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INTRODUCTION

The pressure flow model of phloem transport envisaged by Minch (1930) has gained
wide acceptance. Recently, however, the model has been questioned on structural and
physiological grounds. For instance, sub-structures of sieve elements may reduce their
hydraulic conductances to levels that impede flow rates of phloem sap and observed
magnitudes of pressure gradients to drive flow along sieve tubes could be inadequate
in tall trees. A variant of the Minch pressure flow model, the high-pressure manifold
model of phloem transport introduced by Donald Fisher may serve to reconcile at least
some of these questions. To this end, key predicted features of the high-pressure
manifold model of phloem transport are evaluated against current knowledge of the
physiology of phloem transport. These features include: (1) An absence of significant
gradients in axial hydrostatic pressure in sieve elements from collection to release phloem
accompanied by transport properties of sieve elements that underpin this outcome; (2)
Symplasmic pathways of phloem unloading into sink organs impose a major constraint
over bulk flow rates of resources translocated through the source-path-sink system;
(3) Hydraulic conductances of plasmodesmata, linking sieve elements with surrounding
phloem parenchyma cells, are sufficient to support and also regulate bulk flow rates
exiting from sieve elements of release phloem. The review identifies strong circumstantial
evidence that resource transport through the source-path-sink system is consistent with
the high-pressure manifold model of phloem transport. The analysis then moves to
exploring mechanisms that may link demand for resources, by cells of meristematic and
expansion/storage sinks, with plasmodesmal conductances of release phloem. The review
concludes with a brief discussion of how these mechanisms may offer novel opportunities
to enhance crop biomass yields.
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been questioned on structural and physiological grounds. For

The pressure flow model of phloem transport (Miinch, 1930) has
gained wide acceptance. The model envisages that an osmotically-
generated differential in hydrostatic pressure propels a bulk flow
of phloem sap through the sieve tube (ST) system linking photo-
synthetic sources leaves with heterotrophic sink organs. Within
sieve elements (SEs) of source leaf collection phloem, sugars
(sucrose, polyols or raffinose family oligosaccharides) accumulate
to high concentrations (up to 1 M). This drives an osmotic uptake
of water to generate relatively high hydrostatic pressures within
the SEs. Conversely unloading of osmotica from SEs, located in
release phloem of sinks, causes an osmotic withdrawal of water
and a consequent lowering of their hydrostatic pressures. Thus,
the Miinch model predicts that bulk flow of phloem sap through
STs is driven by differences in hydrostatic pressures located within
source and sink SEs.

Experimental observations provide persuasive support for
phloem sap moving through STs by bulk flow (e.g., van Bel
and Hafke, 2005) driven by hydrostatic pressure heads gener-
ated by phloem loading in source leaves (e.g., Gould et al., 2005).
Recently, however, aspects of the Miinch pressure flow model have

instance, the Hagen-Poiseuille Law (see Equation 1), describing
solvent flow driven through a pipe by a hydrostatic pressure dif-
ference (AP) for a given viscosity (1), predicts that variation in
flow path geometries of STs (length—L and, in particular, radius—
r), will alter their hydraulic conductances (L, and see Equation 2)
and hence impact axial volume flow rates (R,) through them.

R, = nr*AP/8YL (1)

and where
L, = mur/8nL (2)

The observed absence of any impact on axial volume flux (i.e.,
axial velocity derived from R, expressed on the internal cross-
sectional area through which solvent flow is occurring) by vari-
ations in sieve pore radii (Mullendore et al., 2010) or extent of
P-protein occlusion of SE lumens (Froelich et al., 2011) has led to
the suggestion that yet-to-be identified phloem transport prop-
erties are being overlooked by the Miinch model (Mullendore
et al., 2010; Froelich et al., 2011). A similar conclusion has been

www.frontiersin.org

June 2013 | Volume 4 | Article 184 | 1


http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Physiology/10.3389/fpls.2013.00184/abstract
http://www.frontiersin.org/Community/WhosWhoActivity.aspx?sname=JohnPatrick&UID=30758
mailto:john.patrick@newcastle.edu.au
mailto:john.patrick@newcastle.edu.au
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Patrick

Fisher's high-pressure manifold model

drawn from the observation that magnitudes of hydrostatic pres-
sure gradients within STs of tall trees are inadequate to account
for observed rates of bulk flow through these pipelines (Turgeon,
2010 but c.f. Jensen et al., 2012).

A variant of the Miinch pressure flow model, the high-pressure
manifold model of phloem transport (Fisher, 2000 and see
Figure 1), may serve to reconcile at least some of these questions.
To this end, the high-pressure manifold model of phloem trans-
port is evaluated in relation to known properties and characteris-
tics of phloem transport. The review commences by distilling out
the key features of the high-pressure model of phloem transport
followed by evaluating each of these against current knowledge of
phloem transport biology.

HIGH-PRESSURE MANIFOLD MODEL OF PHLOEM
TRANSPORT

Key elements of the high-pressure manifold model of phloem
transport articulated by Fisher (2000) and captured in
Figure 1 are:

1. High hydrostatic pressures are maintained within STs
throughout the length of the transport phloem with min-
imal decreases between collection and release phloem SEs

FIGURE 1 | High-pressure manifold model that describes phloem
transport from source to sink and partitioning of resources (water and
dissolved solutes) between sinks. Sucrose is loaded (brown arrows) into
the collection phloem (minor veins; yellow borders) of source leaves to high
concentrations (dark purple) that drives an osmotic uptake of water (blue
arrows). Walls of the collection phloem SEs resist the volume change with
a consequent development of high hydrostatic pressures (example given,
1.4 MPa and see Table 1). STs form conduits interconnecting sources (dark
green) to sinks (light purple) in a supercellular symplasm comprising
collection, transport (dark green) and release (khaki) phloem. Hydrostatic
pressures, generated in collection phloem SEs, are rapidly transmitted
throughout the entire ST system and maintained by pressure-dependent
retrieval of leaked sucrose and hence water (curved brown and blue arrows
respectively). Thus STs are conceived to function as high-pressure conduits
rendering resources equally available throughout a plant. Transported
resources are unloaded from the release phloem SE/CC complexes as a
bulk flow through high resistance (low conductance L, and see Equation 2)
plasmodesmal pathways into the sink cells. SE/CC unloading imposes the
greatest constraint over resource flow through the source-transport-sink
pathway. As a consequence, resource partitioning between sinks is finely
regulated by their relative hydraulic conductances of plasmodesmata linking
SE/CC complexes with the surrounding phloem parenchyma cells.

(Figure 1). Magnitudes of these pressures are primarily gen-
erated by activities of processes determining the level to which
solutes are accumulated in collection phloem SEs.

2. Large differentials in hydrostatic pressure between SEs and
phloem parenchyma cells of release phloem are generated by
phloem sap being expelled, by bulk flow, through paths of low
hydraulic conductance (i.e., the manifold and see Equation 2)
provided by plasmodesmata interconnecting these cells.

3. Phloem unloading rates are regulated by hydraulic conduc-
tances (Equation 2) of the unloading pathway rather than
the axial hydrostatic pressure differential (Equation 1). In this
context, the latter is comparable between a source and an
array of sinks irrespective of their rates of phloem unloading
(Figure 1).

4. A considerable component of the regulation of resource par-
titioning between sinks is mediated by the relative hydraulic
conductances (Equation 2) of symplasmic unloading path-
ways linking SEs with phloem parenchyma cells in the release
phloem (Figure 1).

Our analysis of the high-pressure manifold model of phloem
transport primarily rests on evaluating the extent to which the
model is consistent with known properties of resource flow
through the phloem. Of necessity much of this analysis will focus
on phloem transport in herbaceous plants where most experi-
mental studies have been undertaken. However, with appropriate
caveats, the analysis is extended to phloem transport in trees.

HYDROSTATIC PRESSURE GRADIENTS IN SIEVE
TUBES—STEEP OR MODERATE?

Bulk flow in the Miinch model is conceived to be restricted to STs
alone in which substantial hydrostatic pressure gradients develop
from their source to sink ends. In contrast, the high-pressure
manifold model (Fisher 2000 and see Figurel) envisages the
entire plant ST system is strongly pressurized with a minimal dif-
ferential in hydrostatic pressures between collection and release
phloem SEs. However, a major hydrostatic pressure differential
occurs as a result of the substantial frictional drag imposed on
an ongoing bulk flow through plasmodesmata (the manifold)
interconnecting release phloem SEs with adjacent parenchyma

Table 1 | Measures of sieve tube hydrostatic pressures (MPa) using
micromanometers glued to severed aphid stylets inserted into
translocating sieve tubes, in specified plant organs and species.

Plant species Organ Hydrostatic References

pressure
Hordeum vulgare Leaf 0.8-1.4 Gould et al., 2005
(Barley) Root 1.62+0.056 Gouldetal, 2004a
Sonchus oleraceus  Leaf 1.0-1.5 Gould et al., 2005
(Sow thistle) Stem 0.7-1.0 Gould et al., 2004b
Triticum aestivum Peduncle 2.35+0.66  Fisher and Cash-Clark,

2000b

(Wheat) Grain 1.16 +0.26
Salix babylonica Leaf 0.51-0.93 Wright and Fisher, 1980
(Willow) Bark strip  0.47-1.2 Wright and Fisher, 1983
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cells (Figure 1). Literature reporting measures of ST pressures to
test the proposition that hydrostatic pressure gradients between
source and sink ends of ST systems are moderate is reviewed
below.

Early attempts to directly measure hydrostatic pressures of STs
[e.g., by manometry or pressure transducers using the phloem
pressure probe described by Hammel (1968)] or indirectly (as
the difference between ST sap water and solute potentials) were
considered to be compromised respectively by technical short-
comings (e.g., an incomplete seal around the inserted Hammel
hypodermic syringe needle, and its destruction of STs) or the
assumption that STs were at water equilibrium with their sur-
rounding apoplasms (Milburn and Kallarackal, 1989). Never-
the-less, estimates of ST hydrostatic pressures, deduced from
measures of ST sap osmotic potentials and xylem water potentials,
closely approximate those obtained using manometry or pressure
transducers (e.g., see Wright and Fisher, 1980; Sovonick-Dunford
et al.,, 1981). These findings indicate that, under most circum-
stances, STs are at water potential equilibrium (see Thompson
and Holbrook, 2003).

The most reliable direct measures of SE hydrostatic pressures
have been obtained using a methodology, developed by Wright
and Fisher (1980), consisting of micromanometers glued to sev-
ered aphid stylets inserted into conducting STs. The challenging
nature of the technique accounts for the few published studies,
mostly carried out using herbaceous species. Averaged hydrostatic
pressure values for leaves and stems need to be interpreted with
caution, as it is likely that ST hydrostatic pressures oscillate with
fluctuations in xylem water potentials caused by changes in tran-
spiration loads (Lee, 1981). Such temporal oscillations, at least
in part, account for the spread of recorded hydrostatic pressures
in STs (Table 1). Unfortunately, to our knowledge, there are not
any reported systematic examinations of ST hydrostatic pressures
along source to sink axial pathways using aphid micromanometry.
However, in broad terms, published data (Table 1) suggest that,
if a source to sink gradient in hydrostatic pressure exists within
STs, the gradient is minimal for herbaceous plants (and also see
Turgeon, 2010). This feature, coupled with high ST hydrostatic
pressures of 1.0 MPa, supports the contention that phloem trans-
port in herbaceous species is consistent with the high-pressure
manifold model (Fisher, 2000 and see Figure1). The puzzling
exception to this generalization is the very large and negative dif-
ferential between SE hydrostatic pressures located in peduncles
and the crease vein of wheat grains (Table 1) for which there is
no plausible explanation at this time (see Fisher and Cash-Clark,
2000b).

Whether ST hydrostatic pressures and their axial gradients in
trees comply with the high-pressure manifold model of phloem
transport is rendered problematic by the paucity of suitable data
sets. The only available measures of hydrostatic pressures deter-
mined by aphid stylet micromanometry are for willow (Wright
and Fisher, 1980, 1983) and these are 0.2-0.5 MPa lower than
those reported for herbaceous species (Table 1). However, their
lower hydrostatic pressures may arise from the experimental con-
ditions under which these were measured (Turgeon, 2010). For
willow, leaf measures of ST hydrostatic pressures were deter-
mined using potted plants equilibrated under laboratory light

well below the light compensation point (Wright and Fisher,
1980) and stem measures were carried out on isolated bark strips
(Wright and Fisher, 1983). Both these experimental conditions
would be expected to decrease the pool size of sugars available
for phloem loading causing phloem sap osmotic potentials to
be elevated thus lowering ST hydrostatic pressures. An asser-
tion supported by measures of ST hydrostatic pressures ranging
from 0.5 to 1.7 MPa in stems of 15m tall white ash (Fraxinus
americana) trees during the photoperiod (Lee, 1981; Sovonick-
Dunford et al., 1981). These values are probably underestimates
of their actual ST hydrostatic pressures since they were obtained
using the Hammel (1968) pressure recording system (Milburn
and Kallarackal, 1989). Furthermore phloem sap osmotic poten-
tials of willow and poplar were much lower than those found in
herbaceous species raised under high light conditions (Turgeon,
2010). Thus tree ST hydrostatic pressures are considered to be
comparable to, or even greater than, those of herbaceous species.

Measures of ST hydrostatic pressure of willow leaf and stem by
aphid stylet micromanometry (Table 1), and of white ash stems
at different heights by the Hammel (1968) device (Lee, 1981),
do not indicate the presence of any substantial axial gradients
in ST hydrostatic pressure. However, source to sink gradients in
phloem sap sugar concentrations have been detected in young
(Pate and Arthur, 2000) but not well-established (Merchant et al.,
2012) Eucalyptus globulus trees growing in plantations. Overall,
the available data suggest that, at least in certain circumstances,
phloem transport in trees can exhibit high ST hydrostatic pres-
sures with minimal gradients between source and sink ends of
the ST system consistent with the high-pressure manifold model
(Figure 1).

Recent modeling of Miinch pressure flow to optimize translo-
cation velocity led to deriving a simple scaling relationship
between ST radii with leaf (loading) and stem (transport) lengths
that accounts for phloem translocation by Miinch pressure flow
in plant heights spanning several orders of magnitude (Jensen
et al,, 2011, 2012). In addition, earlier modeling predicted min-
imal hydrostatic pressure differentials between source and sink
were essential for integrated functioning of the phloem transport
system throughout the plant body (Thompson, 2006 and refer-
ences cited therein). The latter model mimics the high-pressure
model of phloem translocation and, of necessity, relies on ST con-
ductances (Equation 2) scaling with plant height (see Jensen et al.,
2012). However, as argued below, other features of phloem trans-
port also may contribute to minimizing the hydrostatic pressure
differential between source and sink ends of the phloem pathway.

CONDITIONS FOR HIGH HYDROSTATIC PRESSURES
THROUGHOUT SIEVE TUBE SYSTEM WITH MINIMAL
GRADIENTS FROM SOURCE TO SINK

In addition to highly conductive STs, high hydrostatic pressures
throughout the ST system accompanied by minimal hydrostatic
pressure gradients from source to sink depend upon:

POTENTIAL CAPACITY OF PHLOEM LOADING EXCEEDS PHLOEM
UNLOADING

Under conditions of source limitation, where phloem-unloading
rates of sugars (and other phloem sap solutes) exceed the potential
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capacity of phloem loading, phloem sap concentrations of sug-
ars, accompanied by ST hydrostatic pressures, decline until a new
equilibrium between loading and unloading rates are reached.
This condition could cause a pronounced axial gradient in ST
hydrostatic pressure from source to sink to develop. The corol-
lary is sink limitation whereby the potential capacity for phloem
loading of sugars exceeds that of phloem unloading. For this
condition, any increase in rates of phloem unloading is met
by a commensurate increase in phloem loading. This condition
would sustain high phloem sap sugar concentrations and hence
ST hydrostatic pressures throughout the system.

There are no direct measures of rates of phloem loading and
unloading. However, there is considerable indirect evidence sug-
gesting that potential capacities of leaf photosynthesis arranged
in series with phloem loading exceed those of phloem unload-
ing into expanding and storage sinks. For instance, under opti-
mal environmental conditions for leaf photosynthesis, increasing
sink/source ratios by experimentally attenuating sugar export
from a portion of leaves (by their removal or shading) results in
elevated rates of sugar export from the untreated leaves of trees
(Pinkard et al., 2011), monocots (McCormick et al., 2006) and
herbaceous eudicots (Borrds et al., 2004). Similarly transgenic-
mediated increases in sink capacities to store or utilize sugars, also
lead to enhancing leaf photosynthesis and phloem loading (e.g.,
Smidansky et al., 2007; Wu and Birch, 2007). Thus under opti-
mal conditions, plant growth tends to be sink-limited and hence
phloem transport likely functions as a high pressure manifold sys-
tem (see above). However, source-limitation can arise in certain
circumstances including an excess of reproductive development
(Qian et al., 2012), through abiotic stress (Korner, 2003) or dur-
ing periods of replenishing stores of non-structural carbohydrates
depleted by episodes of abiotic stress in perennial woody plants
(Sala et al., 2012). Under conditions of source limitation, phloem
hydrostatic pressures are predicted to be depressed and exhibit a
more pronounced axial source to sink gradients in ST hydrostatic
pressures. Thus, the influence of a high-pressure manifold sys-
tem would be diminished under source limitation and hydraulic
conductances (Equation 2) of STs could assume an increasing
influence.

AXIAL HYDRAULIC CONDUCTANCES OF SIEVE TUBES ARE
CONSIDERABLY HIGHER THAN THOSE OF PHLOEM UNLOADING
PATHWAYS

If exit of phloem sap from SEs at sinks dominates regulation
of axial flow through STs from source to sink, it follows that
any axial gradient in ST hydrostatic pressure would be min-
imized consistent with the high-pressure manifold model of
phloem transport (Figure 1 and see Point 1). That ST structure,
and particularly sieve plates, do not exert much influence over
axial transport through them has been demonstrated by very
elegant structural studies to obtain estimates of ST hydraulic con-
ductivities [hydraulic conductance (see Equation 2) expressed
on cross-sectional area basis through which bulk flow occurs]
for a variety of plant species with differing sieve pore dimen-
sions (Mullendore et al., 2010). The Hagen-Poiseuille Law (see
Equation 1) predicts that, if ST conductivities were regulating
axial transport, phloem transport velocities (volume flux—R, of

Equation (1) expressed on a cross-sectional area basis i.e., 7r?)
would vary directly with sieve pore radius raised to the sec-
ond power. However, across a cohort of test species, estimates
of phloem transport velocities were found to exhibit an inverse
rather than the predicted direct relationship with their estimated
ST hydraulic conductivities (Mullendore et al., 2010). This find-
ing suggests that control of axial flow of phloem sap through STs is
located elsewhere in the system. Similar conclusions were reached
using an Arabidopsis T-DNA knock-out seor] mutant which had
a reduced P-protein network (SEORI proteins) in STs (Froelich
et al., 2011) Consistent with an absence of control being exer-
cised by ST hydraulic conductances, phloem transport velocities
in wild type and seor] mutant plants were found to be identical
(Froelich et al., 2011).

More direct evidence that STs have spare transport capac-
ity to support axial flow comes from physiological studies in
which partial (up to ca 50%) surgical removal of phloem cross-
sectional area in stems was found to exert little influence over
axial flow rates in both woody plants (e.g., Mason and Maskell,
1928) and monocots (e.g., Wardlaw and Moncur, 1976). In
contrast, large, and positive responses of axial phloem trans-
port rates to surgical excision of release phloem are consistent
with a major control over axial transport through the ST sys-
tem being exercised by phloem unloading. A striking example
of this phenomenon takes advantage of castor oil (Ricinus com-
munis) plants whose STs do not seal upon severance, allowing
phloem transport to continue. Hence rates of phloem trans-
port can be estimated by measuring quantities (volume; mass)
of phloem sap exuded from cut surfaces across specified times.
The estimated transport rates can be expressed as ST fluxes based
on measures of their cross-sectional areas through which axial
transport takes place (Milburn and Kallarackal, 1989). In this
case, excision of the apical fruit from a raceme of developing
Ricinus fruits caused ST fluxes of sucrose through the pedi-
cel stump to increase by 19-fold compared to pedicel ST fluxes
when the fruit was attached (Kallarackal and Milburn, 1984).
Fruit excision would remove any impedance imposed by phloem
unloading on axial flow through STs and increase the hydro-
static pressure differential driving axial flow to the cut pedicel
surface. Impedance conferred by phloem unloading cannot be
estimated directly but changes in the hydrostatic pressure dif-
ferential driving axial flow through pedicel STs can be estimated
as follows. ST hydrostatic pressures of Ricinus, determined from
osmotic and water potentials, approximate 1.0 MPa (Smith and
Milburn, 1980a). Fruit excision would cause hydrostatic pres-
sures of severed SEs located at surfaces of cut pedicels to drop
to zero (i.e., atmospheric pressure). Lets assume that attached
Ricinus fruits conform with the high-pressure manifold model of
phloem transport whereby bulk flow continues symplasmically
from release phloem SEs into adjacent sink cells with turgors in
the range of 0.1-0.2 MPa (Saladié et al., 2007; Wada et al., 2009).
Under these conditions, hydrostatic pressure differential driving
bulk flow through the STs and ultimately through plamodes-
mata into fruit sink cells would be 0.9 or 0.8 MPa respectively.
Thus, on reducing the sink-end hydrostatic pressure to zero,
upon pedicel severance, the hydrostatic pressure differential driv-
ing axial flow through the pedicel STs would increase by 10 or
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20% respectively (see Equation 1). As a consequence, the remain-
ing 17.8- to 14.2-fold increase in the ST flux of sucrose elicited
by fruit excision (Kallarackal and Milburn, 1984) must result
from removing a considerable resistance to bulk flow imposed
by SE unloading through a symplasmic pathway. This outcome
is consistent with the high-pressure manifold model of phloem
transport (Figure 1). Similar magnitudes of phloem transport
rate increases were observed in wheat inflorescences when devel-
oping grains were detached and rates of phloem sap exuded
from the broken pedicel surfaces determined (Fisher and Gifford,
1986).

An exemption to exit from release phloem dominating over-
all flow from source to sink is the influence imposed by hydraulic
conductances of differentiating phloem paths linked with meris-
tematic sinks. Root tips provide an opportunity to gain insights
into the influence of the axial hydraulic conductances of dif-
ferentiating symplasmic phloem paths (Stadler et al., 2005a).
For example, as the Zea mays root meristem is approached,
osmotic potentials of SE sap decline precipitously from axial
steady levels of 4 MPa to 1.3-2.1 MPa (Warmbrodt, 1987). This
decline suggests a marked reduction in hydraulic conductance
(see Equation 2) of the axial phloem path that is linked with
an increasing portion of differentiating SEs and provascular ele-
ments. Moreover, the decrease in osmotic potential along the axial
path was ca 2-fold greater than the decrease in osmotic pressure
from protophloem SEs to reach meristematic cells (Warmbrodt,
1987). This suggests a greater influence by the differentiating
axial pathway on delivery to apical meristems rather than sub-
sequent movement through the phloem-unloading route. These
observations are consistent with phloem imported GFP-fusion
proteins (ranging in molecular size from 36 kDa to 67 kDa) being
restricted to protophloem SEs and not being able to enter differ-
entiating protophloem SEs of Arabidopsis root tips (Stadler et al.,
2005a).

TURGOR HOMEOSTASIS OF THE SIEVE TUBE SYSTEM

A prerequisite for the high-pressure manifold model of phloem
transport (Figure 1) is for STs, extending from collection phloem
in leaves through the transport phloem to release phloem in
sinks, to function as cohesive units that sustain high hydrostatic
pressures throughout their lengths with minimal source to sink
gradients. This prerequisite depends upon satisfying the following
conditions:

A rapid signaling system to convey local changes in solute demand
throughout the entire sieve tube system

Increases in sink/source ratios, by blocking photosynthesis in all
but one leaf (Fondy and Geiger, 1980), releasing phloem content
through stem incisions (Smith and Milburn, 1980a) or selec-
tive warming of sink organs (Minchin et al., 2002), can cause
rapid (instantaneous to within minutes) increases in rates of
phloem export of recently-fixed photoassimilates from source
leaves. The rapidity at which rates of phloem export from source
leaves respond to altered sink/source ratios is considered to
depend upon the degree of buffering of ST content by exchange
from solute pools located along the transport phloem (Minchin
et al., 2002 and see Figure 1). Indeed, buffering transport phloem

content from these solute pools can meet altered sink demand
without any need for change in export rates of recently-fixed
photoassimilates (e.g., Fondy and Geiger, 1980). The effect is at
its most extreme for the stem incision model whereby hydro-
static pressures in STs, upon severance, instantaneously fall to
zero occasioning a decrease in their water potentials to drive
an influx of water that would otherwise dilute their phloem
sap concentrations (Smith and Milburn, 1980a). The change in
sap hydrostatic pressure-concentration is rapidly propagated as
a wave (Thompson, 2006) along the ST conduit to stimulate
phloem loading (Smith and Milburn, 1980a). In this context,
once phloem transport reaches a new steady-state in response to
enhanced sink demand, osmotic concentrations of phloem sap
remain unaltered and increased transport rates were accounted
for by commensurate changes in transport velocity (Wardlaw
and Moncur, 1976; Smith and Milburn, 1980a). Consistent
with theory predicting the rapidity in axial propagation of
pressure-concentration waves in response to localized changes
in solute loading/unloading (Thompson, 2006; Mencuccini and
Holttd, 2010), remote changes in phloem transport rates, fol-
lowing localized heat ringing of sunflower stems, were conferred
by a signal travelling at an axial velocity an order of magni-
tude greater than that of phloem transport (Watson, 1976 and
also see Miinch, 1930). Transmission of pressure-concentration
waves depends upon elasticity and hydraulic conductances of
STs (Thompson, 2006 and references cited therein). Whether ST
conductances are capable of supporting rapid propagation of
pressure-concentration waves over long-distances in tall trees is
uncertain (Thompson, 2006), but considered likely (Mencuccini
and Holttd, 2010).

A mechanism for homeostasis of sieve tube hydrostatic pressures
and osmotic solute concentrations

That pressure-concentration waves convey information to the
entire ST system depends on high ST hydrostatic pressures
and osmotic solute concentrations (Thompson and Holbrook,
2003) and hence concentrations of each major osmotic species,
sucrose and potassium. In this context, apoplasmic phloem load-
ing in leaves is negatively regulated by ST hydrostatic pres-
sures in Ricinus (Smith and Milburn, 1980b), Phaseolus coccinius
(Daie and Wyse, 1985), Pisum sativum (Estruch et al., 1989)
and by an apoplasmic sucrose concentration specific mode in
leaves of the halophyte, Beta vulgaris (Chiou and Bush, 1998).
Passive loading in tall trees offsets decreasing water potentials
with plant height through osmoregulatory activities of their
mesophyll cells (Fu et al., 2011). To our knowledge, regula-
tion of loading by the polymer trap mechanism in response
to sink demand has not been investigated. However, at least
some species, loading by the polymer trap mechanism, exhibit
mixed loading and contain an element of apoplasmic loading
of sucrose. Included amongst these species are herbaceous eudi-
cots (Voitsekhovskaja et al., 2009; Gil et al., 2011). The ability
of these polymer trap species to load sucrose apoplasmically
provides opportunities for ST osmoregulation. Such a strategy
may account for the positive relationship between decreasing leaf
water potentials and considerable osmotic adjustment of phloem
sap by elevated sucrose concentrations in trees of raffinose
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translocating Eucalyptus globulus growing across a rainfall gra-
dient (Merchant et al., 2010). An inverse relationship between
plasma membrane HT-ATPase activity localized to SE-CC com-
plexes and ST hydrostatic pressure (Estruch et al., 1989) provides
a unifying model for turgor homeostasis of STs. Thus, turgor-
regulated shifts in H"-ATPase activity generate adjustments in
the proton motive force driving proton-coupled symport of
solutes into SE-CC complexes and membrane potential driving
uptake of cations through membrane channels and, in particular,
potassium.

The phenomenon of turgor homeostasis extends to SE-CCs
of the transport phloem. This is graphically illustrated by posi-
tioning a cold block on a test stem to transiently slow axial
phloem transport and recording temporal changes in ST hydro-
static pressure by aphid stylectomy/pressure transducers located
up- and down-stream of the cold block. Applying this approach
to sow thistle, Gould et al. (2004b) found that ST hydrostatic
pressures upstream of the temperature block transiently rose (by
>0.7 MPa) on stem chilling before declining, within 2 min, to
values slightly above the pre-chill levels prior to the recovery
of axial flow (8 min). Re-warming stems occasioned hydrostatic
pressures to rapidly return to pre-chill levels. Down-stream of
the cold block, ST hydrostatic pressures rapidly fell on chilling
by 0.25-0.5 MPa and thereafter remained steady or slowly recov-
ered. Irrespective, on rewarming stems, ST hydrostatic pressures
rapidly returned to pre-chilled levels at sites up- and down-
stream of the cold block. These responses are consistent with a
rapid turgor homeostasis mediated throughout the ST system.
During these hydrostatic pressure transients, sap osmotic poten-
tials and sucrose concentrations were unaltered. These responses
indicate that turgor homeostasis relied on co-ordinated radial
exchange of solutes and water between STs and their surround-
ing apoplasm (Thorpe et al., 2005 and see Figure 1). Membrane
carriers and channels facilitate solute influx down proton motive
forces or membrane potentials respectively (Tegeder et al., 2012).
The resulting transients in water potential differences between
SEs and their surrounding apoplasms drive radial water fluxes
into, and from, transport phloem SEs through aquaporins to
maintain ST turgor. This phenomenon also would ensure com-
pensation for loss in ST hydrostatic pressure due to frictional
drag of the ST walls as predicted by Hagen-Poiseuille Law (see
Equation 1).

SYMPLASMIC PHLOEM UNLOADING BY BULK FLOW
THROUGH A PLASMODESMAL MANIFOLD

The phenomenon of phloem unloading is not restricted to release
phloem of terminal sinks such as apical meristems and develop-
ing reproductive (flowers, fruit, seeds) or storage (tubers, bulbs)
organs. In particular, under high source/sink ratios, net resource
flows occur from transport phloem of petioles, stems and roots
into storage pools of their ground tissues in which transport
phloem is embedded. A striking example of this phenomenon
is accumulation of sucrose in storage parenchyma cells of sugar-
cane stems to concentrations that match those of the phloem sap
(Patrick, 2012). Thus, consideration also will be given to those
circumstances in which net resource unloading takes place from
the transport phloem.

Phloem unloading may be arbitrarily divided into SE
unloading and post-SE unloading which extends from phloem
parenchyma cells to cellular sites of resource utilization or stor-
age in non-vascular cells. For the purposes of evaluating the
high-pressure manifold model of phloem transport, the primary
focus is on SE unloading wherein resources reach the phloem
parenchyma cells. However, some consideration, where relevant,
will be given to post-SE unloading.

A central tenant of the high-pressure manifold model is
that hydraulic conductances of the symplasmic unloading path-
ways, from SEs of release phloem, impose a major constraint
over bulk flow of resources through the source-path-sink system
(Figure 1). This distils to three key elements. First phloem sap
is unloaded from SEs of release phloem through interconnect-
ing plasmodesmata into surrounding phloem parenchyma cells
and perhaps beyond. Second, phloem sap movement occurs as
a bulk flow through plasmodesmata interconnecting SEs with
surrounding phloem parenchyma cells. Third, hydraulic con-
ductances of symplasmic unloading routes are significantly less
than those supporting axial flow through STs from source to
sink (and see Section Axial Hydraulic Conductances of Sieve
Tubes are Considerably Higher than Those of Phloem Unloading
Pathways).

PHLOEM UNLOADING IN MOST SINKS 0CCURS THROUGH
SYMPLASMIC ROUTES

The most definitive experimental approach to mapping phloem-
unloading pathways has been through the use of membrane-
impermeant fluorochromes introduced into phloem sap as
membrane-permeant esters or as tags linked to transgenically-
expressed foreign molecules under the control of companion cell
specific promoters.

Root and shoot apices

Axial delivery pathways into apical meristems comprise pro-
tophloem SEs giving way to strands of provascular cells more
proximal to the apical dome. Distribution of membrane-
impermeant fluorochromes, imported through the phloem, have
identified putative symplasmic unloading pathways extending
from terminal ends of protophloem SEs through provascular
stands to reach meristematic cells in root apices of mono-
cots (e.g., Hukin et al., 2002) and eudicots (e.g., Stadler et al.,
2005a). Further back from root tips, in root elongation zones,
the symplasmic domain for phloem unloading is constrained to
protophloem SE-CC complexes and vascular parenchyma cells
(Hukin et al., 2002; Stadler et al., 2005a). Symplasmic phloem
unloading also applies to shoot apical meristems, as demonstrated
by membrane-impermeant fluorochromes moving radially from
protophloem SEs in sink leaves of monocots (Haupt et al., 2001)
and eudicots (Stadler et al., 2005a).

Phloem unloading in developing seeds—sieve element unloading
is symplasmic but non-sieve element routes include an obligatory
apoplasmic step

Vasculatures terminate at funicular/coat boundaries of small
seeds (e.g., Arabidopsis—Stadler et al., 2005b) or permeate coats
of larger seeds (e.g., cereals and grain legumes—Zhang et al.,
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2007a). SE unloading of resources and their subsequent move-
ment to specialized efflux cells follows symplasmic routes (Stadler
et al., 2005b; Zhang et al., 2007a). Absence of symplasmic con-
tinuity between seed coat and filial (endosperm and embryo)
tissues of developing seeds is bridged by specialized transport
cells, located at maternal/filial interfaces, for resource efflux
into, and influx from, seed apoplasmic spaces (Zhang et al,
2007a).

Tubers and fleshy fruits

Phloem unloading in developing potato tubers switches from an
apoplasmic route in stolons to a symplasmic pathway in tubers
(Viola et al., 2001). Phloem unloading pathways in certain fleshy
fruits exhibit a reverse shift in phloem unloading pathway from
symplasmic during their pre-storage phase to an apoplasmic one
at the onset of sugar storage. Examples of this strategy include
fruits of tomato (Patrick and Offler, 1996), grape (Zhang et al,,
2006) and Chinese jujube —(Nie et al., 2010). In contrast, for
other fleshy fruit an apoplasmic step in the phloem-unloading
pathway is present throughout their development as illustrated
for walnut (Wu et al., 2004), apple (Zhang et al., 2004) and
cucumber (Hu et al., 2011). In all cases, phloem cell types in
which phloem-imported fluorochromes are retained cannot be
identified with confidence; a conclusion extending to Arabidopsis
ovules (Werner et al., 2011). Based on plasma membrane surface
areas and rates of unloading, phloem parenchyma cells are best
placed to accommodate observed sucrose fluxes in developing
tomato fruit (Offler and Horder, 1992).

Transport phloem

Sucrose continually escapes across plasma membranes of
metaphloem SE-CC complexes by simple diffusion driven
by large concentration differences between their lumens and
surrounding apoplasm (Patrick, 1990 and see Figurel).
Furthermore, low plasmodesmal connectivity with adjoining
phloem parenchyma cells, absence of membrane-impermeant
dye movement and differing membrane potentials between the
two cell types indicates metaphloem SE-CC complexes can be
isolated symplasmically (e.g., Hayes et al., 1985; van Bel and
van Rijen, 1994; Kempers et al., 1998). Apoplasmic unloading
applies under low source/sink ratios (Patrick and Offler, 1996)
where solute retrieval from the phloem apoplasm is dominated
by SE-CC complexes over any other cell type by more than
five-fold (Patrick and Turvey, 1981; Bieleski, 1966a,b; Deeken
et al., 2002). Under high source/sink ratios, unloading from the
transport phloem may switch to a symplasmic route (Grignon
et al., 1989; Patrick and Offler, 1996; Stadler et al., 2005a).
Symplasmic phloem unloading is a permanent feature of grass
stems where barriers in anticlinal walls of bundle sheath cells
block radial movement through their stem apoplasms (e.g.,
sugarcane—Jacobsen et al., 1992; wheat—Aoki et al., 2004;
rice—Scofield et al., 2007).

IS SYMPLASMIC SIEVE ELEMENT UNLOADING DOMINATED BY BULK
FLOW?

A key element of the high-pressure manifold model of phloem
transport and partitioning is that SE unloading occurs as a bulk

flow of phloem sap. Direct demonstration of bulk flow through
STs has proved to be a technically challenging exercise. The most
compelling evidence has been real-time detection of sharp fronts
of fluorochromes moving through SEs and across sieve plates
by confocal laser scanning microscopy (Knoblauch and van Bel,
1998) and concurrence of phloem transport velocities of water
(Windt et al., 2006), and of radiolabelled solutes (Wardlaw, 1990).
Plasmodesmal diameters (40—60 nm) and lengths (400-800 nm)
preclude resolving solution flows through them by current confo-
cal microscopy or MRI technologies. In the meantime, evaluating
whether bulk flow occurs through plasmodesmal canals will
depend upon innovative indirect measures and observations (e.g.,
Liesche and Schulz, 2012).

The sub-structure of plasmodesmata supporting cell-to-cell
movement of solutes and water is complex and its precise archi-
tecture is at the limit of resolution by electron microscopy.
Solute and water movement is considered to occur through
the so-called cytoplasmic sleeve, the space located between the
centrally-located desmotubule and plasma membrane lining the
plasmodesmal outer boundary. Computer assisted tomography
of electron microscope images suggest that plasmodesmal cyto-
plasmic sleeves are divided into 2-3nm wide microchannels
delimited by protein filaments that interconnect desmotubule
and plasma membrane (Fisher, 2000). These dimensions cor-
respond with selective cell-to-cell trafficking, between various
cell types of ground tissues, of membrane-impermeant fluo-
rochromes with molecular sizes up to 800 Da (Fisher, 2000). In
contrast, larger sized fluorescently-tagged molecules (e.g., dex-
trans, ficoll—Fisher and Cash-Clark, 2000a; GFP alone or GFP-
fusion proteins—Stadler et al.,, 2005a,b) have been found to
move from SEs to vascular parenchyma cells in root apices (up
to 67 kDa—Stadler et al., 2005a), sink leaves (up to 50 kDA—
Stadler et al., 2005a) and developing seeds of wheat (up to
400 kDa—TFisher and Cash-Clark, 2000a) and Arabidopsis (up to
47 kDa—Stadler et al., 2005b). In all cases, subsequent move-
ment from vascular parenchyma to ground parenchyma cells
was found to be constrained to smaller molecular sizes—
root apices (up to 27 kDa—Stadler et al., 2005a); developing
seeds of wheat (up to 10 kDa—Fisher and Cash-Clark, 2000a)
and Arabidopsis (up to 27 kDa—Stadler et al., 2005b). Overall
these findings suggest that the SE/CC complexes and vascular
parenchyma cells form one symplasmic domain, distinguishable
from an interconnected ground tissue symplasmic domain with
lower plasmodesmal permeabilities.

Deducing the molecular dimensions of plasmodesmal
microchannels accounting for these two symplasmic domains is
problematical on a number of grounds. These include possible
plasmodesmal damage by high molecular weight fluorochromes
(Fisher and Cash-Clark, 2000a) and by pressure-induced unfold-
ing tertiary structures of macromolecules at plasmodesmal
orifices with subsequent movement of the ‘linearized’ macro-
molecule through the cytoplasmic sleeve (‘reptation’ and for
further information, see Proseus and Boyer, 2005). With these
caveats in mind, observed rapid movement of microinjected
fluorochromes of known Stokes radii (see above) indicate
microchannel radii of 4-8 nm for phloem symplasmic domains
and 1-2nm for non-phloem symplasmic domains. Future

www.frontiersin.org

June 2013 | Volume 4 | Article 184 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Patrick

Fisher's high-pressure manifold model

attempts to obtain estimates of plasmodesmal microchannel
diameters could consider microinjecting conducting STs (Fisher
and Cash-Clark, 2000a) with non-deformable colloidal gold
particles of known Stokes radii (Proseus and Boyer, 2005).

Given the above estimates of plasmodesmal microchannel
radii, the Hagen-Poiseuille Law (and see Equation 1) predicts that
any symplasmic bulk flow of phloem sap exiting from SE/CC
complexes will encounter considerable hydraulic resistances and
hence a proportionate reduction in hydrostatic pressure upon
entering recipient cells. These predictions are consistent with
the presence of large (1.0 MPa) differences in hydrostatic pres-
sures between release phloem SEs and cortical/epidermal cells
of root tips measured directly using aphid stylet micromanom-
etry and pressure probe respectively (Table2). Similarly, large
differences in cell sap osmotic potentials of SEs and adjacent cor-
tical/epidermal cells (Table 2) reflect equally large differences in
hydrostatic pressures as apoplasmic water potentials of these cells
are identical in the absence any apoplasmic barriers and stable as a
result of their hydraulic isolation from the remainder of the plant
body (Lalonde et al., 2003). Radial bulk flow from release phloem
SEs outward across various concentric layers of cell types would
be expected to result in a progressive decline in cell hydrostatic
pressures. This feature is apparent in estimates of cell osmotic
potentials reported for maize root tips (Warmbrodt, 1987) as
well as for pressure probe measurements of files of cortical cells
in elongating Ricinus epicotyls (Meshcheryakov et al., 1992).
Consistent with the high-pressure manifold model of phloem
transport (Figure 1), the largest drop (ca 1.0 MPa) in osmotic and
hydrostatic pressures occur between SEs and surrounding vas-
cular parenchyma cells in root tips and developing wheat grains
(Table 2).

A common, but largely untested generalization, is that the
hydrodynamic radii of plasmodesmal microchannels prevent bulk
flow by wall frictional drag spread throughout the breadth of
the narrow water column. The data generated by Don Fisher’s

investigations of phloem unloading in developing wheat grains
is sufficiently robust and complete (see Fisher and Cash-Clark,
2000a,b and references cited therein) to test whether plasmod-
esmal microchannel dimensions and densities are sufficient to
support observed volume flow rates assuming that transport in
these microchannels conform to the Hagen-Poiseuille Law (see
Equation 1). Following the approach described by Fisher and
Cash-Clark (2000a), the proposition was tested by determining
whether sufficient numbers of plasmodesmata interconnecting
SE/CC complexes with vascular parenchyma cells are present
to support a known volume flow rate of 10 wL day~! into a
developing wheat grain across a set of microchannel radii (see
Table 3). Briefly, volume flow rate through a single microchan-
nel was computed (R, — Equation 1) from which microchannel
numbers supporting the observed volume flow rate were derived.
From these data, microchannel numbers per plasmodesmata were
estimated assuming that a single row of microchannels occupy
50% of the sleeve cross-section. Microchannel numbers per plas-
modesma then allow determination of plasmodesmatal numbers
required to support the observed volume flow rate (Table 3).
Adequacy of microchannel radii were evaluated on the basis
that estimated plasmodesmal numbers were equal to, or less
than, observed plasmodesmal numbers interconnecting SE/CC
complexes with vascular parenchyma cells—4.4 x 107 per grain
(Wang et al., 1995). These comparisons show that for the small-
est Stokes radius of 0.5nm, the observed pressure differential
of 1.0 MPa (Fisher and Cash-Clark, 2000b) is not adequate to
support the observed volume flow rate (Table 3). However, radii
greater than this contribute spare capacity so that at 1 nm, hydro-
static pressure differentials could be lowered to 0.4 MPa before
volume flow rates were compromised. Comparing our approach
with that of Fisher and Cash-Clark (2000a) for a microchan-
nel radius of 10 nm yielded identical findings of 10 x 10* plas-
modesmata (see Table 3) were required to support the observed
volume flow rate driven by a hydrostatic pressure differential of

Table 2 | Osmotic or hydrostatic pressures of sieve tubes and adjoining specified cells in root tips and developing wheat grains.

Pressure potential (MPa) Root-tip cell type:

Sieve element Elongating epi/

Pressure difference (MPa)

Plant species References

cortical cell
Osmotic —1.62 —-0.98 —0.64 Maize Warmbrodt, 1987
Osmotic —1.42 -0.71 —-0.71 Barley Prichard, 1996
Turgor
High-K plants 1.62 0.33 1.29 Barley Gould et al., 2004a
Low-K plants 1.32 0.32 1.0
Pressure potential (MPa) Grain cell type: Pressure difference (MPa) Plant species References

Sieve element Vascular

parenchyma
Turgor Wheat Fisher and Cash-Clark, 2000b
Normal watered 1.1 0.12 1.0
Waterstressed 1.30 0.08 1.12

Adapted from Patrick (2012).
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Table 3 | Impact of differing plasmodesmal (pd) microchannel radii?, predicted by the Hagen-Poiseuille Law (see Equation 1), on plasmodesmal

numbers required to support the observed volume flow rate (R,)® of phloem sap, of specified viscosity®, symplasmically unloaded from

SE/CC complexes to vascular parenchyma cells of developing wheat grains at a transcellular hydrostatic pressure differential of 1.0 MPa across

the interconnecting plasmodesmata of known lengthd.

Microchannel Predicted® R, per

Microchannel numbers

Microchannel Pd numbers supporting

radius (nm) microchannel (x10* nm3 s—1) supporting observed Ry (x10%)f numbers per pd9 observed Ry (x10%)"
0.5 2.46 472,313 33 143,125
1.0 39.3 29,524 17 17.367
1.5 199 5832 " 5302
2.0 629 1845 8 2306
4.0 10,057 115 4 288
8.0 160,916 7 2 35.0
10.0 392,900 3 1 10.0

Plasmodesmal number estimates are compared with an observed value for developing wheat grains at the SE/CC complex and vascular parenchyma cell interface

of 44,000 x 10° per grain (Wang et al., 1995).

@ Estimates of microchannel radii of plasmodesmata (for details, see Section Is Symplasmic Sieve Element Unloading Dominated by Bulk Flow?)

bObserved by volume flow rate (R,) of 11.6 x 10'3 nm3 s~ (Fisher, 1990).
° Averaged phloem sap viscosity of 2 x 10-9 MPas (Mullendore et al., 2010).

9 Cell wall thickness and hence plasmodesmatal length between SE/CC complexes and vascular parenchyma cells in developing wheat grains—500 nm (Fisher and

Cash-Clark, 2000a).

¢R, predicted using the nominated data sets in the Hagen-Poiseuille Law (Equation 1).

f Microchannel numbers supporting observed R, derived as the ratio of observed by volume flow? to predicted flow rate per microchannel® .

9Microchannel numbers per plasmodesmata were estimated assuming that their equators (diameters) are positioned on a circumference of half the internal

radius (i.e., 10.5 nm—\Wang et al., 1995) of plasmodesmata interconnecting SE/CC complexes to vascular parenchyma cells and that they occupy 50% of this

circumference.

h Plasmodesmal numbers supporting the observed R, derived as the ratio of microchannel numbers supporting observed R,' and microchannel numbers per

plasmodesmata? .

1.0 MPa. Overall, these analysis demonstrate that known numbers
of plasmodesmata interconnecting SE/CC complexes with adja-
cent vascular parenchyma of developing wheat grains can support
observed volume flow rates if their microchannel radii are 1 nm or
greater. Significantly, this conclusion can be extended to root tips
as the observed hydrostatic pressure differences (Table 2) are of
a comparable magnitude to model based predictions required to
account for symplasmic transport by bulk flow (Brete-Harte and
Silk, 1994).

If bulk flow is the primary transport mechanism by which
resources are symplasmically unloaded from release phloem, it
follows that rates of phloem unloading should respond propor-
tionately to alterations in hydrostatic pressure differences between
SEs and recipient sink cells. Consistent with this proposition
is the finding that exposing root tips (Schulz, 1994; Pritchard
et al., 2000) or abraded portions of mature stems, known to be
unloading symplasmically (Patrick and Offler, 1996), to solutions
containing non-permeating osmotica (mannitol and polyethy-
lene glycol-8000 respectively), increased accumulation of phloem
imported '*C-photoassimilates at the osmoticum-exposed sites.
Since polyethylene glycol-8000 does not penetrate cell walls
(Carpita et al., 1979), water withdrawal is restricted to the outer
cortical cells. As a consequence, a presumptive radial gradient
in turgor pressure (see Meshcheryakov et al, 1992) must be
increased to account for enhanced bulk flow of phloem sap
from SEs to cortical cells (Patrick and Offler, 1996). Linkage
between cortical cell turgors and phloem unloading rates have

been verified by real-time monitoring of cortical cell turgor
and '!'C-photoassimilate import prior to, during and following
exposure of maize root tips to mannitol (Pritchard et al., 2005).
Similarly, attenuating hydrostatic pressure differentials have been
shown to retard phloem unloading rates of photoassimilates. For
instance, potassium deficiency slowed phloem unloading in bar-
ley root tips and this response was linked with a depression of SE
hydrostatic pressures whilst cortical cell pressures remained unal-
tered (Gould et al., 2004a and see Table 2). Conversely exposure
of maize root tips to galactose dissipated the radial hydrostatic
pressure gradient by increasing cortical cell turgors causing a
proportionate decrease in photoassimilate unloading (Pritchard
et al., 2004).

Since SE/CC complexes and vascular parenchyma cells share
identical apoplasmic water potentials, turgor differentials arise
from intracellular osmotic differentials and, as a result, concen-
tration differences of phloem sap constituents. Hence diffusion
must be a component of phloem unloading and the issue of
the relative contributions of symplasmic phloem unloading
by diffusion and bulk flow becomes one of degree. Diffusion
rates (R;) of a solute i are described by Fick’s First Law of
diffusion as:

R; = DAAC/Ax (3)

where D is the diffusion coefficient of solute i; A is the cross-
sectional area (r = mr?) of the diffusional pathway; AC is the
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concentration difference of solute i between either end of the
diffusive pathway; Ax is the length of the diffusive pathway.

To explore the potential roles of diffusion (Equation 3) and
bulk flow (Equation 1) in SE unloading, published sucrose
concentrations in SEs (Fisher and Gifford, 1986) and vascular
parenchyma cells (Fisher and Wang, 1995) of developing wheat
grains were used to estimate rates of diffusion and bulk flow
through a range of microchannel radii examined in Table 3.
The findings show that rates of diffusion and bulk flow were
comparable for transport through a plasmodesmal microchannel
radius of 2nm for the wheat grain conditions (Table 4). Lesser
radii increasingly favored diffusion whilst larger ones increas-
ingly favored bulk flow. If the caveats around using intercellu-
lar movement of fluorescently-tagged macromolecules to obtain
valid measures of plasmodesmal microchannel radii do not apply
(see Section Is Symplasmic Sieve Element Unloading Dominated
by Bulk Flow?), then this outcome fits nicely with symplas-
mic unloading from SEs through plasmodesmal microchan-
nels, with radii in the range of 4-8 nm, being dominated by
bulk flow (Table4). As a corollary to this conclusion plas-
modesmal microchannel radii of these dimensions may ensure
phloem unloading occurs by bulk flow suggesting that this mech-
anism offers a selective advantage over diffusion in phloem
unloading (for further discussion, see Section Does Bulk Flow
Offer Advantages over Diffusion to Symplasmic Sieve Element
Unloading?).

Currently, there is only limited, and indirect, experimental evi-
dence that offers a means of distinguishing between diffusion and
bulk flow as mechanisms for phloem unloading. For instance, dis-
tribution of unloaded '*C-photoassimilates imported into coats
of developing pea seeds occurs into distinct sectoral patterns
(Grusak and Minchin, 1988). This is consistent with unload-
ing by bulk flow rather than by diffusion that would result in
14C-photoassimilates being dispersed equally in all directions.
Similarly, correspondence of relative accumulation patterns of
symplasmically unloaded non-metabolizable substrates (14C-L-
glucose and fluorescein) with that of *C-sucrose along elon-
gating pea epicotyls, independent of their differing symplasmic
concentration gradients, suggests symplasmic unloading of these
disparate solutes is primarily by bulk flow rather than diffusion
(Gougler Schmalstig and Cosgrove, 1990).

DOES BULK FLOW OFFER ADVANTAGES OVER DIFFUSION TO
SYMPLASMIC SIEVE ELEMENT UNLOADING?
The most obvious answer to this question is embedded in a com-
parison of the Hagen-Poiseuille Law for bulk flow (Equation 1)
and Ficks First Law of diffusion (Equation 3). That is, rates of
these two processes are proportional to the radius of the con-
ducting pipe raised to the fourth and second powers respectively.
Thus, control of pipe radius can exert a four-fold greater control
over rates of bulk flow compared to diffusion. This translates into
an operational system whereby modest changes in microchannel
dimensions can elicit substantial impacts on bulk flow rates of
solute unloading from release phloem as illustrated in Tables 3
and 4.

In addition to optimizing control over phloem unloading (see
above), bulk flow also avoids a dependence upon a very high level

Table 4 | Comparison of estimated transport rates of sucrose by
diffusion and by bulk flow through a specified range of
plasmodesmal microchannel radii each with a length of 500 nm for
reported sucrose concentrations (C) in SEs? and vascular parenchyma
cells® of developing wheat grains.

Microchanne Transport rates (x10~° nmols—1) by:

radius (nm)
Diffusion at a AC (mM) of: Bulk flow at a C (mM) of:
200 400 450 600
0.5 1.64 3.28 0.22 0.14
1.0 6.53 13.1 1.77 2.36
1.5 14.7 29.4 8.95 1.9
2.0 26.2 52.3 28.2 37.7
4.0 105 209 453 603
8.0 418 837 7241 9,655

Rates of sucrose diffusion were estimated using Fick's First Law® (Equation 3)
for two trans-plasmodesmal differences in sucrose concentration (A C). Bulk flow
rates of sucrose were estimated as the product of estimated volume flow rates
(see Table 3 and Equation 1) and SE sucrose concentrations (C)°.

@Sucrose concentrations of SE sap collected from exuding pedicels of develop-
ing wheat grains ranged from 450 to 600 mM (Fisher and Gifford, 1986).
bSucrose concentrations detected in frozen tissue slices of developing wheat
grains containing vascular parenchyma cells ranged from 200 to 260 mM (Fisher
and Wang, 1995). These concentrations are assumed to be representative of
cytosolic sucrose concentrations in vascular parenchyma cells abutting SE/CC
complexes. This assumption is an approximation as it respectively accepts that
cytosolic and vacuolar sucrose concentrations are in equilibrium and that the
sucrose concentration in all vascular parenchyma cells is identical.

¢ Dsycrose is 0.52 x 10 nm? s~ in water at 25 °C. AC values are derived from
differences between SE? and vascular parenchyma® sucrose concentrations.

of co-ordination of unloading between individual solute species
to avoid compromising phloem transport as outlined in the fol-
lowing scenario. If symplasmic unloading were to occur primarily
by diffusion, then a mechanism must be present to ensure exit
rates of each solute species and water from release phloem SEs
match their rates of replenishment by axial transport. This is
not a trivial requirement as diffusion rate of each solute mov-
ing through the same unloading pathway geometry depends not
only on their concentration differences between SEs and vascular
parenchyma cells but also on their individual diffusion coeffi-
cients (see Equation 3). Moreover phloem-imported water will
diffuse at rates dictated by water potential differences between
SE-CCs and vascular parenchyma cells. In these circumstances it
would be very problematic for axial rates of each solute and water
transported into, to match those of their diffusional exit from,
release phloem SEs. As a consequence, regulation of ST hydro-
static pressures of release phloem could be compromised. This
problem does not apply if SE unloading were to occur by bulk
flow since solutes and solvent are transported at identical fluxes
(i.e., velocities).

HYDRAULIC CONDUCTANCES, NOT HYDROSTATIC PRESSURE
DIFFERENTIALS, REGULATE SYMPLASMIC UNLOADING

Studies using root tips currently provide the most information on
which to evaluate relative regulatory influences of plasmodesmal
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hydraulic conductances (i.e. the manifolds—see Figurel and
Equation 2) and hydrostatic pressure differentials (Equation 1)
on phloem unloading. Axial profiles of cortical cell turgors along
roots of a number of plant species have been found to be invari-
ant compared to a distinct axial profile (commencing at the root
tip) of accelerating and de-accelerating zones of extension growth
and hence solute import rates (Pritchard et al., 2000). The accel-
erating zone of root extension is symplasmically coupled with
release phloem whilst the de-accelerating extension zone may
(Stadler et al., 2005a) or may not be symplasmically-coupled
(Pritchard et al., 2005) depending upon prevailing source/sink
ratios (Patrick and Offler, 1996). Absence of any inverse relation-
ship between accelerating rates of root extension (a measure of R,
and see Equation 1) and cortical cell turgor points to hydraulic
conductances of plasmodesmata, located along the symplasmic
unloading pathway, exerting a major regulatory influence over
radial fluxes of water and hence solutes travelling from SEs
to cortical cells. This explanation also accounts for transport
behaviors in developing seeds whereby coat cell turgors were
found to be invariant across a three-fold range of seed growth
rates exhibited between French bean cultivars (Thomas et al.,
2000).

Manipulating extension growth of, and hence resource import
into, root tips can reproduce the above findings. For instance,
acid-induced increases in root extension rates were not accompa-
nied by any change in cortical cell turgors (Winch and Pritchard,
1998). Similarly, a step 20°C decrease in root tip temperature
elicited an immediate slowing of photoassimilate import whilst
cortical cell turgors remained unaffected (Pritchard et al., 2000).
In addition, responses of resource unloading to these experi-
mental perturbations were rapid (Winch and Pritchard, 1998;
Pritchard et al., 2000) suggesting that any alterations in plasmod-
esmal hydraulic conductances likely result from plasmodesmal
gating rather than de novo plasmodesmal formation.

The proposed role of plasmodesmal hydraulic conductances
in regulating phloem unloading does not preclude shifts in
hydrostatic pressure differentials between SEs and cortical cells
exerting an influence such as demonstrated for potassium defi-
ciency (Gould et al., 2004a) and decreasing extensibility of root
tip cells following exposure to galactose (Pritchard et al., 2004).
Therefore, there is a need to accommodate hydrostatic pressure
differentials and plasmodesmal hydraulic conductances into a
unified regulatory scheme. One possible scenario is hydrostatic
pressure differentials exert a course control around which plas-
modesmal hydraulic conductance elicit fine control. This concept
is supported as follows. Since hydrostatic pressure differentials
between SEs and surrounding cells represent more than 80% of
SE hydrostatic pressures (Table 2), there is only modest scope
for increasing hydrostatic pressure differentials and reductions
will depend upon major decreases in SE, or increases in sink
cell, hydrostatic pressures. Thus, at best, alterations in hydrostatic
pressure differentials could impose course control over resource
unloading. In contrast, for a given hydrostatic pressure differ-
ential, the Hagen-Poiseuille Law (see Equation 1) predicts that
relatively small alteration in hydrodynamic radii of plasmodes-
mal microchannels will exert considerable fine control over their
hydraulic conductances (radius to the fourth power) determining

bulk flow or their permeabilities (radius raised to the second
power—see Equation 3) for diffusion.

Control of phloem unloading by plasmodesmal hydraulic con-
ductances could be exerted at two levels. First, plasmodesmal
geometries (widths; lengths—Equation 2) and densities, formed
during their development at various cellular interfaces located
along phloem unloading pathways set upper limits for symplas-
mic hydraulic conductances. For example, inferred from Stoke’s
radii of the permeating molecules, these data yield conserva-
tive estimates of plasmodesmal microchannel radii for phloem
and non-phloem domains that extend over a two-fold range
(see Section Is Symplasmic Sieve Element Unloading Dominated
by Bulk Flow?). In relative terms, these radii translate into a
16-fold range of hydraulic conductances. Second, plasmodes-
mal gating (open versus closed), mediated by callose deposi-
tion/hydrolysis around plasmodesmal neck regions, has been
demonstrated to play a key role in regulating transmission of
macromolecular signals orchestrating cell development (Burch-
Smith and Zambryski, 2012). Plasmodesmal gating by callose
deposition/removal also appears to apply to the transport of small
molecules by the rapid responses to exposure of root tips to
hydrogen peroxide (Rutschow et al., 2011). In addition, when
root tips of hydroponically-grown pea seedlings were exposed to
hyperosmotic conditions, plasmodesmal neck constrictions dis-
appeared and their cytoplasmic sleeved expanded within 1h of
transfer to solutions containing 350 mM mannitol (Schulz, 1995).
Significantly, these alterations in plasmodesmal canal geometries
coincided with a three-fold increase in phloem unloading rates at
the root tips (Schulz, 1994).

HOW IS SINK DEMAND COMMUNICATED TO REGULATE
PLASMODESMAL CONDUCTANCES?

Conductance for symplasmic movement between two adjacent
cells is a function of their averaged conductance of plasmodes-
mata summed over the density of plasmodesmata located in their
shared wall. Plasmodesmal densities are under both positional
and developmental control (Burch-Smith and Zambryski, 2012).
Regulatory mechanisms controlling plasmodesmal densities are
beginning to be discovered and these exert a predictable positive
influence on overall symplasmic conductance (e.g., Burch-Smith
and Zambryski, 2010; Xu et al., 2012). For root apices, plasmodes-
mal densities in transverse walls are higher than those in periclinal
walls and both densities progressively decrease with distance
from the vascular tissues (Zhu et al., 1998). This plasmodesmal
network possibly contributes to canalizing longitudinal flow of
solutes from the phloem to root apical meristems (Stadler et al.,
2005a). A similar scenario likely applies to shoot apical meristems.
In contrast, a distinguishing feature of symplasmic unloading
pathways servicing expansion/storage sinks is that plasmodesmal
densities are least at their SE-CC/phloem parenchyma cell inter-
faces (Patrick and Offler, 1996). The bottleneck imposed by plas-
modesmal densities at the SE-CC/phloem parenchyma cell inter-
face is consistent with it being a major control point for phloem
unloading (and also see Sections Axial Hydraulic Conductances
of Sieve Tubes are Considerably Higher than Those of Phloem
Unloading Pathways and Symplasmic Phloem Unloading by Bulk
Flow Through a Plasmodesmal Manifold). This feature focuses
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attention on hydrodynamic radii of plasmodesmal canals at this
interface as a major influence over symplasmic conductance
(Section Symplasmic Phloem Unloading by Bulk Flow Through
a Plasmodesmal Manifold and Tables 3 and 4). How plasmod-
esmal conductances may be co-ordinated with temporal shifts
in downstream sink demand can be speculated upon from an
emerging understanding of how plasmodesmal conductances are
regulated. This question is explored separately for meristematic
and expansion/storage sinks.

Within meristematic sinks, plant hormones regulate rates of
cell division and hence sink demand. This hormone function
is linked with their ability to directly act on transport pro-
cesses delivering resources to hormone-enriched sites (Patrick,
1987). Fully-elongated bean stems, following surgical removal of
acropetally growing regions and treating the decapitated stem
stumps with plant hormones reproduces the hormonal sta-
tus of meristematic sinks, but with the absence of cell divi-
sion/expansion and hence altered sink demand (Patrick, 1987
and literature cited therein). Using the decapitated stem model,
in which differentials in sucrose concentration or cell turgor
between stem SEs and cortical cells were clamped experimentally,
demonstrated that cytokinins and gibberellins stimulated phloem
import of photoassimilates by increasing plasmodesmal per-
meabilities or conductances respectively along the symplasmic-
unloading pathway at the site of hormone application (Patrick
and Offler, 1996). How hormones exert their putative control
of plasmodesmal permeabilities/conductances is unknown, but
the rapid (h) and step change in rates of photoassimilate import
by stems treated with gibberellin or cytokinin (Mulligan and

Meristematic sink

Plasmodesmal
transport

FIGURE 2 | Model of a high resistance pathway encountered by
resource flow from transport phloem (green) into meristematic sinks
through protophloem SEs differentiating from provascular cells (khaki)
arranged in series with symplasmic movement through
plasmodesmata of meristematic cells (brown). One tier of sink control
of resource import is mediated by phytohormones integrating hydraulic
conductances of this transport pathway with sink demand as illustrated for
indole-3-actic acid (IAA), gibberellic acid (GA3) and cytokinins (Cytks). During
differentiation, each developing SE forms a large central vacuole (blue) and
conspicuous protein bodies and plastids (red). Their vacuole and nucleus
(purple) finally degrade to leave a parietal cytoplasm of protein bodies and
plastids. Co-incidentally pit fields of plasmodemata coalesce into sieve
pores.

Patrick, 1979; Turvey and Patrick, 1979) is consistent with post-
translational regulation. Rapid (h) effects on plasmodesmal per-
meabilities have been reported in Arabidopsis root tips exposed to
hydrogen peroxide (Rutschow et al., 2011) providing a regulatory
pathway through which hormones (De Tullio et al., 2010) may
or may not act on plasmodesmal conductances. At this juncture,
hormonal control of plasmodesmal permeabilities/conductances
awaits independent verification (cf. Burch-Smith and Zambryski,
2012 and see Rutschow et al., 2011), but offers an attractive model
of matching resource delivery with resource demand by meris-
tematic cells. Based on observations in root apices (see Section
Axial Hydraulic Conductances of Sieve Tubes are Considerably
Higher than Those of Phloem Unloading Pathways), the primary
site at which hormonal control is likely to be exerted over bulk
flow rates is on the combined hydraulic conductances of plasmod-
esmata and differentiating sieve pores located in the provascular
strands canalizing an axial flow of resources toward the root
meristem (and see Figure 2). In addition, hormonal regulation of
protophloem formation from provascular strands (Aloni, 2010) is
accompanied by coalescing pit fields of plasmodesmata into sieve
pores with radii several orders larger than those of plasmodesmal
microchannels thus conferring substantial increases in hydraulic
conductances of axial transport pathways (see Equation 2).

For expansion/storage sinks, some insights into the regula-
tory mechanisms integrating sink demand with plasmodesmal
control of resource flow along phloem unloading pathways has
been obtained from observations of developing seeds. Phloem
unloading pathways in developing seeds universally contain a
symplasmic discontinuity at, or proximal to, their maternal and
filial interfaces at which phloem-imported resources are released
to, and retrieved from, the seed apoplasmic space (Zhang et al.,
2007a and see Figure 3). A hint that hydraulic conductances of

Storage sink

Seed coat
Efflux cells

Apoplasmic
space

Cotyledon
SE/CC

Storage

FIGURE 3 | Turgor homeostasis model of phloem unloading in
developing seeds of grain legumes. Sucrose uptake by, and storage, in
cotyledons is coupled through a negative feedback transcriptional
regulation of sucrose transporter activity mediated through intracellular
sucrose levels. Activities of seed coat sucrose effluxers are coordinated
with cotyledon demand by a turgorhomeostat mechanism that osmotically
(1) detects alterations (error signal) in apoplasmic sucrose pool sizes as a
deviation from a turgor (P) set point. Symplasmic unloading from release
phloem SE/CC complexes by bulk flow is regulated by plasmodesmal
hydraulic conductances (L,) under control of the turgor homeostat
functioning as a central control hub to regulate resource flow from SE/CC
complexes to ultimate storage in cotyledons.
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plasmodesmata, forming the maternal component of the sym-
plasmic unloading pathway (Figure 3), regulate resource flows is
the finding that a pharmacological block of sucrose uptake into
endosperm of attached wheat grains was not accompanied by
any change in sucrose concentrations located in cells forming the
phloem unloading pathway in maternal grain tissues (Fisher and
Wang, 1995). The absence of continued phloem unloading into,
and accumulation of sucrose by, maternal grain tissues suggests
that plasmodesmata linking SEs to resource release sites in the
nucellus projection (Wang et al., 1995) must have immediately
gated closed upon inhibiting sucrose uptake into the endosperm.
The response points to a direct link between sucrose uptake by
endosperm and plasmodesmal conductances at SE-CC-vascular
parenchyma interfaces. This proposed relationship accounts for
the observed invariance of sucrose concentrations, located at
various points along phloem-unloading pathways in developing
seeds, when sucrose fluxes are altered (Fader and Koller, 1985;
Thomas et al., 2000). The mechanism responsible for adjusting
plasmodesmal conductances at SE-CC/phloem parenchyma cell
interfaces with activities of membrane transporters responsible
for resource transit to, and from, seed apoplasmic spaces is not
known. However, a reasoned case can be made for cell turgor
integrating these disparate transport processes based on a turgor-
homeostat mechanism that co-ordinates resource release to, and
uptake from, seed apoplasmic spaces (Zhang et al., 2007a and
see Figure 3). Cell turgor-regulated control of plasma membrane
transporter activities located in seed maternal tissues is mediated
through mechano-sensitive properties of the actin cytoskeleton
detecting subtle turgor-induced changes in cell volume (Zhang
et al., 2007b). Since components of the actin cytoskeleton form
part of the plasmodesmal canal sub-structure and actin dynamics
can influence plasmodesmal permeabilities (White and Barton,
2011), it then follows that plasmodesmal conductances at the
SE-CC/phloem parenchyma cell interface may be co-ordinately
regulated with activities of membrane transporters to meet alter-
ations in resource demand by filial tissues of developing seeds.
In addition, actin-dependent control of plasmodesmal hydraulic
conductances, through a turgor-homeostatic mechanism, likely
operates to regulate phloem unloading of resources during the
pre-storage phase of seed development. To directly test this pro-
posed mechanism experimentally will not be a trivial exercise.

THE HIGH-PRESSPURE MANIFOLD MODEL AND CROP
BIOMASS YIELD POTENTIAL

Crop biomass yield potential is the harvested yield per plant of
any cultivar raised under optimal environmental conditions for
its development in the absence of any limitation imposed by
abiotic or biotic stresses (Evans and Fischer, 1999). This yield
parameter has proven to be a reproducible and robust selection
tool in conventional breeding programs for crop yield realized
at the farm gate (Fischer and Edmeades, 2010). Components of
crop biomass yield are the number of harvested units (seed, fruit,
tubers etc.) per plant and the average biomass per harvested unit.
Numbers of harvested units per plant are determined during the
meristematic (pre-storage) phase of yield organ development. For
example, at fruit and seed set, their relative levels of loss through
abortion largely govern their numbers at harvest. In addition,

longevity of the meristematic phase determines cell numbers of
each harvestable unit and hence their harvested size. Both abor-
tion and meristematic activity are very sensitive to abiotic stresses
(Ruan et al., 2012). Cessation of meristematic activity is replaced
by cell expansion and accumulation of storage product(s)—the
so-called storage phase of harvestable organ development dur-
ing which crop biomass yield potential, set during the pre-storage
phase, is realized.

The elements carbon, hydrogen and oxygen account for ca
90% of crop biomass yield. These elements reach the harvested
units as phloem-imported sugars that form the major osmot-
ica generating ST hydrostatic pressures propelling bulk flow
from source to sink. The preceding analysis of the high-pressure
manifold model of phloem transport identified hydraulic con-
ductances of plasmodesmata, located at the sink-end of phloem
pathways, as key regulators of bulk flow rates from source
to sink and for partitioning of flow rates between competing
sinks (Figure 1). This should position the high-pressure mani-
fold model of phloem transport as a core determinant of crop
biomass yield potential; a claim yet to be verified experimentally.
However, as reviewed below, there are hints, based on circumstan-
tial evidence, that hydraulic conductances of phloem unloading
pathways play a central role in determining harvested organ num-
bers per plant as well as influencing their rates of storage product
accumulation and hence their harvested biomass.

The pre-storage phase of harvestable organ development is
photoassimilate limited as demonstrated by positive responses of
harvestable organ numbers to elevated source/sink ratios (Ruan
et al., 2012). Interpreted in terms of the high-pressure man-
ifold model of phloem transport, increased source output of
photoassimilates ultimately results in elevated sucrose concen-
trations accumulating in, and hence raising hydrostatic pres-
sures of, the collection and transport phloem. This would result
in increased hydrostatic pressure differentials forming across
the low hydraulic conductance axial pathways of developing
provascular stands linking the transport phloem with meris-
tems of developing harvested organs (Section Conditions for
High Hydrostatic Pressures Throughout Sieve Tube System With
Minimal Gradients from Source to Sink). As a consequence, bulk
flow rates of phloem sap increase into these tissues as shown
by altering ST hydrostatic pressure potentials of release phloem
and ground cells of root tips (Gould et al., 2004a; Pritchard
et al., 2004). However, elevating crop photosynthesis as a yield
improvement strategy at the pre-storage phase of development
can be questioned on efficiency grounds since meristem carbon
demand is considerably less than whole plant photoassimilate
production. In addition, harvest unit abortion appears to be
regulated by sugar signals averting expression of programmed
cell death genes and depressing genes regulating cell division
(Ruan et al., 2012). These regulatory events would require only
small increases in photoassimilate import into pre-storage sinks.
In this context, altering hydraulic conductances of axial path-
ways of developing provascular strands provides a sink specific
action on resource flows and does not encounter a carbon cost.
As outlined in Section How Is Sink Demand Communicated to
Regulate Plasmodesmal Conductances?, plant hormones could
function in this way (see Figure2). Consistent with this
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proposition, transgenic upregulation of hormonal levels in har-
vestable units during their pre-storage phase of development has
been found to result in increasing numbers of harvestable units.
For example increased numbers of seeds (Radchuk et al., 2012),
fruit (Bartrina et al., 2011) and tubers (Prat, 2010) per plant.
For developing seeds, another layer of control could be exercised
by sink demand of their filial tissues sensed through a tur-
gor homeostatic mechanism that adjusts plasmodesmal hydraulic
conductances of phloem unloading pathways delivering resources
to these sinks (see Figure3 and associated text in Section
How Is Sink Demand Communicated to Regulate Plasmodesmal
Conductances?). This scenario is illustrated by transgenically
expressing a post-translationally de-regulated Zea mays ADP-
glucosepyrophosphorylase, under control of an endosperm-
specific promoter, in pre-storage grains of wheat (Smidansky
et al., 2002), rice (Smidansky et al., 2003) and maize (Hannah
et al., 2012). The transgenic plants supported 36, 19 and 23
percent increases respectively in grain numbers per plant and
hence their biomass yields without compromising size (biomass)
of their individual grains. Interestingly, increased sink demand
of the developing seeds led to a de-repression of leaf photosyn-
thesis in wheat (Smidansky et al., 2007) consistent with spare
phototosynthetic potential during the pre-storage phase of seed
development.

The storage phase filling rates are characteristically sink-
limited (Borras et al., 2004). The low hydraulic conductances
of plasmodesmata interconnecting SE-CC complexes with adja-
cent phloem parenchyma cells in the release phloem of storage
phase sinks could well account for a component of their sink
limitation (see Section How Is Sink Demand Communicated
to Regulate Plasmodesmal Conductances?). For example, in
order to generate a 10% increase in bulk flow rates through
these plasmodesmata in storage-phase wheat grain would require
depressing phloem parenchyma cell hydrostatic pressure to zero
(see Table 2). In contrast, the turgor-homeostat linkage between
filial sink demand and plasmodesmal hydraulic conductances
(Figure 3 and see Section How Is Sink Demand Communicated to
Regulate Plasmodesmal Conductances?) readily could be accom-
modated by increasing radii of their plasmodesmal canals by
1.3% (Table 3) as predicted by the Hagen-Poiseuille Law (see
Equation 1). That such an outcome is achievable has been demon-
strated by transgenic increases in sucrose transporter activity of
filial tissues of developing pea (Rosche et al., 2002) and wheat
(Weichert et al., 2010) seeds increasing seed biomass gains by
23 and 16 percent respectively under controlled environmental
conditions.
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