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Regulation of the water balance of vascular plants is based on the 
counterbalancing of two systems: 1) stomatal gas conductance 
(g

s
) and 2) the radial hydraulic conductivity of the vascular sys-

tem, which is entirely surrounded by the parenchymal envelope. 
The root endodermis is thought to be a selective barrier to the 
uptake of water, solutes and nutrients by the roots. The role of 
this tissue as a diffusion barrier has been demonstrated by obser-
vations of the transport of dyes, ions and heavy metals, all of 
which were prevented from entering the stele [reviewed by1]. As 
for the selectivity of the endodermal plasma membrane (PM), 
localization studies have identified several transporters in the PM 
that face the cortex, endodermis or the stele.2-5 Despite the fact 
that the root endodermis acts to prevent excessive amounts of ions 
from entering the vascular system, some ions do pass through this 
filtration process and are carried with the transpiration stream to 
the aerial part of the plant.

The bundle sheath surrounds the vascular tissue in the shoot 
and is made up of dense parenchymal cells. The entire vascu-
lar system in the shoot is tightly enclosed by the bundle sheath, 
except for the ends of the vessel elements supplying the hyda-
thodes6 and the marginal vessels of the leaf blades of particular 
species, such as banana (Musa sp, Musaceae;7). Therefore, the 
bundle sheath might function as the defense-regulator tissue for 
xylem sap coming out of the veins, to protect the sensitive, pho-
tosynthetic mesophyll tissue.

Similar to the root endodermis and in order to function as 
the xylem regulatory barrier, the bundle sheath should have the 
following two regulatory characteristics: (a) highly regulated 
apoplastic transport capacity and (b) cell membrane selectiv-
ity. Anatomical studies conducted in several plant species have 

Signs of abiotic toxicity often appear first at the margins of leaves and gradually spread toward the midrib. It has been 
suggested that the bundle sheath tissue surrounding the shoot vascular system acts as a solute transport-regulating 
barrier that prevents excessive quantities of toxic ions from entering the leaf and pushes them toward the hydathodes. 
We examined this hypothesis by examining the distribution of toxic boron (B) in mutant Arabidopsis leaves with flooded 
mesophyll and comparing it with that observed in control leaves that exuded guttation drops. As opposed to the control 
plants, which showed classical symptoms of B toxicity (necrosis starting at the leaf margins), in the mutants, necrosis was 
first observed inside the leaf. We will discuss this result and how it supports the hypothesis that the bundle sheath serves 
as a selective barrier filtering the xylem-to-leaf radial transport flow and pushing toxic solutes toward the hydathodes.
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revealed the presence of lipophilic components in the cell walls of 
the bundle sheath (reviewed in ref. 8, 9). This structure is similar 
to the endodermal Casparian strips in the root and acts as an apo-
plastic barrier against the xylem sap. An additional indication of 
the blocking of the apoplast is the guttation process. During the 
night, the presence of pressurized xylem sap leads to the release 
of water as guttation drops, which prevents this excess water from 
flooding the air spaces within the mesophyll. Thus, the radial 
apoplast pathway through the bundle sheath is negligible.

Bundle sheath cells have expressed unique7 solute transport-
ers, such as silicon10,11 and K+ Na+ transporters.12 This suggests 
that the bundle sheath serves as ion-selective barrier surrounding 
the xylem. A paper recently published by our group12 described 
the hydraulic isolation of the bundle sheath and its role in con-
verting chemical signal into hydraulic signal. In the presence of 
abiotic stress, the bundle sheath senses the increased concentra-
tion of ABA in the xylem sap. This leads to downregulation of 
aquaporin activity, which decreases the water permeability (P

f
) 

of the cell membranes of bundle-sheath cells. This change in the 
permeability of the cell membranes is followed by a decrease in 
leaf water conductance and leaf water potential. In this manner, 
the bundle sheath functions as a hydraulic regulatory barrier to 
reduce the loss of water from the veins.

To estimate the extent of apoplastic isolation of the bundle 
sheath, we traced the distribution pattern of the microelement B. 
B is an essential microelement for plants, but there is only a nar-
row range between optimal and toxic levels. In vascular plants, 
B is transported from roots to shoots with the transpiration 
stream.13 B is absorbed by the plant mainly as uncharged boric 
acid B(OH)

3
 and it is found in this form in the apoplast.14 Boric 
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d of B treatment, necrosis gradually spread in the control leaves 
from the leaf margins inward (Fig. 1G), in direct relation to B 
concentration in the leaves as measured using B extraction and 
ICP detection (i.e., from 817 mg/kg in the leaf central vein to 
2483 mg/kg at the leaf margins) (Fig. 1H). No necrosis was 
observed around the midrib despite the high B concentration. 
In contrast to the control leaves, the first signs of necrosis on the 
flooded leaves appeared as spots inside the leaf located at points 
corresponding to the flooded mesophyll (Fig. 1I-K).

These results support our assumption of tightly controlled 
apoplastic permeability of the bundle sheath cells and the fact 
that the bundle sheath serves as a barrier, filtering the xylem-
to-leaf radial transport of sap and conducting the unabsorbed 
solutes toward the hydathodes. Another interesting finding is the 
fact that the bundle sheath cells appear to be more tolerant of 
B than the mesophyll tissue. Bundle sheath cells have also been 
shown to tolerate higher concentrations of Na+ 7 and HgCl

2
.13 It 

has been suggested that this tissue plays a role in refilling cavi-
tated veins via their AQPs20-23 and is also involved in conduct-
ing water from the mesophyll to the xylem (the “novel refilling” 
theory22). These findings suggest that bundle sheath cells play an 
important role in plant resistance to abiotic stress.
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acid is a small, uncharged molecule that can easily cross an arti-
ficial membrane designed to desalinate seawater.15 Based on this 
observation, we would expect that it can also easily pass through 
the apoplastic barriers of the parenchymal bundle sheath cells.

Excessive levels of B in crops cause chlorosis that appears 
first at the tips and margins of mature leaves.16,17 Arabidopsis is 
a B-sensitive plant with a similar outside-in B-necrosis pheno-
type.18 These symptoms suggest that B is able to cross the endo-
dermal barrier, enter the vascular system and be carried by the 
transpiration stream to the leaves. Furthermore, we hypothesized 
that the selectivity of the bundle sheath prevents B from enter-
ing the leaf and pushes it toward the hydathodes, in an attempt 
to excrete the excessive B through the guttation drops. To find 
support for this hypothesis, we screened Arabidopsis WT popu-
lation for leaves with impaired guttation (i.e., displaying flooded 
mesophyll instead of guttation drops). We found that about 3% 
of the screened leaves had flooded mesophyll (15 out of 540 leaves 
out of 54 plants). To examine the apoplastic movement through 
the bundle sheath, we first followed the distribution of Calcofluor 
White (CW) in control and mutant leaves. After 3 h, the CW 
spread through the veins of the control leaves that had excreted 
guttation drops (Fig. 1A) without leaking to the mesophyll 
(Fig. 1B-C). In contrast, in the mutant leaves that had flooded 
mesophyll (Fig. 1D), the CW leaked from the veins and spread 
through the mesophyll tissue (Fig. 1E-F), suggesting damage to 
the apoplastic pathway of the bundle sheath.

To follow the B distribution pattern, we performed a B irri-
gation experiment in which plants with mutant and controlled 
leaves were grown in soil and irrigated with 5 mM B. After 14 
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Figure 1. For figure legend, see page 4.
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Figure 1. Distribution of Calcofluor White (CW) and boron (B) toxicity in WT vs. mesophyll-flooded mutants. (A) WT leaf showing guttation picked just 
before dawn and immersed upon excision (petiole deep) in concentrated (1g*l-1) CW, an apoplastic fluorescent marker that stains the cellulose in cell 
walls. (B) The same leaf with CW fluorescence (380-nm excitation; 475-nm emission) 3 h after staining. (C) A closer look reveals that there was no staining 
outside the veins. (D) Mutant leaf in which mesophyll flooding symptoms were treated with CW, as mentioned above, revealing (E) CW leakage from the 
veins to the mesophyll tissue clearly visible as (F) CW staining in the area of the flooded mesophyll. (G) In WT Arabidopsis plants irrigated with 5 mM B for 
14 d, necrosis first appeared at the leaf margins and then spread inward toward the middle of the leaf. Extraction of B from the leaf margins (M), the midrib 
(MR) and the intermediate zone (IM) revealed B concentrations that increased from the midrib to the margins; presented in table (H), values are the mean 
B concentration ± SE (mg/Kg dry tissue). This outside-in profile suggests the exclusion of B via predawn guttation and suggests tight apoplastic isolation 
of the bundle sheath. In addition, irrigating plants with 5 mM boron for 5 d caused (I) a mesophyll-flooded mutant to develop (J) necrosis at the leaf center 
(the flooded area). (K) The same leaf after 12 d of treatment. Pictures were taken of both the abaxial (I) and adaxial (J-K) sides of leaves to better present 
the differences in the patterns of flooding and necrosis in the different leaves. Bars in A-B, D-E, G, I-K = 0.5 cm; Bars in C, F = 0.5 mm.
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