older leaves, they were 3-fold
higher in the spongy mesophyll than in the palisade
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Figure 2. Distribution of potassium and calcium in different cell types in the adaxial half of a leaf from rough lemon grown in
unamended nutrient solution. A and D, Secondary electron images; B and E, potassium distribution; C and F, calcium
distribution. A to C and D to F are from different leaves. ad, Adaxial epidermis; bsc, bundle sheath cell; i, idioblast cell; p,

palisade mesophyll; sp, spongy mesophyll.

mesophyll. The potassium (p — b)/b ratio in bundle
sheath cells increased by about 50% in older leaves.
Plots of the relationship between the (p — b)/b ratios
for potassium and calcium in each of the cell types
showed that cells with high calcium (e.g. palisade
mesophyll) generally had low potassium, while the
reverse was observed for other cells (e.g. bundle
sheath and noncrystal idioblasts; Fig. 3A). The excep-
tion was spongy mesophyll, which had a wide range
of concentrations of both elements, although this ap-
peared to be related to the position of the cells in the
leaf, with those immediately beneath the abaxial epi-
dermis having more calcium than those deeper within
the lamina (Fig. 3B).

To investigate the pathways by which calcium and
potassium reached their final locations in epidermal
and mesophyll cells, the possibility of using strontium
and rubidium as tracers for calcium and potassium,
respectively, was investigated by feeding these to
excised transpiring leaves through their petioles. After
just 4 h, rubidium was found in all cell types and did
not show the cell-specific distribution observed for
potassium (compare Fig. 4, B and C). However, after
a similar labeling period, strontium mimicked the
distribution of calcium and was present in vacuoles of
both types of mesophyll cells but not in epidermal cells
(Fig. 4, G and H). Unlike the endogenous calcium, it
accumulated in the periclinal and tangential cell walls

Table 1. Distributions of potassium and calcium, measured as (p — b)/b ratios, in different leaf cell
types of young and old leaves from rough lemon grown in unamended nutrient solution
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(p — bib
Cell Type Potassium Calcium
Young® Old? Young Oold
Adaxial epidermis 0.332 = 0.018°  0.387 + 0.026 0.013 = 0.003 0.054 + 0.006
Palisade mesophy!ll 0.109 = 0.010 0.120 = 0.010 0.133 = 0.008 0.390 = 0.020
Spongy mesophyll 0.094 + 0.015 0.356 = 0.026 0.112 = 0.010 0.234 + 0.024
Bundle sheath 0.382 = 0.019 0.570 = 0.014 0.013 = 0.002 0.017 = 0.003
Abaxial epidermis 0.285 += 0.019 0.368 = 0.021 0.017 = 0.002 0.039 + 0.004

“The young leaf was almost fully expanded and the old leaf was taken from the 17th node distal to the
PData are presented as mean = st (n = 10 cells of each cell type from a single leaf of each
age). The Lsps (at P = 0.05) were: for potassium, cell type = 0.040; age = 0.025; cell type X age = 0.056;

young leaf.

for calcium, cell type = 0.025; age = 0.016; cell type X age = 0.036.
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Figure 3. The relationship between vacuolar (p — b)/b ratios for

potassium and calcium of different cell types in leaves from rough
lemon grown in unamended nutrient solution. A, All cell types (892
cells from 24 leaves); B, spongy mesophyll cells either adjacent to the
abaxial epidermis (subabaxial) or near the vascular bundles (centrip-
etal) within the abaxial half of the lamina (95 cells from 4 leaves).

of the adaxial epidermal cells. Other experiments (not
shown) demonstrated that calcium also accumulated
in the adaxial epidermal cell walls when fed to excised
leaves through their petioles, confirming that stron-
tium faithfully reports the distribution pathways
for calcium. A more detailed investigation based on
(p — b)/b ratios in vacuoles of different cell types
confirmed that, following uptake for 24 h from a solu-
tion containing 25 mm SrCl,, strontium was found
mostly in the palisade and spongy mesophyll cells of
the leaf and was notably low in bundle sheath and
crystal-free idioblast cells (Table II). In these leaves,
which were grown in low Cl~, the CI™ counter anion
was more evenly distributed than strontium between
the different cell types (Table II). This general distri-
bution of chlorine was also observed in the experiment
with RbCl (Fig. 4D).

To confirm that the distribution of strontium was
mirroring that of calcium, excised leaves from plants
with low leaf calcium concentrations (achieved by
growth in nutrient solution containing 50 mm KCl)
were fed 25 mMm Sr(NO,), and 25 mMm Ca(NOj), for 24 h,
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and the (p — b)/b ratios for strontium and calcium
were compared in vacuoles of the different cell types.
Palisade and spongy mesophyll cells from low-
calcium plants had (p — b)/b ratios for calcium of
0.047 * 0.003 and 0.022 * 0.004 (mean * SE), respec-
tively, compared with equivalent values of 0.277 *
0.013 and 0.149 = 0.007 in cells from leaves of plants
grown in unamended nutrient solution without addi-
tional KCI (n = 10-15 cells from one leaf, in all cases).
The subsequent uptake of calcium and strontium by
the low-calcium leaves led to the differential accumu-
lation of these elements in different cells. Bundle
sheath cells accumulated the least and palisade meso-
phyll the most, other cell types being intermediate
(Fig. 5). After 24 h, the (p — b)/b ratios for calcium in
the palisade and spongy mesophyll cells were raised
significantly above those in low-calcium leaves and
were approaching those measured in high-calcium
leaves grown throughout their life in unamended
nutrient solution (Fig. 5; compare with Table I). The
levels of calcium and strontium in all cells were highly
correlated over a range of (p — b)/b ratios from 0 to
approximately 0.3, with all points falling on or close to
the regression line (Fig. 5). The (p — b)/b ratios plotted
in Figure 5 were adjusted to allow for the different
sensitivities of XRMA to calcium and strontium (see
“Materials and Methods”), so the slope of approxi-
mately 1 for the regression line indicates that there was
equimolar accumulation of both calcium and stron-
tium. This suggests that strontium distributes to the
vacuoles of different cells in the same way as calcium,
confirming its value as a tracer for calcium in citrus
leaves.

Mapping experiments showed that strontium accu-
mulated in the apoplast around epidermal cells, so
movement through cell walls is probably the main
route by which strontium, and by implication calcium,
moves from the xylem to the different cell types, where
it accumulates (Fig. 4H). Thus, more detailed surveys
of strontium localization were undertaken (Fig. 4, I-R).
After 24-h uptake from a solution of 50 mMm Sr(NO,),
and 5 mm KCl, the strontium signal was strong from
regions within the vascular bundle (presumably xylem
vessels) and cell walls in the bundle sheath (Fig. 4K),
particularly at the apex of the intercellular junctions
(arrows in Fig. 4K). There was no significant accumu-
lation of strontium in vacuoles in this region, which
were high in potassium (Fig. 4]; compare with Fig. 2B).
Strontium could also be detected in the apoplast of
palisade mesophyll cells, but this depended on the
calcium status of the leaves. It was detected around
these cells in low-calcium leaves but not in high-
calcium leaves (compare Fig. 4, M and O), even though
in both cases it was present in the apoplast of the
adjacent adaxial epidermal cells. Strontium also accu-
mulated in the cell walls of noncrystal and crystal
idioblast cells, clearly being incorporated into the
crystals of the latter (Fig. 4, P-R).

The presence of strontium in the apoplast of adaxial
epidermal cells more distant from the xylem than the
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Figure 4. Elemental distributions in excised leaves of rough lemon after uptake of rubidium and strontium tracers. Unless
otherwise stated, plants were grown in unamended nutrient solution. A to D, Uptake from 25 mm RbCl for 4 h. A, Secondary
electron image; B, potassium distribution; C, rubidium distribution; D, chlorine distribution. E to H, Uptake from 50 mm Sr(NOs,),
for 4 h. E, Secondary electron image; F, potassium distribution; G, calcium distribution, H, strontium distribution. | to K, Area
around the vascular bundle after uptake of 50 mm Sr(NO,), for 24 h. |, Secondary electron image. J, potassium distribution; K,
strontium distribution. L to O, Uptake from 50 mm Sr(NOs;), for 4 h by a high-calcium leaf (L and M) and a low-calcium leaf
(N and O). L and N, Secondary electron images; M and O, strontium distribution. P to R, Pair of idioblast cells after uptake from
50 mm Sr(NO,), for 4 h. P, Secondary electron image; Q, calcium distribution; R, strontium distribution. ¢, Crystal; vb, vascular
bundle; other abbreviations as in legend to Figure 2.
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Table 1l. Distributions of potassium, calcium, strontium, and chlorine, measured as (p — b)/b ratios, in
different cell types of an excised leaf from rough lemon grown in unamended nutrient solution and fed

25 mm Sr(Cl), + 5 mm KCl through its petiole for 24 h

(p — bb

Cell Type
Potassium

Calcium

Strontium Chlorine

Adaxial epidermis 0.334 = 0.008°
Palisade mesophyll

Spongy mesophyll

0.023 = 0.002
0.066 = 0.008 0.164 =
0.105 = 0.013 0.144

0.051 = 0.006 0.118 = 0.004
0.006 0.256 = 0.006 0.208 = 0.009
0.014 0.196 = 0.013 0.239 = 0.009

Bundle sheath 0.390 = 0.032 0.012 = 0.003 0.013 = 0.005 0.171 = 0.009
Noncrystal idioblast 0.571 = 0.097 0.007 = 0.004 0.004 = 0.002 0.157 = 0.037
Abaxial epidermis 0.254 = 0.025 0.008 = 0.003 0.039 = 0.011 0.138 = 0.011

“Data are presented as mean = st (n = 3 to 10 cells of each type from one leaf). The Lsps (at P = 0.05)
between cell types were: potassium, 0.078; calcium, 0.032; strontium, 0.031; chlorine, 0.038.

palisade cells, but not always in the cell walls of
the latter, seems contradictory because, if strontium
moves extracellularly, it must pass through the pali-
sade apoplast to reach the adaxial epidermis. This
effect is probably explained by the rate at which
strontium is taken up by palisade cells in high- and
low-calcium leaves. After 4 h of loading with 50 mm
Sr(NOs;),, the (p—b)/b ratio for strontium in vacuoles
of palisade cells in low-calcium leaves was only one-
third that in high-calcium leaves (Table III), but, after
24 h, the values were similar. In high-calcium leaves,
the extra 20 h of loading only doubled the strontium
(p — b)/b ratio in palisade cells, but raised it 7-fold
in low-calcium leaves. Thus, there was a large differ-
ence in the amount of strontium accumulated in cells
of high- and low-calcium leaves at 4 h, but not at 24 h.
Any strontium that is not taken up into palisade cells
accumulates around the adjacent adaxial epidermal
cells, which do not accumulate significant amounts of
strontium (Tables II and III; Fig. 5). Initial accumula-
tion of strontium in spongy mesophyll cells was also
related to calcium status, but the (p — b)/b ratios were
much smaller than in the palisade cells (Table III;
Fig. 5).

There was a more-or-less equal movement of stron-
tium into the adaxial and abaxial halves of the leaf.
Using a beam voltage of 25 kV to ensure good
penetration beneath the surface of an intact piece of
leaf, the (p — b)/b ratios for strontium were measured
at the adaxial and abaxial sides of leaves. After a 2-h
uptake from 25 mM strontium, (p — b)/b ratios of 0.074
and 0.072 were measured at the adaxial and abaxial
sides, respectively. A similar treatment with 50 mm
strontium gave values of 0.128 and 0.118. Thus, in
transpiring excised leaves, strontium was uniformly
distributed between the two transverse halves of the
leaf, even though the bulk of transpiration must be
through the abaxial surface, which contains all of the
stomates (Fig. 1). The presence of significant strontium
levels in the apoplast of the adaxial half of the leaf (see
Fig. 4) suggested that cuticular water loss might be
sufficiently high to account for some or all of the
strontium movement to this surface. To test this
hypothesis, the adaxial leaf surface of one longitudinal
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half of a leaf was covered with Vaseline (Lever-
Rexona, North Rocks, Australia), with the other half
acting as an untreated control. Strontium distribution
was analyzed after uptake from 25 mm Sr(Cl), for 24 h.
There was little difference in the accumulation of
strontium at the adaxial surface in the two halves of
the leaf. Comparison of (p — b)/b ratios for strontium
at this surface gave mean * st values of 0.228 * 0.005
in the untreated half, and 0.213 *+ 0.005 in the treated
half (20 measurements on a single leaf in both cases);
this 7% decrease was, however, significant at P = 0.05.
Mapping showed that the strontium was present in the
apoplast of both the adaxial and abaxial epidermal
cells in both treatments (not shown).

Covering half of the abaxial surface of a leaf with
Vaseline completely prevented strontium accumula-
tion in the treated half, presumably because transpi-
ration was abolished and this stopped xylem transport

Adaxial epidermis
Palisade mesophyll CP
Spongy mesophyll

Bundle sheath o

03

orecn

Abaxial epidermis

0.2 |

Sr (p-b)/b

0.1 |

0.0

0.0 0.1 0.2 0.3
Ca (p-b)/b

Figure 5. Relationship between vacuolar (p — b)/b ratios for calcium
and strontium of different cell types in an excised leaf from rough
lemon grown under low-calcium conditions and fed 25 mm Sr(NO,),
and 25 mm Ca(NO,), through its petiole for 24 h. Results from 65 cells
in one leaf. Values of (p — b)/b ratios were adjusted for the different
sensitivities of the XRMA to calcium and strontium, so the slope of
the line reflects the molar accumulation ratio of the two elements
(see “Materials and Methods”). The fitted regression line is shown
(y = 1.16x — 0.003; 7 = 0.962).
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Table Ill. Effect of leaf calcium status on the distribution of strontium between different cell types after

uptake from 50 mm Sr(NO;), + 5 mm KCl for 4 or 24 h

Strontium (p — b)/b

Cell Type 4h
High Calcium? Low Calcium® High Calcium Low Calcium
Adaxial epidermis 0.017 = 0.002°  0.003 * 0.002 0.032 £ 0.006  0.042 = 0.007
Palisade mesophy!ll 0.089 = 0.007 0.031 = 0.005 0.196 £ 0.007  0.208 = 0.016
Spongy mesophyll 0.061 = 0.005 0.008 = 0.003 0.048 = 0.007  0.047 = 0.014
Abaxial epidermis 0.006 = 0.003 0.014 = 0.004  0.036 = 0.003 0.049 = 0.006

“From a plant grown in unamended nutrient solution.
“Data are presented as mean = st (n = 5-10 for each cell type in a single leaf

containing 50 mm KCI.

PFrom a plant grown in nutrient solution

from each treatment). The Lsps (at P = 0.05) were: for 4-h uptake, cell type, 0.011; age, 0.008; cell type X
calcium status, 0.016; for 24-h uptake, cell type, 0.018; age, not significant; cell type X calcium status,

not significant.

of strontium to that half of the leaf. However, stron-
tium still accumulated in the untreated half, and this
allowed an investigation of whether strontium accu-
mulation in palisade and spongy mesophyll affected
the levels of other elements. After uptake from 25 mm
Sr(Cl), for 24 h, the differences in (p — b)/b ratios for
elements in cells in the Vaseline-treated and -untreated
halves of the leaves were determined. The untreated
half of the leaf showed a net increase of strontium
in palisade and spongy mesophyll cells, but not in
adaxial epidermal or bundle sheath cells (Fig. 6). The
increases in strontium in the palisade and spongy
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Figure 6. Differences in vacuolar (p — b)/b ratios for strontium,

chlorine, calcium, and potassium between cells in the transpiring
and nontranspiring halves of an excised leaf from rough lemon grown
in unamended nutrient solution and fed 50 mm Sr(Cl), through its
petiole for 24 h. Transpiration in one longitudinal half of the leaf was
prevented by covering the abaxial surface with Vaseline; the other half
was left untreated. Positive numbers indicate that the (p — b)/b ratio was
higher in cells of the untreated, transpiring half of the leaf; negative
numbers indicate that they were smaller. Results from 140 cells in one
leaf. Capped bars indicate Lsps (P = 0.05) between cells (C), treatments
(T), and cells X treatment interaction (C X T).
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mesophyll cells were accompanied by a decrease in
potassium levels in both cell types and an increase in
the bundle sheath cells. Strontium accumulation was
accompanied by small elevations in vacuolar calcium
in palisade and spongy mesophyll cells, while chlorine
accumulated in all cell types, as observed in other
experiments.

DISCUSSION

Calcium is asymmetrically distributed between dif-
ferent cell types in leaves of rough lemon. It accumu-
lates in much higher concentrations in palisade and
spongy mesophyll cells than in epidermal cells, and is
deposited as crystals in idioblast cells (Fig. 1; Table I).
This pattern is distinct from that for potassium and is
not affected by leaf age even though calcium levels
rise with leaf age (Table I). In general, cells of any
particular type in rough lemon leaves all behave
similarly and accumulate either high calcium and
low potassium or vice versa, suggesting they are
selective in the cations they absorb (Fig. 3A). Spongy
mesophyll cells are an exception and have a wide
range of both calcium and potassium concentrations,
possibly related to their position in the leaf (Fig. 3B).
Similar enrichment of calcium in palisade and spongy
mesophyll cells, but not in epidermal cells, has been
seen in other species, including the metal hyperaccu-
mulators Alyssum lesbiacum, Alyssum bertolonii, Thlaspi
geosingense, and Arabidopsis halleri (Kiipper et al., 2000,
2001), the calcicoles C. scabiosa and L. hispidus (De Silva
et al., 1996), the calcifuge L. luteus (De Silva and
Mansfield, 1994), and the fern Pteris vittata (Lombi
et al., 2002). This pattern of calcium distribution is
quite distinct from that seen in cereals, where calcium
is enriched in the epidermis (Leigh and Tomos, 1993,
and refs. therein). In cereals, it was speculated that
calcium was accumulated in the epidermis to separate
it spatially from phosphorus, which was enriched in
vacuoles of mesophyll cells, thereby preventing for-
mation of insoluble CaHPO, (Leigh and Storey, 1993).
Accumulation of high calcium in the vacuoles of
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palisade and spongy mesophyll cells of citrus and the
other species mentioned above would be incompatible
with a vacuolar storage of inorganic phosphate in
these cells. Measurements in L. luteus suggest that
spatial separation of calcium and phosphorus still
occurs in these species that accumulate calcium in
palisade and spongy mesophyll cells because, in this
plant, phosphorus is located in epidermal cells, not in
palisade or spongy mesophyll (Treeby et al., 1987). The
chemical state of calcium in palisade and spongy
mesophyll cells of rough lemon is unclear. We found
no indication of particulate calcium in these cells that
would indicate the presence of calcium oxalate. Even
when present as crystal sand, the calcium oxalate
particles can be up to 5 um in length (Levy-Lior et al.,
2003), well within the resolution of mapping. The
absence of detectable crystals in the mesophyll cells
contrasts with the obvious inclusions in crystal idio-
blasts (Figs. 2 and 4). We conclude that it is unlikely
that there is crystalline calcium oxalate in the palisade
and spongy mesophyll of rough lemon, but this must
be confirmed by other means.

It is clear from the distribution of calcium and
potassium in citrus that their accumulation in partic-
ular cell types is not related to the position of cells
along the likely path of the transpiration stream
through the leaf. Thus, even though the palisade and
spongy mesophyll lie between the vascular bundles
and the leaf surfaces, they accumulate more calcium
than the bundle sheath or epidermal cells. The reverse
is true for potassium. This selectivity could arise either
because the transport properties of each cell type allow
them to absorb only particular nutrients from the
transpiration stream, or because each nutrient element
moves along a different pathway in the leaf and so is
only available to certain cell types (Leigh and Tomos,
1993; Karley et al.,, 2000b). To investigate which of
these possibilities might apply to calcium, we used
strontium as a tracer. Strontium has previously been
shown to be a good tracer for calcium (Nelson et al.,
1990; Kim and Heinrich, 1995; Gierth et al., 1998) and is
also taken up into calcium-oxalate crystals in idioblast
cells (e.g. Franceschi and Schueren, 1986; Kim and
Heinrich, 1995). In citrus leaves, calcium and stron-
tium were accumulated in parallel in all cell types
when fed to leaves grown under conditions that gave
rise to low-calcium cells (Fig. 5). The strong correlation
between the levels of calcium and strontium indicates
that the cells do not discriminate strongly between the
two elements and confirms the utility of strontium as
a tracer for calcium in this system. Further, strontium
distributed itself in the same way as calcium. Thus, it
accumulated to low concentrations in bundle sheath
and epidermal cells, to intermediate concentrations in
spongy mesophyll, and to highest concentrations in
palisade cells, exactly mirroring the way calcium was
distributed (Figs. 2 and 5). This differential accumula-
tion of strontium contrasts with the more general
distributions of rubidium and CI™ when these were
fed to leaves (Figs. 4 and 6; Table II).
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After short- and long-term loading, high concentra-
tions of strontium and calcium were detectable in the
apoplast around all major cell types (Fig. 4 for stron-
tium; calcium data not shown), indicating that the
apoplast is the main pathway for strontium and
calcium distribution in the leaf. After just 4 h, stron-
tium was detectable within palisade cells (Fig. 4H) and
was incorporated into calcium-oxalate crystals in
idioblast cells (Fig. 4R), but was not detectable within
adjacent adaxial epidermal cells even though these
had high concentrations of strontium in their cell walls
(e.g. Fig. 4, H, M, and O). Thus, although all cells in the
leaf were exposed to strontium, it accumulated only in
some, indicating that the observed distribution be-
tween different cells results from differential uptake,
not differential rates of supply. Further, the constancy
of the ratio between strontium and calcium in different
cell types (Fig. 5) indicates that the transport systems
in each of the different cells do not discriminate
strongly between these two ions. This suggests that
the underlying transport mechanisms are the same in
all cells, but their capacity differs in each cell type, and
this is what leads to differential accumulation. The
strontium/calcium accumulation measured here is in
the vacuole, and the data do not allow any conclusion
about whether the transport systems that give rise to
the cellular differences in strontium/calcium accumu-
lation are located at the plasma membrane or tono-
plast. The amount of each element accumulated in the
vacuole must be a balance between influx and efflux
processes at the plasma membrane and tonoplast. The
final accumulation ratios will be the combined result
of transport via ion channels, H'-linked cotrans-
porters, and Ca’"-ATPases, each with a different selec-
tivity for Ca>* and Sr** (White, 2001; White et al., 2002;
White and Broadley, 2003). The observation that cells
in high-calcium leaves initially took up strontium
more rapidly than those in low-calcium leaves (Table
III) suggests calcium-dependent regulation of calcium
transport capacity, but it remains to be established
whether this is through changes in gene expression or
direct regulation of transporter activity. However, the
expression of the Arabidopsis vacuolar H* /Ca>" anti-
porter, AtCAX1, is stimulated by increased Ca*" sup-
ply (Hirschi, 2001).

The inability of rubidium to distribute in the same
way as potassium suggests that rubidium may be
a poor tracer for potassium in citrus leaves. Alterna-
tively, it is possible that the mechanisms leading to
cell-specific potassium distribution (Figs. 2 and 4) are
different from those for calcium/strontium. Thus,
rather than reflecting cell-specific transport properties,
potassium/rubidium distribution might be the conse-
quence of general and relatively similar accumulation
by all cells followed by secondary redistribution pro-
cesses (e.g. via symplastic transport) that give rise
to the final potassium distributions observed. The
strontium-induced redistribution of potassium to bun-
dle sheath cells from palisade and spongy mesophyll
cells (Fig. 6) indicates that potassium is mobile
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between cells and so its initial accumulation in partic-
ular cells may not reflect its final location. We cannot
rule out the possibility that symplastic transport also
contributes to the observed distribution of strontium
and calcium (compare with Cholewa and Peterson,
2004), but the simplest explanation for our data is that
calcium and strontium move apoplastically and are
taken up differentially by cells.

The lack of effect on strontium distribution when the
adaxial surface was covered with Vaseline suggests
that ions move to this part of the leaf by diffusion. The
distance from a vascular bundle to the adaxial leaf
surface is only approximately 100 um (Fig. 1), so even if
the diffusion coefficient for strontium or calcium in the
cell walls is 100 times less than that in water, the time
taken to diffuse this distance is only tens of seconds,
making this mechanism feasible (Nobel, 1999).
However, this does require a low concentration of
strontium/calcium to be maintained at the adaxial leaf
surface. This is probably achieved by rapid accumula-
tion in the palisade and crystal-containing idioblast
cells. The large accumulation of strontium and calcium
in the apoplast around epidermal and idioblast cells
(e.g. Fig. 4) is possibly an artifact of the high strontium
and calcium concentrations fed to the excised leaves,
and might not occur at normal xylem calcium concen-
trations (0.3-16.5 mM, depending on the calcium con-
centration external to the root; White and Broadley,
2003). Treatment of the abaxial surface with Vaseline
completely stopped delivery of strontium in the xylem,
so no conclusions could be drawn about the relative
importance of mass flow and diffusion for strontium
transport in this transverse half of the leaf.

As far as we are aware, this is the first study in
which calcium transport into a range of different cell
types in intact leaves has been studied using a tracer in
XRMA experiments. We believe the technique has
great potential and could be adopted for a range of
elements, including those where investigations have
been limited by the lack of a suitable radioactive tracer
to measure uptake (e.g. magnesium). By growing
plants under conditions that give low cellular concen-
trations of a particular element, and then providing
that element to excised leaves, it should be possible to
determine the patterns of accumulation in different
cells. Further, pulse-chase approaches could be used to
study secondary redistribution processes that might
occur after initial uptake into cells. The technique is
relatively noninvasive and so has the potential to
identify sites of high rates of uptake or redistribution
that can then be subsequently investigated using cell-
specific techniques such as ion-selective microelectrodes
(Miller et al., 2001), single-cell sampling (Tomos and
Leigh, 1999), patch clamp (Ward, 1997), uptake into
isolated protoplasts (Dietz et al., 1992), or microar-
ray gene expression analysis (Leonhardt et al., 2004).
Such cell-based approaches have already been used to
demonstrate differences in gene expression and com-
ponents of signaling pathways between stomatal
guard cells and mesophyll cells (Sutton et al., 2000;
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Leonhardt et al., 2004) and may be useful in resolving
mechanisms underlying the intercellular compart-
mentation of calcium.

MATERIALS AND METHODS
Plant Material

Seeds of Narara rough lemon (Citrus jambhiri Lush.) were germinated in
sterilized coarse river sand and irrigated with one-quarter-strength Aquasol
(Hortico, Homebush, Australia) and Sequestrene 138 Fe (Syngenta Crop
Protection, Pendle Hill, Australia). After 3 months, individual seedlings were
transplanted to 4-L pots containing the same sand medium and with the same
fertigation treatment. Plants were grown in a naturally lit glasshouse in
Merbein. The maximum/minimum air temperatures were 29°C to 24°C
(day)/18°C to 16°C (night), respectively. At 6 months, seedlings were irrigated
daily with a nutrient solution containing 2.5 mm Ca(NO;),, 2.5 mm KNO,,
1 mm MgSO,, 0.5 mm KH,PO,, and micronutrients according to Hoagland and
Arnon (1938), except that Fe was added as 0.1 mm FeNaEDTA. This is referred
to as unamended nutrient solution. After 1 month, this was replaced for some
of the plants by a similar solution containing 50 mm KCl, which decreased the
calcium concentration in leaf cells (low-calcium growth conditions). An
automatic watering system applied the solutions twice daily. Excess solution
was applied on each occasion to prevent the accumulation of salts in the sand.
Plants were irrigated with the treatment solutions for 3 to 4 months before
leaves were used in XRMA experiments. One to 2 months before these
experiments, plants were trimmed back to a single shoot to induce growth
flushes that ensured leaves used in the experiment had developed under the
nutrient treatment and were of approximately equal age. For the experiment
in Table I, leaves of different ages were obtained by selecting a recently
emerged, almost fully expanded leaf and another from the 17th node distal to
that leaf. Exact ages were not recorded.

Strontium and Rubidium Uptake Experiments

Leaves were excised under water at the point of attachment of the petiole
to the stem, and the petiole was inserted through a hole in the cap of a 70-mL
polystyrene vial so it was fully immersed in the uptake solution (composition
in figure and table legends). Leaves were allowed to take up the solution for 4
or 24 h in a glasshouse in partial sunlight (photosynthetically active radiation
of approximately 500 umol m 2 s™') and with day and night temperatures
of 25°C and 20°C, respectively. In some experiments, one or the other of the
leaf surfaces was covered with a thin layer of Vaseline to examine the conse-
quences of decreasing water loss. This was carefully removed with a soft
tissue prior to preparation for XRMA. Vaseline application is a nontoxic method
for stopping water loss from leaves and other plant tissues (McIntyre, 1994;
Manter et al., 2000).

Cryoscanning Electron Microscopy and XRMA

Leaves were washed by dipping them briefly in deionized water and
2 mm X 5 mm segments of tissue were excised from the middle section of
the leaf and mounted on aluminum stubs. (Preliminary labeling experiments
showed that strontium distribution was highest and most uniform in the
middle of the leaf.) When two treatments were being compared, leaf segments
from each treatment were mounted in the same stub and their position relative
to a small groove cut in the stub was noted to aid subsequent identification.
The leaf segments were surrounded by a small volume of water and frozen in
liquid N, or N, slush. The frozen, fully hydrated specimen was transferred
under liquid N, into a Balzers SCU 102 preparation chamber (Balzers Union
Aktiengesellschaft, Furstentum, Liechtenstein). The specimen (at —105°C)
was cryoplaned using a stainless steel microtome blade cooled to approxi-
mately —50°C. The samples were etched at —86°C for 4 min under the control
of a Digitronik temperature programmer (Yamatake-Honeywell, Tokyo)
capable of outputting reproducible temperature profiles, thus ensuring that
all samples received the same etching treatment. Samples were recooled
to —130°C and sputter coated with gold.

The coated specimens were analyzed in a Philips 500 scanning electron
microscope (Philips Electron Optics, Eidenhoven, The Netherlands) fitted
with an EDAX energy-dispersive x-ray detector (EDAX International,
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Mahwah, NJ) and a Link AN10000 x-ray microanalyzer (Oxford Instruments
Microanalysis Group, High Wycombe, UK). XRMA spectra from 0 to 10 keV
were recorded at an accelerating voltage of 12 kV, using a beam diameter of
approximately 0.4 um (about 1,500 cps) and a data collection time of 100 live s.
Spectra were analyzed by the proprietary AN10000 ZAF-P/B software.
Results are reported as (p — b)/b ratios, which is a semiquantitative proxy
for element concentration (Sigee, 1993). Conversion of (p — b)/b ratios to
element concentrations was not done because it requires control of a number
of parameters for all specimens, including specimen height on the stub, rate
and duration of etching, thickness of the gold coating, and beam current. We
considered semiquantitative analysis was appropriate for this study, allowing
more samples to be processed but still giving good indications of differences
between cell types. A typical (p — b)/b ratio for a 333 mm calcium solution in
our XRMA system was 0.8, and relative (p — b)/b ratios for potassium versus
chlorine, calcium versus chlorine, and strontium versus chlorine were 1.3, 1.5,
and 1.1, respectively. Values of (p — b)/b ratios in Figure 5, but not in other
figures and tables, were adjusted for the different sensitivities to calcium and
strontium. Paired analysis of leaf samples in the same stub provided
quantitative comparisons between treatments. To measure the relative dis-
tributions of strontium to each leaf surface, intact pieces of leaf were frozen as
above, mounted on a stub, coated with gold, but not cryoplaned. The electron
beam was focused on the appropriate surface of the leaf and the (p — b)/b for
strontium was measured using an accelerating voltage of 25 kV to ensure
adequate penetration to the underlying cells. Elemental distribution maps
were collected in real-time mode. First, a secondary electron image of the
specimen was stored direct to disc at a resolution of 512 X 512 pixels. Then
multiple scans were made of the same region of the specimen to collect the
maps at a resolution of 128 X 128 pixels. X-ray counts were typically in the
range from 1,000 to 1,500 cps and the pixel dwell time was 10 ms.

Light Microscopy

Small leaf slices were fixed in a 5:5:45:45 (v/v) mixture of formalin:pro-
prionic acid:ethanol:water at room temperature for 24 h. The fixed samples
were dehydrated in an alcohol series comprising methoxyethanol, ethanol,
propanol, and butanol. Samples were infiltrated with glycol methacrylate and
polymerized for 2 d at 60°C. Five-micrometer-thick sections were cut with
a Reichert-Jung 2040 microtome (Leica, Wetzlar, Germany) and examined with
an Olympus BX51 microscope (Olympus Optical, Tokyo).

Statistical Analysis

All statistical analyses were carried out using Genstat 5, release 4.1 (Lawes
Agricultural Trust, Rothamsted Research, Harpenden, UK). Data sets were
analyzed by either ANOVA or two-way restricted maximum likelihood. Data
were graphed with SigmaPlot 2000 (SPSS, Chicago, IL).

Terminology

XRMA measures elements and does not allow inferences to be made about
the ions or chemical species present. Therefore, results from these analyses are
reported using the appropriate symbol for the elements (potassium, calcium,
strontium, chlorine, etc). Where underlying physiological processes that are
known to involve ions are discussed, then the symbols for the ions are used
(e.g. K¥, Ca%*, Sr*", CI7, eto).
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