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The concentration of cations in the xylem sap influ-
ences the rate of xylem water flow in angiosperm
plants. It has been speculated that this is due to the
shrinking and swelling of pectins in the pit membranes.
However, there is as yet minimal evidence for the
presence of pectin in pit membranes of angiosperms.
The little pectin that has been found at the pit mem-
brane edges of some species might not be adequate to
explain the swelling and shrinking phenomena. The
presence of hemicelluloses is also not certain. Lignin, by
contrast, seems to be sometimes present, apart from
cellulose, which is the main component. An alternative
hypothesis is formulated, which involves the shrinking
of any polyelectrolyte polymers in the pit membrane
and a change in volume of the mobile phase in the pit
pores. These phenomena are the result of electrostatic
events. Some pit membrane polymers are negatively
charged because of proton dissociation from functional
groups. This charge is compensated by cations in the
aqueous phase, which form a diffuse double layer
(DDL). Inside the pit pores, an increase of the electrolyte
concentration in the xylem sap will reduce the extent of
the DDL. This will result in an increase in water flow.
Additional flow enhancement, upon increase of the
cation concentration, can be due to shrinkage of all
membrane polymers. This contraction will also lead to
an increase of the pit pore diameter. These processes
will only be partly counteracted by forces that decrease
the diameter of the pit pore due to relaxation.

WATER TRANSPORT AND PIT MEMBRANES

Long-distance water transport in plants occurs in
the nonliving xylem conduits (vessels and tracheids).
Because most conduits are short in length (a few
centimeters or less), they are interconnected to allow
the upward flow of water. Very thin wall areas, called
pit membranes, in the conduit walls allow the water to
flow from conduit to conduit. The pit membranes have
very small holes (typically 5-20 nm in diameter) that

* Corresponding author; e-mail wgvandoorn@ucdavis.edu.

[<1 Some figures in this article are displayed in color online but in
black and white in the print edition.

www.plantphysiol.org/cgi/doi/10.1104/pp.111.185314

allow the passage of water. The pit membranes usually
are the limiting factor for the rate of water flow in the
xylem of angiosperm species because they account for
approximately 50% to 90% of the hydraulic resistance,
depending on the species (Wheeler et al., 2005; Choat
et al., 2006; Hacke et al., 2006).

The hydraulic resistance in stems is often measured
by cutting a segment and allowing water to flow
through at a given pressure. However, when using
distilled water, a steady decrease in the rate of water
flow through the segment was observed. By contrast, a
smaller decrease was found when using tap water. The
effect of tap water was due to the presence of ions. It
was suggested that “the phenomenon might be based
upon swelling or shrinking of the vessel-to-vessel pit
membranes” (Zimmermann, 1978).

The finding that ions in the water promote the flow
rate in stem segments was corroborated by van Ieperen
et al. (2000), Zwieniecki et al. (2001), and several others
(for example, see Lopez-Portillo et al., 2005; Domec
et al., 2007; Gasco et al., 2007; Nardini et al., 2007b).

In intact plants, the positive effect of ions on the rate
of xylem water flow increased exponentially with the
number of air bubbles filling xylem conduits. The
presence of air bubbles in plants has been reported to
result in an increase in ion concentrations in the xylem
sap. Therefore, an ion-mediated increase of hydraulic
conductance might at least partially compensate for
the loss of hydraulic conductance as a result of the
formation of air bubbles (Gasco et al.,, 2006; Trifilo
et al., 2008, 2011).

The data on the effect of ions on water flow rates in
the xylem have been explained, hypothetically, by
assuming that it is due to changes in the swelling of
pectins in the pit membranes. This pectin-swelling
hypothesis has not been challenged thus far. Here,
some arguments will be raised against it, and an
alternative mechanism will be suggested.

DATA ON STEM PERFUSION AND THE PIT
MEMBRANE PECTIN-SWELLING HYPOTHESIS

Stem segments were cut from chrysanthemum
(Chrysanthemum X morifolium) flowers. The inclusion
of monovalent or divalent cations in the distilled water
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used to perfuse the segments immediately increased
the rate of water flow, the anions being of no impor-
tance. Sugars were also without effect (van Ieperen et al.,
2000; van leperen and van Gelder, 2006). Zwieniecki
et al. (2001) found the same in stem segments of Laurus
nobilis and Fraxinus americana. The effects were also
found in dead branches and, thus, did not depend on
physiological activity. In addition, evidence was given
for the idea that the effect of ions on xylem flow in F.
americana was mainly due to the presence of pit mem-
branes. Data from Jansen et al. (2011) also suggested that
the positive effect of cations on xylem water flow is in
the pit membranes.

In an article in Science, the effects of cations on xylem
water flow were explained by assuming a gel-like
substance in the pit membranes (Zwieniecki et al.,
2001). It was suggested that this gel limited the rate of
water flow. The idea stemmed from the resemblance of
the data on water flow rates in stem segments with those
on swelling and shrinking of hydrogels (Zwieniecki
et al., 2001). The hypothesis of gel swelling was tested
using changes in pH, which would alter the effective
ionization of the gel polymer network, and by using a
change in solvent polarity, which would change poly-
mer-polymer affinity. HCl given at a concentration
that lowered the pH to 3.5 had a small positive effect
on the rate of water flow, but HCI that lowered the
pH to 2.5 had a large positive effect. The effect of
solvent polarity was tested by including ethanol in
the perfusion solution. Ethanol had no effect up to
50% (v/v) in water, but at 50% or more, it had a large
flow-promoting effect, which was believed to be in
agreement with the hydrogel-swelling hypothesis.
The authors claimed that the pit membranes consist
of cellulose, pectin, and hemicellulose, but unfortu-
nately, the two references on which they based this
claim do not support their contention. The authors
further considered that pectins can form gels, and
they hypothesized that the swelling/shrinking of
pectins in the pit membranes were responsible for the
cation effect (Zwieniecki et al., 2001). Several recent
authors (such as van Ieperen, 2007; Espino and Schenk,
2010) have since explained the effect of cations on water
flow rates in stem segments in terms of pit membrane
pectin swelling.

It should be noted, nonetheless, that not all angio-
sperm species reacted the same to an increase in the
cation concentration in the perfusion sap. In Salix alba,
the hydraulic conductance was found to decrease by
more than 30% when perfusing stem segments with
50 mMm KCl, whereas in Prunus avium and Betula alba,
this KCl concentration had no effect on water flow
(Cochard et al., 2010). These data suggest a more com-
plex interaction between ions in the xylem sap and
hydraulic conductance than hitherto thought. The cur-
rent theory does not predict a negative effect of cations
on water flow.

The pit membrane in gymnosperms is different from
that in angiosperms: It usually has a thick area in the
middle (the torus) that is impermeable to water, and it
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has large holes in the periphery. Because of these
rather large holes, the resistance to water flow in
gymnosperm pit membranes is much lower (by a factor
of more than 50) than that in angiosperms (Pittermann
et al., 2005). The following discussion will therefore
apply to angiosperms because the water flow through
gymnosperm xylem seems less affected by the pres-
ence of pit membranes than the water flow through
angiosperms.

IS THERE PECTIN IN THE PIT MEMBRANES?

A main problem with the pit membrane pectin-
swelling hypothesis is that pectin may not be present
in the pit membranes, at least in many species. Pectins
are heterogeneous polysaccharides, forming a linear
polymer. The backbone consists mainly of homoga-
lacturonan and rhamnogalacturonans. The carboxyl
groups of GalUA can be methylesterified. Acid pectins
are often defined as having 0% to 50% methylester-
ification, whereas methylesterified pectins are defined
as having more than 50% methylated carboxyl groups.
Swelling and shrinking of pectins can only be due to
the carboxyl groups that are not esterified because
only these groups can be negatively charged.

Early research suggested that pit membranes in
several species did not have pectins. O’Brien (1970)
concluded that, at the time of the death of cells that
produce the xylem conduits, any noncellulosic poly-
saccharides become hydrolytically removed from the
pit membranes of willow (Salix babylonica) and lilac
(Syringa vulgaris). The data of Butterfield and Meylan
(1982), who studied Pseudowintera dandy, supported
this idea. Other work, using staining techniques com-
bined with electron microscopy, also suggested that all
or almost all acidic pectins in the pit membranes of a
number of angiosperm species were hydrolyzed by
the time the xylem cell was dying, whereas highly
methylated pectins remained (Czaninski, 1972, 1979;
Catesson et al., 1979; Catesson, 1983).

More recent work has also suggested the absence of
pectins. Sections from poplar (mainly Populus tricho-
carpa) wood were stained with Alcian blue, a dye with
a high affinity for pectins. This dye is bound by elec-
trostatic forces to the negative charge of pectin. Al-
though the authors did not point this out, their data
show no blue stain in the pit membranes between
the xylem conduits (Arend et al., 2008). Staining
with Alcian blue of pit membranes between xylem
conduits was also absent in other species studied:
Ampelocera dichotoma, Aphananthe aspera, Gironniera
celtidifolia, Holoptelea integrifolia, Phyllostylon rham-
noides, Trema lamarckiana, Ulmus lanceifolia, and Ulmus
mexicana (Jansen et al., 2004). These Alcian blue
staining experiments suggest that there is little or
no pectin in the pit membranes of the investigated
species.

Absence of pectins in pit membranes is one possible
explanation for the finding of Nardini et al. (2007a),
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who worked with transgenic tobacco (Nicotiana taba-
cum) lines with increased expression of endopolyga-
lacturonase. These plants had significantly less acid
pectin (less deesterified blocks of homogalacturonan)
than the wild-type plants. No difference was found
between the hydraulic conductance of the transgenic
plants and the wild type when perfusing the stems
with a solution in which the cation concentration had
been increased.

In their literature review on pits in the xylem, Choat
et al. (2008) concluded that there is no direct evidence
that pectins are present in mature pit membranes of
most angiosperm species. This conclusion still holds
today. By using specific immunogold localization tech-
niques, adequate proof can be obtained for the pres-
ence or absence of pectins. The monoclonal antibodies
JIM5 and JIM7 detect unesterified (acidic) pectin and
methylesterified pectin, respectively. Using JIM5 and
JIM7, no pectins were found in the mature intercon-
duit pit membranes of a hybrid poplar (Populus
trichocarpa X deltoides; Plavcova et al., 2011). The
interconduit pit membranes in Amelanchier alnifolia,
Betula papyrifera, Populus balsamifera, and Prunus vir-
giniana contained some acidic and some methylesteri-
fied pectin in a very small zone at the membrane edges
(Plavcova and Hacke, 2011). It seems unlikely that this
little acid pectin has an effect on swelling or shrinking
of the pit membrane, but this hypothesis needs to be
investigated in depth. Nardini et al. (2011) also briefly
reviewed the evidence for the presence of pectin in
mature pit membranes in angiosperms. They reiter-
ated the idea that there is at present little evidence for
its presence.

A recent publication, using dye techniques, sugges-
ted that there are acidic and methylesterified pectins in
the pit membranes of some species of Lauraceae (L.
nobilis, Lindera megaphylla, Litsea sericea, and Umbellu-
laria californica; Gortan et al., 2011). The ionic effect on
water flow in the stems was larger in species that
apparently had more acidic pectins in their pit mem-
branes. However, this finding needs further verifica-
tion using immunolocalization techniques (S. Jansen,
personal communication).

Using dye methods, Wisniewski and Davis (1995)
found that pectin is absent from pit membranes in
peach (Prunus persica) trees, although only if the in-
dividual trees had not been subjected to severe stress.
When they had undergone such stress, pectins be-
came secreted into the xylem by living xylem paren-
chyma cells. This type of secretion can apparently
also occur after mechanical insult or after infection
with microorganisms. The secreted material is a gel
that is rich in pectin. Rioux et al. (1998) similarly
observed that pectins can become secreted by xylem
parenchyma cells in stressed plants of Hevea brasi-
liensis, Prunus pensylvanica, Sorbus americana, and
Ulmus americana. The production of pectins was often
so copious that it filled the whole lumen of the xylem
conduit. Other examples are grapevine (Vitis vinifera;
Sun et al.,, 2008) and the reed Phragmites australis
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(Soukup and Votrubova, 2005). These data indicate
that pectins can be deposited on pit membranes
between xylem conduits after serious physiological
stress. It has been suggested that some pectins are
present in pit membranes of unstressed grapevine
(Pérez-Donoso et al., 2010; Sun et al., 2011), but we
cannot be entirely sure that their presence was not
due to stress.

Pectins were also apparently present in pit mem-
branes of unstressed trees of the genera Ulmus and
Zelkova because the pit membranes between xylem
conduits in these species stained with Alcian blue. The
pit membranes of these species had a thickening in the
middle, called a torus, similar to the one often found in
the pit membranes of gymnosperms (Jansen et al.,
2004). Gymnosperm tori have been suggested to gen-
erally contain pectin (Bauch et al., 1968; 1972). True tori
have been found in only a few species in five angio-
sperm families (Cannabaceae, Oleaceae, Rosaceae,
Thymelaeaceae, and Ulmaceae) but are apparently
absent from all other angiosperm families (Jansen
et al, 2004, 2007; Rabaey et al., 2006; Dute et al.,
2008b). It is currently unclear whether the pectin in
angiosperm tori affects the rate of xylem water flow.

Taken together, the data show very little evidence
for the presence of pectins in the pit membranes of
angiosperm species. Exceptions are species with tori,
which are rare, and some species, if they are subjected
to major stress. Although the data suggest that pectins
are virtually absent from the pit membranes of many
angiosperm species, more detailed analysis (using
monoclonal antibodies) will be necessary to confirm
this.

AN ALTERNATIVE HYPOTHESIS

The next question is: If it turns out that that there are
no pectins in pit membranes, can other polysaccha-
rides, such as hemicellulose, lignin, or cellulose, take
on their role? The first question to be answered is then:
Have these compounds been shown in pit mem-
branes?

Hemicelluloses apparently have not been reported
in pit membranes of angiosperms, at least thus far.
Although it was not the direct aim of the investigation,
a recent publication that used antibodies for hemicel-
lulose detection did not show any in the pit mem-
branes between xylem conduits in Citrus sinensis
(Alves et al., 2009). Older electron microscope work
also suggested that no hemicelluloses were present in
Fagus sylvatica pit membranes (Jayme and Azolla,
1965). If it is true that most noncellulosic polysaccha-
rides in the pit membrane of angiosperms are hydro-
lyzed at the final phase of xylem element programmed
cell death (O’Brien, 1970; Butterfield and Meylan, 1982),
it would mean that hemicelluloses also disappear,
along with pectins. For comparison, hemicelluloses
reportedly were also removed from pit membranes
of gymnosperms and Ginkgo biloba by the time of
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programmed cell death of the living tracheid cells
(Imamura and Harada, 1973; Imamura et al., 1974; Dute,
1994; Dute et al., 2008a).

Although the data are still very scarce, they might
suggest the absence of hemicelluloses from the pit
membranes of angiosperms, but this obviously needs
considerably more experimental work. If hemicellu-
loses are present, they can participate in the swelling
and shrinking of pit membranes because of changes in
cation concentration in the xylem sap (Li and Pan,
2010).

In contrast with hemicellulose, lignin was found in
pit membranes of the angiosperm Drimys sp. (Boyce et al.,
2004), Pseudowintera colorata (Meylan and Butterfield,
1982), Rhizophora mucronata (Schmitz et al., 2008), and
E. sylvatica (Jayme and Azolla, 1965). Fromm et al. (2003)
showed that the pit membranes in F. sylvatica latewood
were heavily encrusted with lignin, but it is not clear
whether the xylem conduits containing these pit mem-
branes were still transporting water. Lignin has also
been found in the pit membranes of several gymno-
sperm species (Jayme and Fengel, 1961; Sachs, 1963;
Timell, 1973; Boyce et al., 2004) and in G. biloba (Eicke
and Ehling, 1965). If lignin is present in pit membranes,
it may well account for at least some of the swelling and
shrinking phenomena (Li and Pan, 2010).

It is generally believed that the main component of
pit membranes is cellulose. This follows from staining
reactions (Jayme and Azolla, 1965; O’Brien, 1970;
Catesson et al., 1979; Czaninski, 1979; Butterfield and
Meylan, 1982; Catesson, 1983). It has been claimed that
if a parenchyma cell wall contains both pectin and
hemicellulose in addition to cellulose, the main swelling/
shrinking effects are due to cellulose (Shomer et al., 1991).
This claim seems unlikely and needs to be reconfirmed,
in particular for pit membranes.

Ideal cellulose is a polymer with hydroxyl groups,
whereby the OH content is approximately 18 mol/kg.
Only a small fraction of these OH groups will disso-
ciate at neutral pH, leading to charge development
that may be in the order of 0.1 to 1 mol+/kg (mol+ is
moles of elementary electric charges, even if negative).
Full charging of the OH groups will only take place at
high pH and at high salt concentrations (Sjostrom,
1989). In addition, cellulose (at least that from fibers)
contained carboxyl groups of having approximately
0.02 (Falt et al., 2003) or 0.05 mol+/kg (Ahola et al.,
2008); it should be noted that the hemicellulose content
of the celluloses used was about 6 and 14 weight %,
respectively. This cellulose showed a little swelling
and shrinking when treated with aqueous solutions of
various pH or with such solutions containing various
concentrations of cations. When the number of carboxyl
groups in this cellulose was chemically increased (using
carboxymethylation), it showed extensive swelling and
shrinking after the cation or pH treatments (Grignon
and Scallan, 1980; Filt et al., 2003; Ahola et al., 2008; El
Seoud et al., 2008). To date, we do not yet know how
many carboxyl groups are present in cellulose from
interconduit pit membranes in angiosperms. There-
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fore, it remains unclear whether cellulose takes part in
the swelling and shrinking phenomena related to
changes in xylem sap cation composition.

Thus, we suggest here that the swelling/shrinking
phenomena that have been solely ascribed by Zwieniecki
et al. (2001) to pectin apply just as much to any other
polyelectrolyte in the pit membrane. It is concluded
that, apart from pectin, there can be other polyelec-
trolytes, such as lignins and hemicelluloses. There
might even be a remote possibility that cellulose is
involved.

CATIONS AND WATER FLOW:
ELECTROSTATIC EVENTS

For a description of the effect of cations on water
flow through pores in pit membranes, we will distin-
guish three situations. First, we will consider the pores
at a constant diameter. Second, we will reflect on
possible changes in the diameter solely due to pro-
cesses that occur within the pore channel. Third, the
effects of processes within the pit membrane matrix on
pore size will be taken into account. The present model
is conceptually relatively simple; it is meant as a first
approximation only.

Constant Pore Size in the Pit Membrane

The interactions between dissolved cations and
negatively charged polyelectrolyte pore wall surfaces
can be described using the DDL theory (Bolt, 1982).
The DDL has also been called (diffuse) electrical
double layer. The electrostatic field of the pore wall
is neutralized by counter ions (e.g. Ca**, K) and
coions (e.g. NO; , HCO, ) in solution, leading to a
diffuse distribution of ions in the interface. For exam-
ple, the negative charges at the surface of the pit pore
walls can be counteracted by K" ions (the counter
ions), each with their shell of water molecules. Because
of the shells of water molecules, the DDL mainly
consists of water.

The counter ion concentration decreases with the
distance from the surface, ultimately reaching the
same concentration as in the free solution. The extent
of the DDL (away from the charged surface) depends
on the ion concentration in the free solution. For a
linear field, the extent of the DDL is inversely propor-
tional with the root of the ionic strength I. According to
Bolt (1982), the extent of the DDL can be defined as:

k '=1/VBI 1)

where g is a constant (=10 m /kmol), and I = 1/ 22212Ci,
with z; as the valence, and C, as the molar concentration
of an ion i. For example, for I = 0.001 mol/L, the
corresponding k1= 10 nm, and for I = 0.01 mol/L,
k! =3 nm. Thus, the extent of the DDL diminishes
at higher ionic strength. This is due to more efficient
screening of the electrostatic field at the surface by the
available counter ions.
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In a charged interface, water molecules are electri-
cally neutral entities. This might suggest that there is
little or no impediment for the flow of water mole-
cules in the DDL. However, in the DDL, the viscosity
of the solution is strongly enhanced and fluidity
reduced (Goli et al.,, 2010) because the local ion
concentration of the DDL can be very high, in partic-
ular at the high electrical charge in narrow pores. The
increase of viscosity and the corresponding reduction
of the mobility of water also depends on the type of
counter ion. The experimental order of increase of
viscosity, at negatively charged synthetic membranes,
was Ca”" > Na* > K* (Goli et al., 2010). In addition,
water becomes increasingly structured near a charged
surface, but the thickness of the layer of water struc-
turing is only less than 0.5 to 1.0 nm, whereas the
DDL might extend to as much as 10 nm (Hiemstra
and Van Riemsdijk, 2006a). Therefore, the increase in
viscosity is the main impediment to water flow in the
DDL.

The above-calculated values of the extent of the
DDL (k') can be compared with the pore size of pit
membranes in plant stems. The pore size can be
assessed using perfusion with spherical molecules of
various diameters. This yielded an average pore
diameter of 5 to 20 nm, depending on the species
(Choat et al.,, 2003; Pérez-Donoso et al., 2010). It
should be remembered that these data on pore size
can be influenced by DDL processes that affect the
path of water flow in the pores. Nonetheless, if this
order of magnitude is correct, the DDL of the pit
membrane pores, which might stretch about 3 to 10
nm into the solution from all sides of the walls, can be
an obstacle for water flow if an electrolyte solution
has to pass.

The Hagen-Poiseuille equation assumes laminar
flux in an ideal cylinder. Such cylinders are usually
not found in nature, but we can use the equation
conceptually. If applied to a single cylindrical pore
w1th a radius 7, the expression for the discharge Q (m®
s~ ) at a laminar flow can be given as Q=-1/8n)
w*AP, in which AP (Newtons [N]m 2 m) is the pres-
sure difference per unit pore length and n (Nm™“s) is
the viscosity of the mobile phase (Koorevaar et al.,
1983). For a tlssue containing n such pores per unit
surface area (m 2y and having volumetric water con-
tent 0 (= nar?), the flux density (g = nQ) is:

g= — 8in77r4AP =
n

Equation 2 shows that at a given water content, the
water flux is proportional to the square of the pore
radius. Thus, a 10-fold smaller radius leads to a 100-
fold smaller longitudinal water flux. It illustrates the
well-known fact that the largest pores will dominate in
water transport.

In case part of the intrinsic pore space with radius 7,
becomes immobile over distance k!, the effective
radius decreases, leading at the same overall water
content 6 to:

L.
— —6r'AP 2
500" (2)
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Figure 1. Relative flux (g¢/q,) at a given water content in membranes
with various fixed pore diameters (3, 5, or 20 nm), as a function of ionic
strength /. It is assumed that a stagnant phase exists over a distance k'
(Eq. 3) because of formation of the DDL inside the pores. g/q, is flux g
relative to the initial flux without DDL (q,). [See online article for color
version of this figure.]

g=— g 0(ro—x ')AP ()
Figure 1 shows the model fluxes g relative to the initial
flux without DDL (g,) for various pore sizes as a
function of the ionic strength. The decrease is due to
the formation of a stagnant phase. The calculations
show a 50% reduction of the relative flux (g/q,) for
pores of 20 and 5 nm at [ =~ 0.01 m and [ = 0.2 M,
respectively. The 20-nm pores will exhibit a clear
variation of the relative water flux due to swelling
and shrinking as a result of a change of ionic strength
(Fig. 1). Water in small pores undergoes a large friction
due to the wall (Poiseuille’s law). In addition, small
pores have a significant double layer overlap. Both will
strongly reduce longitudinal water flow (Fig. 1).

Changes of Pore Size by DDL Overlap in the Pore Space

Another mechanism could be at work inside the
pore that may change the pore diameter. At relatively
low ionic strength, a charged flat surface will radiate
an electrostatic field. This field can be considered to be
a collection of field lines. If the surface is curved to a
cylinder, as in the case of the pit pore, the field lines are
concentrated toward the center, creating a double layer
overlap that increases the free energy of the interface.
For this reason, there will be a spontaneous tendency
to decrease field curvature, i.e. to increase the pore
diameter. The force that tends to increase the pore
diameter will be more strongly counteracted if the
rigidity of the polymer network in the wall is higher.

When the ionic strength in the xylem sap is in-
creased, an opposing set of forces will occur. The force
field is annihilated by the increase in the concentration
of neutralizing counter ions (as discussed in the pre-
vious section). Therefore, the increase of the ionic
strength will tend to contract the pore because of
relaxation of the polymer network that forms the pore
wall. The degree of pore contraction will depend on
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the degree the pore had widened at low ionic strength;
thus, it depends on the rigidity of the polymers in the
pit membrane. This pore contraction due to an in-
crease of the ionic strength can counteract the widen-
ing of the effective size of the pore due to an increase in
ionic strength as described above. It is not clear at this
point how large this countereffect is because we do not
know the rigidity of the pit membrane polymers. It is
possible that this negative term accounts for the neg-
ative effect of cations on water flow, as found in some
tree species (Cochard et al., 2010).

Changes of Pore Size Due to Processes Occurring in the
Surrounding Pit Membrane

It is well known that a mixture of pectin polymers
exhibit swelling and shrinking that depend on the salt
concentration of the aqueous solution that flows
through. The same is true for any other polyelectro-
lyte. The polymer network of these compounds is
charged because of deprotonation of functional
groups. As mentioned, the pore diameter in pit mem-
branes is estimated to be 5 to 20 nm, which is only
slightly larger than the estimated pore diameter in
cellulose in cell walls (3-5 nm; Shomer et al., 1991).
Therefore, at ionic strength I = 0.001 to 0.01 M, complete
or significant overlap of the DDL may be assumed. In
that case, the double layer properties can be described
with the Donnan model (Grignon and Scallan, 1980;
Hiemstra and van Riemsdijk, 2006b). A mathematical
description of this model is given below.

The Donnan model predicts that an increase of the
ionic charge leads to shrinking of the polyelectrolyte.
When the polyelectrolyte in the pit membrane shrinks,
a force will act on the pore walls to pull it back. This
will tend to enlarge the pore diameter. This force will
counteract the previously discussed force within the
pore. Because double layer overlap within the polymer
network of the membrane is much stronger (due to
smaller pore size) than in the cylindrical pores of the
pit, it may be expected that the polymer matrix in the
pit membrane will shrink considerably when the ionic
strength is increased. Thus, this will lead to an increase
in pore diameter. The magnitude of this change will
again depend on the rigidity of the polymer network
in the pit membrane. In combination with the increase
of the free pore space due to a decrease of the DDL, the
increase of the ionic strength will allow a larger water
flux through the pit membrane pores.

It should be noted that our alternative hypothesis is
not fundamentally different from one proposed by
Zwieniecki et al. (2001). Still, the alternative hypothe-
sis pinpoints other causes and is more complex. The
two modifications on the Zwieniecki et al. (2001)
hypothesis are: 1) that swelling and shrinking are
extended to all polyelectrolytes in the pit membrane
(at least hemicellulose and lignin) and thus that swell-
ing and shrinking do not depend on pectin, and 2) that
the DDL processes within the pit pore channels can
also inhibit or promote local water flow. The latter
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effect consists of two opposing forces. For example,
increasing the ion concentration in the xylem sap will
lead to an increase of the effective space in the pore
that can be used for rapid water transport. This effect
is opposed by the relaxation of the pore walls that had
been pushed back by the large DDL in the case of low
ionic strength. This relaxation will result in a smaller
pore diameter.

Mathematical Description of the Donnan Model Applied
to Polyelectrolyte Swelling

The negative charge (o) of the (polyelectrolyte)
polymers in the pit membrane is compensated by
accumulated cations in an aqueous Donnan phase
with concentration (Cp) and volume (V). The Donnan
concentration (Cp) differs from the concentration of
the free solution (C,), giving rise to an electrostatic
potential (; in V). This leads to (Hiemstra and van
Riemsdijk, 2006b):

Cp = C e F/RT (4)

where z is the valence of the ion (mol+/mol), F is the
Faraday constant (96,485 C/mol+), R is the gas con-
stant (8.31 J/mol/K), and T is the absolute tempera-
ture. The total charge of the cations in the Donnan
phase equals the polymer charge. Simplifying to the
presence of a single type of cation, one may write o =
—zVpCp (Hiemstra and van Riemsdijk, 2006b). Intro-
duction into Equation 4 leads to:

o= —2zVpCoe ™™= —2V,C,B* (5)

where B is called the Boltzmann factor. At a given
charge (o) and Donnan volume (V};), a decrease of the
ion concentration in the free solution (C,) will increase
the Boltzmann factor (B) and the corresponding elec-
trostatic potential . In other words, the electrostatic
effects will increase due to more overlap of the DDL.
This overlap of the double layer can be counteracted
by an increase of the Donnan volume (V). This
increase in Donnan volume will result in swelling of
the polymer matrix, which occurs as far as allowed by
the bonds of the polymer network. By contrast, an
increase of the ionic charge leads to shrinking of the
polymer matrix.

CONCLUSION

Several arguments can be raised against the hypoth-
esis that the shrinking of pectin in the pit membranes
is responsible for the increase in the rate of water flow
through the xylem that is induced by cations or
protons. One argument is that there often seems to
be no pectin. An alternative hypothesis was formu-
lated based on the presence of charge in any polyelec-
trolyte in the pit membranes. In the channel of a
charged pit pore, a DDL will develop, creating a layer
of water that is less mobile and more viscous. This can
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physically reduce or inhibit the flow of water in the
very narrow pores of the angiosperm pit membrane.
Upon an increase in salt concentration, this inhibitory
effect becomes less, thus allowing a higher rate of
water flow. Furthermore, increasing the salt concen-
tration induces shrinking of the pit membrane poly-
mers. This results in a larger diameter of the pores and
in higher water flux. Both effects are only partly
counteracted by relaxation of the polymers in the
wall of the pit pore, decreasing the pore diameter.
Together, these effects likely largely explain the effects
of cations on the water flow in the xylem.
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