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Abstract

It has been shown that long-distance transport of solutes through the phloem
within plants is driven by an osmotically generated pressure gradient, with associated
radial exchange of water in the source and sink regions. However, there is also water and
solute exchanges along the long-distance pathway, but their magnitudes are poorly known
and their physiological role has rarely been investigated, especially in mathematical mod-
els of phloem transport. Therefore, this study investigated the magnitude of these fluxes
in stems, and what can regulate them, by both theory and experiment. A steady state
model of phloem transport developed using Navier-Stokes and convection-diffusion eq-
uations with allowance for water and solute exchange along the pathway showed that
radial water exchange affects the pressure gradient. Solute exchange, dependent on the
phloem cells permeability, also affects the pressure gradient by modifying water ex-
change. This result is significantly different from Hagen-Poiseuille flow which has been
used so far in most mechanistic descriptions of phloem transport, not considering solute
radial exchange. The experimental approach to investigate the importance of radial ex-
change of water and solutes on phloem transport made use of *'C to non-invasively trace
sugars, and transfer-function analysis to calculate tracer transport and unloading in squash
and wheat plants, in response to treatments of the stem apoplast by perfusion with test
solutions. In squash, effects of treatments with sucrose or mannitol on tracer unloading
were similar at concentrations up to 300 mM. At 500 mM mannitol caused a transient
stoppage of phloem transport, unlike sucrose. Application of mannitol may have caused a
more abrupt osmotic shock than sucrose because of a higher permeability into the tissue,
corresponding to its lower molecular size. In squash, the loss of tracer increased in the
presence of PCMBS, which inhibits membrane transport, suggesting that there was
phloem reloading of sugar via membrane transport from the apoplast. The observed re-
sponse to apoplastic treatments was interpreted with a simple compartmental model:
changes in the apoplast water potential and solute exchange greatly affected phloem
transport, in agreement with the experimental work. Both the theoretical and experimental
approaches showed that radial solute and water exchange in pathway regions between
sources and sinks have to be recognised for a better understanding of phloem transport to

be possible.



Zusammenfassung

Seit langem ist bekannt, dass der Langstreckentransport geldster Stoffe im Phloem
der Pflanzen durch einen osmotisch getriebenen Druckgradienten bewirkt wird, der mit
dem radialen Austausch von Wasser in den Belade- und Speicherorganen verknipft ist.
Allerdings gibt es auch Austauschvorgange von Wasser und geldsten Stoffen entlang der
Transportstrecke, Uber deren GréRenordnung aber wenig bekannt ist und deren physiolo-
gische Rolle selten untersucht wurde, insbesondere in mathematischen Modellen des
Phloemtransports. In der vorliegenden Studie wurden daher die GroRe dieser Flisse in
Sprossachsen und ihre Regulation sowohl theoretisch als auch experimentell untersucht.
Auf  der Grundlage der  Navier-Stokes-Gleichungen und  Konvektions-
Diffusionsgleichungen wurde ein stationdres Modell fir den Phloemtransport entwickelt,
das radialen Austausch von Wasser und geldsten Stoffen entlang des Transportweges
zulasst und zeigte, dass lateraler Wasseraustausch den Druckgradienten beeinflusst. Auch
der Austausch gelOster Stoffe, der von der Permeabilitat der Phloemzellen abhéngt, beein-
flusst den Druckgradienten durch Anderung des Wasseraustauschs. Dieses Ergebnis
unterscheidet sich deutlich vom Hagen-Poiseuille-Fluss, der bisher fiir die meisten
mechanistischen Beschreibungen des Phloemtransportes benutzt wurde, aber keinen ra-
dialen Austausch geldster Stoffe berlcksichtigt. Experimentall wurde in Weizen und
Krbispflanzen der Einfluss des radialen Austausches von geldsten Stoffen und Wasser
auf den Phloemtransport untersucht durch nicht-invasive Messung von *'C als Tracer fiir
Zucker, wobei der Apoplast der Sprossachsen mittels Perfusion mit verschiedenen
Testlésungen behandelt wurde. Zur Bestimmung des Transportes und Austauschs des
Tracers wurde eine Transfer-Funktions-Analyse verwendet. Bei Kirbispflanzen gab es
zwischen Behandlungen mit Saccharose und Mannit bei Konzentrationen bis zu 300 mM
keine signifikant unterschiedlichen Auswirkungen auf die Tracerentladung. Bei 500 mM
Mannit kam es jedoch, anders als bei Saccharose, zu einem voriibergehenden Stoppen des
Phloemtransportes. Dies ist mdglicherweise auf einen im Vergleich zu Saccharose
abrupteren osmotischen Schock zurtickzufiihren, da Mannit aufgrund seiner geringeren
MolekilgroRe eine hohere Permeabilitat in das Gewebe hat. Bei Kurbispflanzen erhéhte
sich der Tracerverlust in der Gegenwart des von PCMBS, was damit erklart werden kann,
dass die Phloemriickbeladung geldster Teilchen aus dem Apoplasten durch diesen Mem-
brantransporthemmstoff blockiert wurde. Die beobachteten Reaktionen auf die Behand-
lung des Apoplasten wurden mit Hilfe eines einfachen Kompartimentmodells interpre-
tiert: in Ubereinstimmung mit den experimentellen Resultaten ergab sich, dass Anderun-
gen im apoplastischen Wasserpotential und Austausch der geldsten Stoffe einen grolRen
Einfluss auf den Phloemtransport haben. Sowohl die theoretischen als auch experimentel-
len Ansétze zeigen, dass der radiale Austausch von gelGsten Stoffen und Wasser auf der
Transportstrecke zwischen Quellen und Senken fiir ein besseres Verstandnis des Phloem-
transportes beriicksichtigt werden muss.



Introduction

1. Introduction

Phloem transport denotes long-distance transport, mainly of assimilates arising
from photosynthesis, and is the movement of a solution in a continuum of interconnected
cells, the so-called sieve tubes, within the phloem of the vascular tissues in plants. It is
currently accepted that solutes enter and exit the sieve tubes at sources and sinks, water
enters and exits osmotically, and the solution moves in these sieve tubes due to the conse-
quent osmotically generated pressure gradient: the theory of Minch pressure flow (1927,
1930). However, there is also a considerable radial exchange of solutes between the sieve
tubes and the adjacent cells along the long-distance pathway between source and sink
regions, associated with storage of resources and growth of tissues (Minchin & Thorpe,
1984). The regulation of these radial exchanges has rarely been studied, nor has their role
been addressed in mechanistic modelling of phloem transport. This omission is not only a
major gap in the description of phloem transport, but it also makes the mathematical
modelling an unsatisfactory tool for better understanding the vast amount of experimental

data concerning phloem physiology.

1.1 Main Objectives

This study concerns solute and water exchanges between the long-distance phloem
pathway and its surroundings in plant stems, which includes the apoplast, the free diffu-
sional space outside plasma membranes, and what can regulate them, making use of both
theoretical and experimental approaches. The aim was to construct a mechanistic model
that, complemented with experiments, would tell us about the importance of unload-
ing/reloading processes along the sieve tubes for long-distance transport in the phloem
pathway regions. The magnitude of the radial fluxes in stems, and what can regulate
them, was studied experimentally, and the implications for the theory of phloem transport

were investigated.
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1.1.1 Theoretical Approach

First, an extensive review of the literature on mathematical modeling of phloem
transport, and the extent to which it included the increasing knowledge of phloem physi-
ology is given. From the physical point of view, phloem sap may be seen as a viscous
water solution in which sugars make the largest fraction of solutes, flowing slowly
through highly specialized sieve tube elements. Therefore, the Navier-Stokes equations
were chosen since they rigorously describe the motion of fluids, and used to construct a
steady state model of phloem transport. Previous models had been based on approxima-
tions. In addition, so as to assess the importance of water and solute exchanges on phloem
transport in plant stems, the convection—diffusion equation was applied to describe solute
movement within the phloem, with specific boundary conditions for the radial exchanges
of solute and water at the sieve tube membrane. These exchange processes were described
using the formalism of irreversible thermodynamics for transport across membranes (Ke-
dem & Katchalsky, 1958). In this way, a more realistic mechanistic model of phloem
transport as a leaky system was constructed. The main focus of this model was to study
the influence of solute permeability of the sieve tube membrane, and the physiological

conditions in the surrounding tissue, on phloem transport.

1.1.2 Experimental Approach

Non-invasive measurements were made in order to investigate the dependence of
phloem transport on the physiological conditions of the surrounding tissue. Phloem trans-
port was observed by the use of 'CO, to label photoassimilates. A solution perfusion
method was developed to allow the surrounding environment of the phloem cells to be
modified while observing long-distance transport. Different osmolytes and chemicals
were perfused to change the water status and solute content of the tissues. A compartmen-
tal model of water and solute exchanges in the stem perfused internode was developed to

interpret the experimental results.
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1.2 Plant Species

The plant species wheat (Triticum aestivum) and squash (Cucurbita maxima), both
with hollow stems, were chosen because perfusion of solutions was possible. Both of
these species have been extensively studied, giving a wide literature on their phloem
transport physiology. Wheat is an annual grass with a hollow stem around which the vas-
cular bundles are distributed symmetrically, although the bundles are some distance away
from the internode pith cavity (Patrick, 1972). Sucrose is the only sugar transported and
the stem internodes serve as the main storage organ (Hayashi & Chino, 1986; Gebbling,
2003). Squash is a climbing plant with long internodes having bicollateral vascular bun-
dles, i.e. there is phloem on either side of the xylem. The phloem is located very close to
the internode pith cavity so that penetration of solutions into the cavity is very likely and
allowing experimental modification of the apoplastic environment of phloem. The
phloem in squash, like other species of the Cucurbitaceae family, transports mainly oli-
gosaccharides such as stachyose, raffinose (Webb & Gorham, 1964; Hendrix, 1968,
Hsiang Bush, 1992) and verbascose (Hendrix, 1982). The oligosaccharides are translo-
cated throughout the sieve tubes and seem not to leave the phloem system (Schaffer et al.
1996; Webb & Gorham, 1964, 1965).
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2. Mathematical Modelling of Phloem

Transport: A Review

2.1 Translocation of Tracers

Since radioactive tracers have been used to study biological systems, plant physi-
ologists have seen it as valuable way of studying vascular transport. Monitoring tracer
movement within the plant body not only shows the pathways where transport occurs but
also allows quantitative measurements on speed and concentration of tracer. The first
mathematical analysis and description of translocation through the phloem was made by
Horwitz (1958) who derived several mathematical models in order to explain the trans-
port of radioactivity within a plant (**C, **P, **K and '*’Cs). Typically, *CO, is applied to
a leaf for a period of time and translocation is allowed to proceed down the stem. At vari-
ous times after the start of the labelling, plants are removed and the stems are cut up into
segments of known length. The total '*C activity is extracted and measured in each seg-
ment and in some cases the chemical composition of the radioactive material is also de-
termined. By repeating the experiment for various translocation periods, a spatial and
temporal picture of the kinetics of tracer distribution is built up. Vernon & Aronoff
(1952) and Biddulph & Cory (1957) found that if the logarithm of the '*C activity was
plotted as a function of distance down the stem, the profiles were linear during the early
stages of translocation; whereas later the profile either proceeded down the stem as an
undistorted straight line or developed into a convex curvilinear function of distance.
Horwitz’s (1958) main intention was to investigate whether the several theories of trans-
location proposed up to that time could explain the short term translocation patterns of
isotopically labelled materials in plants. In Horwitz’s simple models, “translocation is
visualized simply as involving unidirectional mass flow of the fluid contents of a pipe
(the sieve tube column) regardless of the actuating mechanism”. Solutes may diffuse
through the pipe walls, but convection of solutes through the water exchange between the
pipe and the surrounding medium is neglected. The system dimensions are small enough

so that diffusion gives sufficient mixing and the concentration of solutes is radially uni-
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form at any position in the tube, a regime termed “idealized slug movement”. Horwitz
considered two possible modes of passive solute exchange with the surrounding medium:
irreversible and reversible losses. Irreversible loss of observable solutes can be assumed
when the unloaded solute is immediately bound or is diluted into such a large external
pool that the specific radioactivity' remains very low in the time of the experiment. In
reversible loss, unloaded tracer can re-enter the sieve tube. In both cases the tracer efflux
rate is linear with the concentration of tracer in the sieve tube C;, and the influx rate is
linear with the external tracer concentration Cyy so that, from mass conservation, the

sieve tube tracer concentration gradient as given by Horwitz (1958) is:

dC; _ E(C
dx Av

C) (2.1)

out

in which A is the sieve tube cross sectional area, P is the sieve tube membrane perme-
ability to solutes and v is the phloem flow speed. Basically, the irreversible loss model is
a special limiting case of this model. Horwitz (1958) found better agreement with ex-
perimental data from Biddulph & Cory (1957) with irreversible loss of tracer only. It was
often shown experimentally that tracer profiles suggest reversible loss, with tracer accu-
mulating in the surrounding tissues (Clauss et al., 1964; Evans et al., 1963; Moorby et al.,
1963; Spanner & Prebble, 1962; Webb & Gorham, 1964; Whittle, 1970). Tyree (1975)
included irreversible loss of tracer by Michaelis—Menton kinetics in which the lateral sol-

ute flux, jis, 1s determined by:

. RdC,  ju..C
—— 1 _ _Jsmax ™I 22
T4 TR 4G @2)

Where R is the sieve tube radius, jsmax 1S the maximum rate of solute flux when all cata-
lytic membrane sites are filled and K, is the Michaelis—Menten constant — the solute con-
centration at which the flux reaches half of its maximum value. Tyree (1975) also found
good agreement with experimental data from Canny & Phillips (1963). Benefitting from
more available experimental data at the time, Tyree (1975) also extended Horwitz’s

model of reversible loss of tracer and found a very good agreement with experimental

! the amount of radioactivity per unit amount of substance.
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data from several plant species labelled with “C0, and THO (Canny, 1973). Horwitz
(1958) also studied the case of non-steady state of tracer concentration in the source re-
gion, where sugars are loaded into the phloem, and concluded that the change of the load-
ing rate with time in the source region influences the spatial distribution of tracer in the
plant dramatically. This was an important finding since experimentalists at that time con-
sidered, as many still consider today, that the tracer concentration at the source region is
constant in time. Tyree (1975) confirmed Horwitz’s findings.

Following the work of Horwitz, Evans et al. (1963) made use of Horwitz’s (1958)
bulk flow description of phloem translocation to interpret their measurements of tracer
observation using ''CO, labelling on soybean (Glycine max) (Moorby et al., 1963). This
included lateral irreversible loss of sugar at a constant rate which was linear with the local
sugar concentration. Their model brought no improvement over Horwitz’s ideas, since it
was only based on mass conservation equations for the tracer, and did not consider any
physiological process or mechanism. Nonetheless, it used experimental evidence to esti-
mate the translocation velocity of 1 cm.min™' (up to that time only possible to determine
very indirectly from '*C labelling), and the irreversible leakage of tracer along the path-

way (the stem) into the surrounding tissue at a rate of 0.8 %.cm™.

2.2 Miinch Pressure Flow Hypothesis

2.2.1 Steady State Models

2.2.1.1 Laminar Flow

The first mathematical and quantitative physical analysis of the Miinch hypothesis
(Miinch, 1926, 1927, 1930) for transport in the phloem — osmotic pressure flow theory —
was presented by Horwitz (1958). Horwitz’s model (Fig. 2.1) consisted of two pipes with
rigid walls. The phloem pipe is composed of an upper region where sugar is produced by
photosynthesis, an intermediate region analogous to the sieve tube, and a lower consum-
ing region where sugar is transformed into an osmotically less active form — sink region.
There is an adjacent second pipe, which is analogous to the xylem, containing only water,

separated from the sieve tube by a rigid membrane, and permeable to water but not to
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sugar. This second tube is connected to a water supply that is assumed to be limitless. In
Horwitz’s model, sugar produced in the photosynthetic region causes an osmotic influx of
water which raises the pressure at the head of the sieve tube column. Sugar solution flows
down the column, with water moving out of the sink region into the adjacent xylem pipe
the end of the column. Thus, both phloem and xylem compose an open system in which
water circulates throughout the plant body. If the photosynthetic and sugar consuming
rates are held constant, a steady state distribution of sugar concentration, pressure, and

flow velocity will be eventually achieved in the pipe simulating the sieve tube.

SR
PHOTOSYNTHETIC 7.
REGION é

O '] T®

1k

vedv padp l—
-

| |
CONSUMING 7
Rsewn{ % L) Cimitess
——) REsERVOIR

Figure 2.1 — Horwitz’s model of osmotic pressure flow theory. S — Sieve tube; Z — Xylem; v —

velocity; p — turgor pressure; x — spatial coordinate (in Horwitz, 1958)

Horwitz (1958) showed that the Hagen—Poiseuille equation (2.3) cannot be ap-
plied; nevertheless it has been used in phloem translocation studies for estimating turgor
pressure gradients and translocation speed (Aikman & Anderson, 1971; Amin, 1983;
Crafts, 1931; Fensom & Spanner, 1969; Nonweiler, 1975; Preston, 1963; Sheehy et. al.,
1995; Tammes et al., 1971; Weatherley, 1972; Weatherley & Johnson, 1968; Zimmerman
& Brown, 1971). Hagen—Poiseuille equation:
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. R d
j=—— 4P 2.3)
8u dx

which describes the pressure drop, Ep’ in the direction of flow in a laminar regime” of an

incompressible viscous fluid, of viscosity x, flowing with an average volume flux j (m.s™)
through a long cylindrical pipe, which is significantly longer than its diameter, with rigid
impermeable walls of constant circular cross section of radius R. Hence, it cannot be ap-
plied to a tube in which water is entering or leaving through the walls causing momentum
changes. Using some structural and anatomical data from Cucurbita pepo (Crafts, 1931)
and translocation speeds measured by Biddulph & Cory (1957), Horwitz (1958) estimated
that the Reynolds number” for translocation of a 10% (m/v) sucrose solution would be in
order of 10™ for both sieve tube lumen and sieve plate pores. This is well below the lower
critical Reynolds number that defines laminar pipe flow regime (< 2000) (Streeter et al.,
1998). Therefore, Horwitz (1958) concluded that flow in sieve tubes would be certainly
laminar, and suggested that with such a small Reynolds number the effects of viscosity
should far outweigh accelerative effects. In this particular case, for sieve tubes with radial
water exchange and even when undergo marked changes in form, e.g. sieve plate, Hor-

witz (1958) found that the dissipation of pressure is given by:

dp dv
——=—CV-2pV—o 24
e VTV (2.4)

ignoring gravity, assuming a linear relation between viscous forces and translocation
speed through a coefficient ¢ proportional to the solution viscosity x4 and p is the phloem
sap density. If one approximates the viscous resistance term, the first term of the right
hand side of equation (2.4), using Hagen-Poiseuille equation (2.3), and compares it with
the second term, referring to contribution of the inertial effects due to entrance and exit of

water through the pipe walls, determined from known rates of translocation, the viscous

sometimes known as streamline flow, occurs when a fluid flows in parallel layers, with no disruption between the
layers.
is a dimensionless number that gives a measure of the ratio of inertial forces to viscous forces and consequently quan-

tifies the relative importance of these two types of forces for given flow conditions.
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resistance term dominates. In this respect, the second term on the right hand side can be
dropped and the sieve tube pressure gradient can be written as proportional to the first

power of the average flow velocity:

dp _
dx

-GV (2.5)

Thereby, equation (2.5) should be a reasonable representation of the pressure gradient in
the sieve tube. Even though Horwitz (1958) points out that his model was too simple,
which may limit its use, for his purposes he concludes that the Miinch hypothesis agrees
with the spatial and temporal radioisotope profiles obtained. He considers that along the
phloem pathway there is unloading of radioactive tracer together with simultaneous water
exchange between the phloem and the surrounding tissue. Unfortunately, Horwitz does
not justify his conclusions regarding the Miinch hypothesis nor does he show as much

detail as he did with his other proposed models for tracer loss.

2.2.1.2 Radial Water Exchange

Because of the difficulty to observe functional sieve tubes and to measure turgor
pressure gradients along the phloem pathway, Young et al. (1973) proposed a mathemati-
cal analysis of the Miinch pressure flow hypothesis. Their model was based on the ex-
perimental setup made of dialysis tubing constructed by Eschrich ef al. (1972). Eschrich
et al. (1972) and Young et al. (1973) firmly argued against the use of Hagen—Poiseuille
equation to such flow regime because of the radial water exchange between sieve tubes
and the surrounding tissue. However, Eschrich et al. (1972) used a misleading experimen-
tal setup with too large tubing and consequently too large membrane surface to volume
ratio, unlikely to be found in plants. They also erred in pointing to the difference in water
chemical potential between sources and sinks as being the driving force for solution flow
in the phloem, opposed to the turgor pressure difference. Weatherley (1972) and Lang
(1973) strongly criticised the work of Eschrich et al. (1972) considering the experimental
setup of Eschrich ef al. (1972) to be doubtful for several reasons. First, they considered
the movement of discontinuous concentrations fronts that do not happen in plants. Sec-

ond, they neglected any physiological relevance of sieve plates and other anatomical pa-
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rameters. Finally, and most significantly, Eschrich ef al. (1972) disregarded turgor pres-
sure gradients, believing them to be too small and thus negligible. Notwithstanding the
misconceptions of both Eschrich et al. (1972) and Young et al. (1973) regarding fluid
dynamics, their studies were the first to emphasize the importance of membrane transport
(of water) in phloem transport. As they noted, the non-equilibrium thermodynamics for-
malism, pioneered by the work of Kedem & Katchalsky (1958) on membrane transport, is
what best describes solution movement across cell membranes. Accordingly, the volume
flux, j, through an ideal differentially permeable membrane that limits the tube is given by

Starling’s equation (Katchalsky & Curran, 1965):
j=-L,[p;-p,~R,T(C;-C,,)] (2.6)

where L, is the membrane hydraulic conductivity, R, denotes the universal gas constant
(8.314 I.mol*K™), T the absolute temperature and p; and p, is the pressure inside and
outside the tube respectively. Note that although Horwitz (1958) suggested that the
Miinch pressure flow hypothesis could be used to explain tracer data, he failed to say
how. Thus, the work of Eschrich et al. (1972) and Young et al. (1973) constituted an ad-
vance.

Lang (1973) developed an experimental model similar to Eschrich et al. (1972),
made from dialysis tubing rendered semi-permeable, but interconnected by capillary re-
sistances at regular intervals. Thereby it was possible to measure pressure and to extract
samples of solution. A sucrose solution was pumped, at a fixed rate, into one end and
collected at the other while the whole system was submerged in water at constant tem-
perature. With this system Lang followed the spatial and temporal profiles of pressure and
solution concentration along the setup and the approach to steady state. He also used '*C—
sucrose and compared the model predictions with his experimental results of *’Cs
movement in Nymphoides peltata petioles. *’Cs was applied directly to the phloem of the
petiole, near to the lamina, and its downwards movement was followed. Compared to the
model of Eschrich et al. (1972), the model of Lang (1973) was much more realistic as it
had a much higher resistance, provided discontinuously but not unrealistically by a series
of capillaries. However, like its predecessor, it was mainly focused on the pathway re-
gion, linking source and sink regions, and ignoring any processes of phloem loading and

unloading, or any solute exchange along the pathway. In addition, Lang’s model, having
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the pressure gradient as the source for driving bulk flow throughout the system, was able
to show a clear agreement between the model '*C—sucrose labelling steady state and the
7Cs labelling on Nymphoides peltata data. In both cases, there is a gradient of tracer
concentration in the direction of flow. In the case of the experimental model, Lang (1973)
pointed out that this concentration gradient down the direction of flow is explained by
lateral intake of water, which has the effect of reducing the concentration of the sugar
solution as it travels along the tube (Fig. 2.2B). In the steady state, a convex pressure gra-
dient with distance (Fig. 2.2A) was also observed, which agrees with lateral influx of wa-
ter. Lang (1973) noted that the increasing pressure gradient along the pathway must be
accompanied by an increasing volume flow, and a concomitant increase in flow velocity,
dictated by the linear relationship between pressure gradient and velocity described by
Hagen—Poiseuille equation (2.3). Lang’s data illustrated that linear relationship very well,
as can be expected for the pressure flow hypothesis, and indeed in any mass flow theory.
Lang (1973) also emphasized the limitations of his model, specifically that the surface
area to volume ratio in the model did not represent sieve tubes, and that there was no sol-
ute exchange with the bathing medium at constant water potential (which was pure water
at atmospheric pressure). Therefore, these facts make the velocity measurement not com-
parable with real measurements on plants, but qualitatively they gave a very good agree-
ment with the predictions of Horwitz (1958) about tracer distribution, flow velocity

(Huber, 1941; Spanner & Prebble, 1962) and the influence of radial water exchange.

2.2.1.3 Phloem Anatomy and Physiology

The first mathematical model of phloem transport to include information on
phloem anatomy and physiology as input data explicitly was proposed by Christy & Fer-
rier (1973). They proposed a numerical steady state model based on irreversible thermo-
dynamics (Kedem & Katchalsky, 1958) to evaluate the Miinch pressure flow hypothesis
of phloem translocation, with two different modes of phloem loading and unloading proc-
esses. First, they considered both loading and unloading processes to happen through ac-
tive transport directly into and from the sieve tube. Second, they assumed a symplastic

pathway”. The symplast consists of the entire network of cell cytoplasm interconnected

Those same processes would occur primarily in specialized parenchyma cells surrounding source and sink regions and

from there sugars would move passively to sieve tubes.
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Figure 2.2 — A — Pressure measured in Lang’s (1973) experimental model at different times after
loading of 0.2 M sucrose: (a) immediately after; (b) 7 hours; (¢) 30 hours and (d) steady state
reached after 90 hours. B — sucrose concentration for the experiment in A: (a) 0 hours; (b) 10
hours; (¢) 20 hours; (d) 30 hours; (e) 60 hours and (f) steady state reached after 90 hours (in Lang,
1973).

by plasmodesmata, tubular extensions of the plasma membrane traversing the cell wall. In
this second scenario, each sieve tube element in the path region is surrounded by a com-
panion cell. In both cases the specified loading und unloading rates are constant. The
phloem system has three regions: the source, the sink and the pathway between the other
two, with their consequent physiological implications, and surrounded by a reservoir at
constant water potential. Although it would refer to a single sieve tube composed as an
array of sieve tube elements, separated by sieve plates with radial exchange of water only,
as described in Starling’s equation (2.6), it was a much more anatomically and physio-
logically accurate model than its predecessors5 (i.e. Eschrich et al., 1972; Evans et al.,
1963; Horwitz, 1958; Young et al., 1973). The model of Christy & Ferrier (1973) was
intended to simulate translocation from a mature source leaf to an expanding sink leaf

located at some distance away. It assumed that the proportionality between turgor pres-

> It considered anatomy and experimental data from sugar beet for cell dimensions in the pathway and in both source
and sink regions with tapered sieve tube elements and used the loading rate determined from '*C labelling (Fisher,

1970; Geiger & Cataldo, 1969).
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sure gradient down the sieve tube, from source to sink, and the average flow velocity
would be given by Hagen—Poiseuille equation (2.3), unlike previous models (Eschrich et
al., 1972; Horwitz, 1958; Young et al., 1973). However, being aware of that error, and
acknowledging Horwitz’s arguments against the use of Hagen—Poiseuille equation (2.3),
Christy & Ferrier (1973) agreed that there are additional rapid changes of momentum at
the pores. From this, they also concluded that any estimate of the hydraulic conductivity
of sieve tube elements, L, derived from Hagen—Poiseuille equation (2.3) is likely to be

high, although, it takes into account the dimensions of cell lumen and sieve plate pores:

- (1+1,)Rr; 0

’ Rl
8y[r;l+ ap J

u being the sap of viscosity, / and R the sieve tube element length and radius, with N,
pores of radius r, per sieve plate of length /,, and « is the fractional area occupied by all
sieve plate pores relative to sieve tube lumen cross sectional area. The model of Christy &
Ferrier (1973) was the first to account for the volumetric contribution of solutes (in this
case sucrose). They specified the solution flow as the sum of water and solutes flows,
separately permeant to the system membranes.

Christy & Ferrier (1973) model confirmed that in the source region the volume
flow rate along the sieve tube would increase, as more sugar and water enter the sieve
tube (as predicted by the Miinch model). This flow increase is also very likely to occur in
a plant. On the other hand, in the sink region the flow rate decreases as water and solute
leave the sieve tube. But, due to the different cell cross sectional area in the different
sieve tube regions, combined with the radial water exchange with the surrounding me-
dium, there is a continuous increase in the translocation velocity along the sieve tube in
the direction of flow. Their model neglects any specific connections between the special-
ized parenchyma cells surrounding sieve tube elements, and considers the hydraulic con-
ductivity connecting both types of cells as infinite, i.e. the cells have the same turgor
pressure and concentration. Basically, the main differences between the two different
ways of phloem loading are the site of loading and the path of water from the xylem to
the sieve tube only. Consequently, there is a bigger lateral area presented to the surround-

ing medium for all regions in the second case, thus causing more water to enter the sieve
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tube. This, in turn, creates a higher velocity and a higher rate of increase in velocity with
distance, as compared to the first case. Considering the experimental difficulties in deter-
mining the hydraulic conductivity of cell membranes and tissues and the assumptions
made, the Christy & Ferrier (1973) model results were consistent with experimental find-
ings. They were also in fairly good agreement with experimental data for sugar beet. It is
also worthy of notice that the additional resistance to water flow offered by the lateral
membranes had not been considered in previous estimates of the resistance to water
movement in the translocation system. The Christy & Ferrier (1973) model adequately
describes translocation and supports the Miinch pressure flow hypothesis as a plausible
mechanism. It also demonstrates that the turgor pressure gradient required to drive solu-
tion flow in sieve tubes can be produced by the water potential difference between the
sieve tube and surrounding tissue. However, Christy & Ferrier (1973) were aware of the
limitations of their model. Their model established the importance of membrane conduc-
tivity to a pressure flow mechanism, and demonstrated that the turgor pressure that can be
generated by a given osmotic pressure may be much less than the osmotic pressure, rather
than equal to it, as it was previously and conventionally assumed. But as Christy & Fer-
rier (1973) recognized, it was difficult to explain translocation over long distances such as
occurs in trees.

Not so long after, Christy & Ferrier improved their numerical method and estab-
lished a more concise system of equations for a steady state that allows for a clearer quali-
tative understanding of Miinch pressure flow and for application on the study of very long
translocation paths (up to 50 m) as it occurs in trees (Tyree, Christy & Ferrier, 1974).
Structurally their model remained the same, but as opposed to their first work, they con-
sidered a water potential gradient with distance in the surrounding medium, with increas-
ing water potential values in the direction of flow (from source to sink regions). This
tends to be a more likely situation to occur in big plants such as trees. However, despite
the distances considered Tyree, Christy & Ferrier (1974) totally ignored the contribution
of gravity to turgor pressure drop, and to external water potential gradient, as pointed out
by Weir (1981). Tyree, Christy & Ferrier concluded that a better agreement with the
Miinch pressure flow would be attained if the pathway region was considered as a very
long weak sink; inasmuch as growth, metabolism and storage processes occur throughout
the stem of trees. According to their model, Tyree, Christy & Ferrier (1974) concluded
that for the osmotically generated pressure flow to work over such lengths the sap con-

centrations must remain relatively high and the velocities must remain relatively low.
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Tyree, Christy & Ferrier (1974) based on Hagen—Poiseuille equation (2.3) used the same
formula that Christy & Ferrier (1973) derived for total sieve tube element conductivity
(2.7). From their model predictions and comparing with the very few data available at the
time on phloem transport rates and specific mass transfer rates from different species,
Tyree, Christy & Ferrier (1974) suggested that axial sieve tube conductivity, if there were
functional unoccluded sieve plate pores, would have to be higher than the values found
for transport at shorter distances. In order to avoid sieve tube element plasmolysis any-
where, Tyree, Christy & Ferrier (1974) concluded that the hydraulic conductivity of the
membrane would have to be higher than 5x10™* m s™.Pa". Their predictions for the flow
speed fell well within the range of velocities reported for Fraxinus americana
(Zimmermann, 1958). Sheehy et al. (1995) extended the formula of Tyree, Christy &
Ferrier (1974) for sieve tube conductivity for use in crop growth modelling. They com-
pared phloem anatomy data of three species with different types of phloem anatomy: elm
(Ulmus americana), with shorter sieve tube elements with transverse sieve plates; a non-
specified tree species with longer and narrower sieve tube elements with steep oblique
sieve plates (considered more primitive) and a grass, fescue (Festuca arundinacea).
Sheehy et al. (1995) showed that the range of sieve tube conductivity would vary greatly
solely on sieve tube elements and sieve plate dimensions. Consequently, the analysis of
phloem transport by using Hagen—Poiseuille equation (2.3) is also affected. In this way,
Sheehy et al. (1995) showed how critical the data for phloem anatomy are for mathemati-
cal modelling phloem transport.

Despite the improvement over previous attempts to mathematically describe the
Miinch pressure flow mechanism, Tyree, Christy & Ferrier (1974) pointed out that their
model was still oversimplified. It was only referring to a single sieve tube and did not
take into consideration the real branching and interconnecting of the plants vascular sys-
tem. It was focusing only on one single solute when the phloem sap, as it was already
well known at the time, is a complex liquid phase of many different solutes with sugars
being the major mass fraction of all solutes present. Even with this oversimplification,
Tyree, Christy & Ferrier (1974) approach is also particularly useful. It established clear
evidence that their mathematical description of the Miinch pressure flow was able to pre-
dict the diffusion analogue transport that Mason & Maskel (1928a, b) proposed to explain

their experimental linear relation between solution mass flow and the concentration gra-
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dient observed down the stem®. Ross & Tyree (1979) also concluded that this linear rela-
tionship was in its turn linear with the axial hydraulic conductivity of the sieve tube, and
rather independent of the hydraulic conductivity of the sieve tube membrane.

Taking his experimental model results Lang (1978) presented a mathematical
steady state description of phloem transport but focusing on the pathway region only, thus
excluding any loading or unloading processes in source and sink regions. Lang (1978)
used typical sieve tube element dimensions (Weatherley & Johnson, 1968) and like the
models before, it also did not consider any solute exchange between the pathway region
and the surrounding medium. Lang’s (1978) model lacked a sucrose volumetric term, as
predicted by non-equilibrium thermodynamics formalism, in order to describe solution
flow across membranes as used by Christy & Ferrier (1973) and subsequent models. Lang
used Hagen—Poiseuille equation (2.3) because his previous experimental model showed a
linear relationship between pressure gradient and flow velocity (Lang, 1973). Lang’s
model (1978) adds nothing new to previous mathematical descriptions of phloem trans-
port it is mainly another confirmation of the plausibility of the Miinch pressure flow hy-
pothesis, but with the help of experimental support. In this case, Lang (1978) predicted
his experimental results (Lang, 1973), although, as he pointed out his previous experi-
mental model probably relates to a very extreme situation, not fully met in nature. Using
what he called extreme situations of phloem transport, he tested the relative contributions
of radial vs. axial flow resistance to the dynamics of the system. In addition, although
Lang (1978) was not the first to consider viscosity changes due to changes in solute con-
tent, he used an empirical formula different from Ferrier & Christy (1975). Lang (1978)
considered an empirical function of viscosity of water solutions dependent on sucrose
concentration, that led to the ideal limit of the concentration value for which the pressure
gradient to drive flow would be minimum, at a given steady state flux. He confirmed
what Passioura (1976) had previously suggested, that a Miinch translocating system,
transporting sucrose, is at its most efficient state in the concentration range measured in
sieve tubes. It is thus worthy of notice that an optimum sucrose concentration, found both
by Lang (1978) and Passioura (1976) so as to minimize the pressure gradient, and conse-
quently less energy costs, agrees very well with the values of sucrose concentration
measured in the phloem from 0.3 to 1 M (Fisher, 2002; Salisbury & Ross, 1992). Lang

(1978) also explored the importance of the relative osmotic strength of various carbohy-

® In this case, it refers to cotton plant (Gossypium barbadense L.).
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drates with respect to the solution viscosity to determine for each solute the ‘‘ideal’’ con-
centration that would cost less to drive a laminar flow regime. He suggests a clear advan-
tage of sucrose over sugar alcohols (mannitol, sorbitol), raffinose and reducing sugars
most commonly found in plants. However, in this case, some care must be taken on ana-
lysing his conclusions. Lang (1978) used an empirical formula for sucrose water solutions
for comparison between the different sugars, and only corrected it based on the different
molecular weights of the possible sugars expected in the phloem, neglecting the interac-
tions between solvent and solute molecules which reflect the different solubilities of sug-
ars in water, e.g. raffinose is far less soluble than sucrose.

Weir (1981) extended the theoretical results of Christy & Ferrier (1973) and
Tyree, Christy & Ferrier (1974) for the steady state Miinch pressure flow hypothesis. He
used their model and non-equilibrium thermodynamics formalism of a single sieve tube
limited by a rigid semipermeable membrane with tapered ends. Both loading and unload-
ing processes were described by constant rates with passive water exchange through the
lateral wall (Starling’s equation, 2.6). Radial solute exchange was ignored along the re-
gion between source and sink, as in Christy & Ferrier (1973) and Tyree, Christy & Ferrier
(1974). Weir (1981) generalized the equations derived by Christy & Ferrier and used a
differential approach, as opposed to the integral approach used by Christy & Ferrier
(1973) and Tyree, Christy & Ferrier (1974). He derived a more general expression for the

pressure change along the sieve tube, applying Newton’s second law of dynamics:

ch 10 0
f _%_Ll_pga:Fa(pR2V)+V§(pR2V) (2.8)

That is, the sum of metabolic, pressure, viscous and gravitational forces applied to any
fluid volume element equals the rate of change of fluid momentum along the sieve tube.
Here f; is the local force per unit volume of sieve tube developed by active metabolic
processes; L the axial hydraulic conductivity of the sieve tube; p the sieve tube sap den-
sity flowing at velocity v; g the gravitational acceleration; h the height above some suit-
able horizontal reference plane; R the sieve tube radius. However, Weir (1981) ignored
the momentum of fluid entering the sieve tube from the lateral walls, due to water ex-
change, arguing that the force needed to accelerate the inflowing fluid to the velocity

found on phloem flow is very small compared with the gravitational force. Weir (1981)
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also considered the pressure gradient caused by the viscous drag force proportional with
velocity, v, in which the coefficient ¢ shown in equation (2.5) is taken as L, the sieve
tube resistivity. However, contrary most models, he did not use the famous Hagen—
Poiseuille equation (2.3) to describe it. Instead, in Weir’s model the axial sieve tube resis-
tivity is another constant parameter with no explicit dependence on any sieve tube ana-
tomical features and on solution viscosity as it is usually described from Hagen—
Poiseuille equation (2.3). Also, Weir (1981) considered the effect of sieve plates as an
extra contribution to viscous drag, and simply included in the sieve tube axial resistivity
¢. For the same reasons pointed out by Christy & Ferrier (1973) and Tyree, Christy &
Ferrier (1974), Weir (1981) also considered that there is instantaneous mixing of fluid
occurring within sieve tubes so that sieve tube sucrose concentration (the only solute pre-
sent) can only vary due to convective flux, trapping and loading or unloading processes.
In the approach of Weir on evaluating the steady state translocation, he derived an “en-
ergy-type” conservation law for sieve-tube motion using sugar beet data from Christy &
Ferrier (1973). Weir (1981) concluded that the loading region has a finite extent, and con-
sequently the flux of sucrose along the sieve tube has an upper limit. Otherwise the sieve
tube pressure would become negative, in contradiction of experimental evidence. Another
consequence is that upper and lower limits were obtained for both the velocity and the
distance over which translocation could proceed in the pathway region. Weir (1981) also
confirmed Tyree, Christy & Ferrier (1974) that velocity increases with distance, but in
this case up to an upper limit. Although qualitative arguments, these findings are not new
since Christy & Ferrier (1973) and Tyree, Christy & Ferrier (1974) had already men-
tioned them, but the approach used by Weir (1981) gives much stronger physical and
mathematical basis for the physiological and anatomical factors that impose these limits.
Perhaps, the most important contribution of Weir’s work was his confirmation of the con-
clusions of Tyree, Christy & Ferrier (1974), that higher values of sieve tube axial hydrau-
lic conductivity, Ls, should be expected in bigger plant species for which translocation
occurs up to or over 100 m, considering the order of magnitude of the transport velocity
(10* m.s™) and the turgor pressure expected to occur in sieve tube elements (10° Pa). At
those distances, the effect of gravity on vertical transport is comparable to the pressure
change caused by viscous drag. Thus, if 10 m.s™ velocities occur in high trees, then it is
essential that the gravitational force be included in long-distance Miinch-type transloca-

tion calculations.
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2.2.1.4 Loading und Unloading Processes

Goeschl ef al. (1976) pointed out that the models of Christy & Ferrier do not pro-
vide unique, closed form solutions since there were more variables than independent
equations. This would require specifying the solute concentration at the very beginning of
the system and the unloading rate arbitrarily so that many steady state solutions could be
obtained, giving the same specific mass transfer rate of sucrose, depending on the choices
made. Following the same line, Magnuson et al. (1979) using an empirical relation of
viscosity with sugar concentration noted that there could be modelling artefacts for some
solute concentrations and unloading rate chosen a priori at the origin of the system, C;(0).
Tyree et al. (1974) had already pointed out that for such models the calculated profiles of
concentration, turgor pressure, velocity and water exchange under any given loading and
unloading conditions would depend on the previous history of the system, represented by
the choice of C;(0). Based on mathematical more than physiological reasons, as an alter-
native to previous models of Christy & Ferrier, Goeschl et al. (1976) suggested that to
obtain a closed form solution of solute transport in the phloem, it is necessary to provide
explicit concentration-dependent functions of phloem unloading, although the same pro-
posal could be made for phloem loading. But as the authors noted, solutes are loaded into
the phloem against a concentration gradient by active transport. Thus, the rate of loading
is more likely to be a function of the solute concentration in mesophyll cells, in special-
ized loading cells, such as transfer cells, and/or companion cells, and depend on their
metabolic energy level (e.g. ATP/ADP ratio). Consequently, the rate of loading would be
relatively independent of solute concentration within the sieve tube elements per se. So,
in response to the non-uniqueness problem, Goeschl ef al. (1976) suggested two different
processes for sucrose concentration dependent unloading: a linear function, similar to
what Horwitz (1958) and Tyree (1975) had suggested for radioactive labelling (2.1), and
a Michaelis—Menten saturable kinetics (2.2), also previously studied by Tyree (1975).
Essentially, the model of Goeschl et al. (1976) is an extension of the Christy & Ferrier
(1973) model for sugar beet, but with concentration-dependent unloading processes.
Qualitatively, the Goeschl et al. (1976) model made no advance from Christy& Ferrier
(1973), other than showing that concentration-dependent unloading functions could also

be incorporated. In that view, it could serve as a good way of providing a better link be-
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tween experimental and theoretical work. But, as Ferrier & Christy (1977) pointed out,
the undesirable number of possible solutions raised by Goeschl et al. (1976) was also
possible to achieve in their own approach. As for finding those same unique closed form
solutions, as Goeschl et al. (1976) recommended, one would have to choose the constant
parameters that best characterize the concentration-dependent unloading functions. In this
case, those parameters would be the proportionality constant for the linear function (2.1)
and the jsmax and K, parameters for the Michaelis—Menten kinetics (2.2). Even though
one obtains for each set of parameters a unique solution for the set of model equations,
there is a great number of possible solutions depending on the choice of the concentra-
tion-dependent unloading functions parameters, as pointed out by Lang (1978). As an
advantage and to more strongly prove their statement, Ferrier & Christy (1977) used their
previous model for phloem loading over long distances (in a 15 m tree) (Ferrier, Tyree &
Christy, 1974) but with viscosity corrections as previously used (Ferrier & Christy, 1975)
and an empirical relation for determining osmotic pressure. This empirical relation was
obtained by Michel (1972) and simulates better the non-linear relation between osmotic
pressure and solute concentration observed for higher concentration sugar solutions. Thus
it describes better phloem sap osmotic pressure than the usual van’t Hoff linear relation
previously used in other models (Christy & Ferrier, 1973; Ferrier, 1976; Ferrier &
Christy, 1975; Ferrier, Tyree & Christy, 1974; Tyree, Christy & Ferrier, 1974). Although
Ferrier & Christy (1977) only presented the case for a linear concentration-dependent
function, the same aspects can be raised for a Michaelis—Menton function (2.2) or any
concentration dependent unloading function. As Ferrier & Christy (1977) noted “such
models can be useful, but physiological considerations rather than mathematical ones
should lead the way on mathematical modelling of phloem transport”. According to Lang
(1978), in nature, velocity, sugar concentration and sieve tube turgor pressure are proba-
bly changing continuously with changes in temperature, light and other environmental
factors which will affect growth, photosynthetic and translocation rates. In other words,
the solute fluxes and concentration in the sieve tubes are probably determined outside the
phloem by the interplay of supply and demand in the various sources and sinks. This has
to do with their metabolic activity and not simply with a concentration dependent unload-
ing rate. Thus, it seems more reasonable to choose the input values on the basis of physio-
logical data rather than finding a single closed form set of parameters as proposed in the

model of Goeschl ef al. (1976).
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Goeschl & Magnuson (1986) analysed the possible effects of loading rate on
unloading processes described by linear, non-linear (Michaelis—Menten kinetics) and a
combination of both kinetics. Their main hypothesis was that phloem loading would be an
active transport process, requiring the expenditure of metabolic energy, and controlled
primarily by the concentration of solutes outside the sieve tube (Giaquinta, 1983). Hence,
the loading rate in their model is an independent parameter. For a linear unloading proc-
ess in the Goeschl & Magnuson (1986) model, an increased rate of loading increases both
transport velocity and solute concentration, along with increased turgor pressure and in-
flux and efflux of water. However, for small values of the linear unloading coefficient,
transport velocity saturates at very low loading rates, and the primary effect of increased
loading rates is an increased concentration. With a greater unloading coefficient, the
overall speed is higher and concentration is lower than with smaller values of the unload-
ing coefficient, but both velocity and concentration increase similarly with increasing
loading rates (Fig. 2.3).

This type of response was not observed for saturable Michaelis—Menten unloading
kinetics (2.2). Changing one of the parameters Ky, and jsmax, but keeping the other con-
stant, produced the same type of response characterized by an increase followed by a de-
crease in the transport velocity for increasing loading rates. This suggests that there will
be a loading rate range that maximizes transport velocity while concentration rises steeply
upward with increased loading rate. The authors recognized that the values of K, and
Jsmax Used are higher than those normally found for most enzyme kinetics. However, those
values were chosen to illustrate enzymatic effect at sucrose concentrations likely to occur
in the phloem, and the same behaviour was also observed considering real values of the
loading rate obtained by Zimmerman & Brown (1971). Taking unloading processes of
both linear and saturable kinetics running in parallel simultaneously, Goeschl &
Magnuson (1986) observed that speed increases toward an asymptotic maximum, while
concentration increases smoothly. Changing the values of the unloading coefficient, K,
and jsmax tends to produce scenarios closer to one or the other of the previous cases dis-
cussed, showing the dominance of one process over the other. The relative contribution of
the linear and saturable mechanisms can be expected to vary. Thus, one might expect any
one of the patterns predicted by the models depending on the species and physiological

condition of the test plants.
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Figure 2.3 — Effect of loading rate on turgor pressure, lateral water flux, concentration and speed

for a steady state model of phloem transport with linear concentration-dependent unloading in the
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sink region. Loading rates: 0.25, 0.5, 1, 2.2 and 4x10™"" mol.s™ (in Goeschl & Magnuson, 1986).

model (with any given set of sieve tube dimensions and properties) is that increasing the
loading rate should always cause an increase in velocity and the concentration of translo-
cates, in contrast with the Tyree, Christy & Ferrier (1974) model, in which the concentra-
tion was arbitrarily held constant at the top of the hypothetical sieve tube. Increased load-
ing resulted in increased velocity, pressure gradient and radial water exchange, but de-
creased the concentration and turgor pressure in the remainder of the sieve tube. How-
ever, care must be taken when comparing both models, since Tyree, Christy & Ferrier
(1974) considered a 25 m long sieve tube in which the sink region comprised 99.5 % of
total sieve tube length, submitted to a water potential gradient, and the loading and the
unloading rates were fixed parameters. Although a direct comparison is hard to make,
contrary to what Goeschl & Magnuson (1986) suggest, they propose that a constant con-

centration at the top of such a Miinch pressure flow sieve tube, and its decrease along the
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axis, could occur only if the increased loading rates were accompanied by substantial and
independent increases in sink conductance.

Following the Goeschl & Magnuson (1986) theoretical work, Magnuson et al.
(1986) tested some of the hypothetical effects of loading rates on transport speed and
concentration, using ''CO, labelling. They measured the rate of photosynthate export
from leaves, transport speed, and tracer activity) in the phloem of live, intact plants of 6
different species. In order to have different loading rates Magnuson et al. (1986) changed
the CO, concentration, manipulating photosynthesis, and labelled the plants both shortly
after the beginning of the photoperiod and close to its end. In this way, Magnuson et al.
(1986) took advantage of the endogenous diurnal changes in photosynthetic activity, stor-
age and export rate which tend to produce diurnally increased phloem loading rates.
Magnuson et al. (1986) observed that increased loading rates resulted in increased levels
of ''C activity of translocates in the phloem of all specimens tested. Increased loading
also resulted in increased transport speed on 4 species, decreased on one species, and on
the other one it showed a behaviour which they attributed to non-linear saturable unload-
ing kinetics. These results convinced the authors of their model predictions and the im-
portance of concentration dependent unloading processes on mathematical description of
phloem transport. However, Magnuson et al. (1986) results were contradicted by other
authors. Vreugdenhil & Koot-Gronsveld (1989) studying phloem exudation on castor
bean cotyledons confirmed Tyree, Christy & Ferrier (1974) model results, observing a
negative correlation between sucrose loading and the sucrose concentration in the
phloem, contrary to what Goeschl & Magnuson (1986) and Magnuson et al. (1986) had

observed.

2.2.1.5 Radial Water Potential Equilibrium
In general, translocating sieve elements are not in water flux equilibrium, thus
sieve tube turgor pressure, p, can be determined from the water potential difference be-

tween sieve tubes and their surrounding apoplast, the continuous system of cell walls,

xylem vessels lumen and intercellular air spaces in plant tissues:

p=V¥,, +I[1-A¥ (2.9)
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where W, is the external water potential; I1 is the sieve tube osmotic pressure and AY is
the water potential difference between sieve tubes and their surrounding apoplast. Com-
monly, to infer phloem turgor pressures from eq (2.9) and evaluate the Miinch pressure
flow hypothesis it is assumed that sieve tubes are close to water flux equilibrium with
their surroundings (Kaufman & Kramer, 1967; Sovonick-Dunford et al., 1981; Wright &
Fisher, 1980), thus AY = 0. Lang (1974) justified this approximation for measuring turgor
pressure in stems. Using the estimations of Weatherley & Johnson (1968), Lang (1974)
concluded a water potential difference between sieve tubes and their surrounding apoplast
AY = 200 Pa; thus much smaller than the normal values expected for sieve tube turgor
pressure. Hence, according to equation (2.9), turgor pressure gradients can be simply
given by the sum of the external water potential gradient and the osmotic pressure gradi-

ent within sieve tubes, i.e.:

% = % + 62—1;[ (2.10)
Murphy (1989b) extended the analysis of Lang (1974) of phloem transport to show that
ignoring AY in equation (2.9) should yield good estimates of phloem turgor pressure and
turgor pressure gradients in tree trunks. Murphy (1989b) showed that turgor pressure gra-
dients will be in the range —2.5 to 0.5 MPa.m™' while the water potential difference across
the sieve tube membrane, between sieve tubes and the apoplast, AY, should vary from 5

to 30 kPa having 0 or 100 % plasmodesmata blocked.

2.2.1.6 Plasmodesmatal Flux

The theoretical implications of solution transport through plasmodesmata on the
mathematical modelling of phloem transport were first addressed by Murphy (1989a).
Murphy (1989a-d) investigated the accuracy of the common approximation of radial wa-
ter potential equilibrium in the phloem on determining phloem turgor pressure and turgor
pressure gradients. He presented a mathematical model of water and sucrose transport
across the sieve tube boundary, considering the role of plasmodesmata connecting sieve
tube elements with their neighbouring companion cells. Based on conservation of matter

and on the phenomenological equations for plasmodesmatal transport with the more gen-
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eral view of the Miinch pressure flow hypothesis of phloem transport, he envisaged axial

volume flux, j, driven by a gradient of gravity-corrected turgor pressure:

. dp dh
=-L | —+pg— 2.11
] s(dx Pg dxj (2.11)

This inclusion of phloem associated cells is not new; Christy & Ferrier (1973) had already
considered sieve tube association with specialized parenchyma cells and companion cells
but without giving any particular significance to their intercellular connections. In Mur-
phy’s model, the sieve tube is connected via simple (unbranched) plasmodesmata to an
adjacent symplastic compartment, comprised of many associated cells with the same
membrane hydraulic conductivity. For simplicity, solute concentration and turgor pres-
sure are regarded as uniform within this compartment, at least in the direction of plas-
modesmatal transport. Murphy (1989a) also considered that sucrose flux across the sieve
tube element plasmalemma is identical to that across the plasmalemmata of the cells
comprising the adjacent compartment. Murphy used the same integral approach as
Christy & Ferrier (1973), with finite loading and unloading regions occurring in sinks and
sources in which the sieve tube system terminates, and designated them as primary sinks
and primary sources respectively. Murphy (1989a) considered the possibility of a sym-
plastic step in the loading/ unloading processes of water and solutes together with a gradi-
ent of external water potential. Therefore, the solute and water fluxes across the sieve
tube boundary represent the sum of a membrane component and a plasmodesmatal com-
ponent. Following Tyree (1970) and Anderson (1976), in Murphy’s model plasmodes-
matal solute transport is a combination of convection and diffusion through axially uni-
form pores (unconstricted cytoplasmic annulus) filled with a free flowing solution. Levitt
(1975) has shown that plasmodesmatal transport can be described by the phenomenologi-
cal equations for the transport of volume and uncharged solutes across membranes as
developed by Kedem & Katchalsky (1958). These equations were then later applied to
symplastic transport described by Tyree (1970). Murphy (1989a) recognized that consid-
ering simple unbranched plasmodesmata resulted in some underestimation of plas-
modesmata hydraulic conductivity and solute permeability for branched plasmodesmata,
which occurs often connecting sieve tube elements and companion cells such as in stems
of bean (Phaseolus vulgaris L.) (Hayes et al., 1985). Perhaps a more physiologically sig-

nificant advance over previous models was Murphy’s inclusion of solution viscosity
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changes with concentration which in turn will be important especially in such flow di-
mensions as the plasmodesmata annulus. In this respect, Murphy (1989a) considered that
the fluid flowing through plasmodesmata is similar to that of the sieve tube sap, for which
its viscosity was taken as the viscosity of a sucrose solution used for the range of 0.3 to
2.5 M (Weast, 1982).

Murphy also determined that the magnitude of the sucrose unloading rate in tree
trunks must be less than 50 nmol.m™.s™ while shorter plants could afford higher rates of
unloading, as would seem to be the case in stems of bean (Phaseoulus vulgaris L.) (Hayes
et al., 1985). Similarly, osmotic pressure gradients may be higher than those found in
trees. As suggested by Milburn (1974), steeper osmotic pressure gradients in small plants
may mean steeper turgor pressure gradients. Murphy (1989b) noted that these effects
would mean larger errors in small plants and one should be more cautious when estimat-
ing turgor pressure gradients in these plants. However, if the concentration gradients and
unloading rates do not change markedly in the stem interval under consideration, and/or if
the sieve tubes are connected to adjacent cells via unconstricted plasmodesmata, then
sieve tube water flux equilibrium should still yield reasonable estimates of turgor pressure
gradients in small plants. Nevertheless, this will depend on the gradients of external water
potential, the estimation of which is always difficult. Murphy (1989b) also suggested that
in the absence of changes in phloem anatomy, variations in the transport speed associated
with sucrose unloading and transmembrane water fluxes would be small, in the order of
um.s> Accordingly apoplastic loading of sucrose is more likely than loading via plas-
modesmata. If the plasmodesmata unloading of sucrose occurs via an unconstricted cyto-
plasmic annulus, then the sieve elements and their associated cells will sustain very simi-
lar turgor and osmotic pressures, even in the case where 99% of the plasmodesmata are
blocked. Both convection and diffusion can contribute significantly to the plasmodes-
matal sucrose flux, although their relative contributions will vary widely. Similarly, pres-
sure flow and osmosis can both contribute to the plasmodesmatal volume flux. Murphy’s
(1989a-d) approach was analytical and steady state, showing that the pressure flow of
solution between the sieve elements and companion cells must be accounted for when
calculating sieve tube pressure gradients from measurements. By observing the behaviour
of some water relations variable (e.g. turgor pressure) following the perturbation of exter-
nal and internal sieve tube water potential, it may be possible to assess the extent to which
sieve elements are hydraulically coupled to adjacent cells via plasmodesmata. The major

contribution of Murphy’s (1989a-d) work was the relationship of phloem transport theory
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to experimental measurement of sieve turgor pressure considering the presence of plas-

modesmata.

2.2.1.7 Stokes Flow

A number of qualitative experimental observations have been thought to be in
conflict with existing mathematical models of the Miinch pressure flow hypothesis. The
most important were the radial water exchange associated with concentration and move-
ment of carbohydrates (Minchin & Thorpe, 1982; van Bel, 1990) and the diffusion-like
behaviour firstly observed by Mason & Maskel (1928a, b). Considering these facts, and
acknowledging previous remarks on the use of Hagen—Poiseuille equation (2.3) (e.g.
Horwitz, 1958), several authors considered better to apply the Navier—Stokes equation to
phloem flow. The Navier—Stokes equation (momentum balance equation) describes fluid
dynamics by the momentum change for a volume element of fluid resulting from the

pressure, gravitational and viscous forces acting on it:
a v - - - - ) -
pl—+| vV |v|= -Vp+pg+uV-v (2.12)

Due to the specific conditions in which phloem flow is thought to occur, namely its low
speed, sieve tube dimensions and its apparent steady state condition, it has been common
to assume that advective inertial forces are small compared with viscous forces, so that
the second term in the left hand side is neglected. As already noted (§ 2.2.1.1), the Rey-
nolds number is low (<< 1) because of both the very small sieve tube radius and low flow
speed. Hence, under these conditions, the Navier—Stokes equation reduces to Stokes equa-

tion:
Vp =pg +uvV’v (2.13)

for what it is named creeping flow, low Reynolds number flow or Stokes flow (Happel &
Brenner, 1965).
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2.2.1.7.1 Radial Water Exchange Revised

The effects of radial water exchange through the sieve tube membrane on phloem
transport, for the pathway only, were addressed in two ways by applying Stokes equation
(2.13). First, following Lang (1974) and Murphy (1989a), Henton et al. (2002) assumed
the typical situation where the turgor pressure inside the sieve tube is always maintained
at an osmotic equilibrium with respect to the external medium, neglecting gravity. This
results in a dynamic equilibrium where a local pressure difference exists across the tube
walls and so the turgor pressure inside the tube can be given by Stokes equation (2.13).
The radial component of the velocity is neglected in comparison with the longitudinal
component. As a consequence the wall resistance to the radial water flux is also neglected
(meaning infinite hydraulic conductivity). Henton et al. (2002) argued that this last as-
sumption also simplifies the mathematics of the model, consequently its interpretation,
and it eliminates concerns about membrane hydraulic conductivity as a parameter. With
viscosity chosen to be constant for mathematical convenience, Henton et al. (2002) used
the van’t Hoff equation for the solution osmotic pressure, as is mostly done in phloem
transport mathematical modelling. A curious and questionable feature of the Henton ef al.
(2002) mathematical model is their assumption of “no large, localized variations in the
solution velocity along the tube, which means that the longitudinal solute velocity profile
is regarded as smooth”. This, together with fixed concentration values at both system
ends led to nonlinear velocity profiles different from Phillips & Dungan (1993). Although
it shows an increasing velocity down the direction of flow, the assumption of Henton et
al. is highly questionable since they neither prove it nor justify it physiologically and
physically, giving the impression that it is another mathematical advantageous argument
instead. Henton et al. (2002) did not place particular importance on sieve tube internal
structure but acknowledged the existence of sieve plates. Taking their uniform and regu-
lar distribution along the sieve tube, they suggested that an empirical coefficient should
multiply the solution viscosity, equivalent to having a more viscous solution. Although it
may seem strange, since they obtain that same coefficient by comparing the sieve tube
axial conductivity predicted by their model with the value suggested by Goeschl et al.
(1976), physically the sieve plates behave as an extra factor opposing solution flow in the

same way as viscous forces.
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Second, Phillips & Dungan (1993) presented an analytical steady state model to
evaluate the effects of semipermeable walls on osmotically driven flow through cylindri-
cal tubes, and also allowing the possibility of radial variations in sugar concentration.
They considered a 5 m long narrow tube enclosed by a semipermeable wall (2.6) and with
a radius to length ratio R/L << 1. The system of typical sieve tube dimensions’ used by
Phillips & Dungan (1993) was surrounded by pure water, representing a region between
and far away from source and sink regions. Pressure, velocity and concentration are set up
at x = 0. Phillips & Dungan (1993) used perturbation expansion theory (van Dyke, 1964)
to solve Stokes’ equation (2.13) under the particular conditions of phloem flow. As with
most models, Phillips & Dungan (1993) ignored external water potential changes, since
they considered a system surrounded by pure water at constant pressure and temperature
and no solute radial exchange. They also used the non-equilibrium thermodynamics for-
malism to describe radial water exchange across the semi permeable wall, i.e. Starling’s
equation (2.6). They considered three possible scenarios: i) dominant osmotic effects over
viscous forces; ii) negligible osmotic effects with viscous effects dominant and finally 1ii)
comparable effects of osmotic pressure and viscous forces, and compared each case with
the Hagen—Poiseuille solution (2.3). For the case where osmotic effects are dominant, a
very extreme situation, Phillips & Dungan (1993) model reproduced qualitatively very
well the Miinch pressure flow mechanism. Pressure decreases down the tube and is af-
fected in two ways by the entry of water due to the osmotic difference with the external
medium, first by diluting the sugar solution, and second by the increased viscous losses
due to the increase of the average axial velocity. In this case, flow through the tube wall is
not affected by the pressure in the tube. Phillips & Dungan (1993) also noted the qualita-
tive good agreement of the shape of the velocity profile with the profiles obtained by
Tyree, Christy & Ferrier (1974) and Goeschl et al. (1976) for the region where no solute
radial exchange processes occur. In the second case, where viscous force effects are
dominant and osmotic effects negligible, the same trends are qualitatively observed. Phil-
lips & Dungan (1993) noted this scenario as not realistic for plants, since osmotic effects
drive water exchange in both sinks and sources which ultimately drives phloem flow.
Their results showed increasing average velocity and decreasing concentration and pres-
sure down the direction of flow, but the shapes of the profiles were different compared

with dominant osmotic effects. With viscous effects being dominant, concentration, pres-

7 Kursanov (1984) and Smith et al. (1980)
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sure and velocity changed more rapidly down the end of the tube, exhibiting a more pro-
nounced nonlinear change of their respective gradients with distance (Fig. 2.4). Accord-
ing to Phillips & Dungan (1993), viscous dissipation causes pressure to drop below the
surroundings and thus water flows into the tube through the semipermeable walls. As
water flows, the fluid accelerates in the tube and the pressure drops increasingly with dis-
tance. Increasing velocity and decreasing concentration due to water entrance tend to
make viscous forces more dominant. Phillips & Dungan (1993) results showed progres-
sively nonlinear higher slopes, similar to what Tyree, Christy & Ferrier (1974) obtained
for sugar beet. Having viscous effects dominant, all profiles are dependent on the inlet
conditions, and specifically the initial pressure. In the third case, having both effects
equally contributing, and comparing with the previous limiting cases, Phillips & Dungan
(1993) concluded that the viscous forces are responsible for the concave upward shape of
the velocity profile. Consequently, they are also responsible for the convex shape of the
pressure profile with axial distance, showing a clear deviation from the Hagen—Poiseuille
regime (2.3) in which there is a constant gradient of pressure with distance. Phillips &
Dungan (1993) emphasized that viscous losses in real sieve tubes are likely to be higher
than in their model (straight tubes with no internal structures) which may therefore over-
emphasize the importance of osmotic effects. In order to validate their model predictions,
Phillips & Dungan (1993) compared their results with the experimental data from Lang
(1973), Spanner & Prebble (1962)° and from Qureshi & Spanner (1973)°. They found
good agreement for the concentration profile predicted when both osmotic and viscous
forces are equally important so that the concentration gradient decreases in magnitude
with the axial distance. They pointed out it is difficult to compare their model with Lang’s
(1973) experimental model, but nevertheless the profiles from Lang’s model are in good
agreement with their case where osmotic effects are dominant, as expected since pressure
decreases more rapidly in Lang’s experimental set up with semipermeable walls than
would be the case if the tube walls were impermeable. Phillips & Dungan also noted the
exclusion of time-dependent effects and the effects of loading and unloading processes
happening in real plants. Oddly given their focus on viscous effects, Phillips & Dungan
(1993) did not consider the effect of solute concentration on viscosity. However, their

main intention was to study the physical mechanisms that cause phloem flow and that sol-

8 on ¥’Cs movement in Nymphoides peltata stems

? on "C-sucrose movement along the stolons of Saxifraga stolonifera
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Figure 2.4 — Concentration (a), pressure (b) and average axial velocity (c) plotted versus axial
position with both osmotic and viscous effects present for different initial pressures (in Phillips &

Dungan, 1993).
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vent will be forced into the tube lumen by both the osmotic and the viscous mechanisms
operating in any tube with semipermeable walls. These effects of semipermeability be-
come more important as the flow rate increases, diluting the sugar concentration in a way
that is in qualitative agreement with data obtained from living plants (Hammel, 1968;
Hocking, P. J., 1980; Milburn, 1974; Zimmermann, 1957). Phillips & Dungan (1993) also
confirmed Lang’s (1973) assertion that a decrease in sugar concentration in the direction

of flow need not to be caused by lateral leakage of sugar out of the tube.

2.2.1.7.2 Diffusion-like Behaviour of Phloem Transport

Henton et al. (2002) showed how there is a diffusion-like behaviour of the steady
state flux of solute inside sieve tubes, observed firstly by Mason & Maskell (1928a, b)
and later confirmed by the Tyree, Christy & Ferrier (1974) and Ross & Tyree (1979)
mathematical description of the Miinch pressure flow mechanism. Henton et al. (2002)
obtained an expression that is similar to Fick's 1* law of molecular diffusion which is also
implicit in several other phloem transport models (Thornley & Johnson, 2000; Minchin ef
al., 1993; Sheehy et al., 1995). In this case the apparent diffusivity coefficient is propor-
tional to the local solute concentration and also depends on the radius of the tube and on a
set of physical constants. Henton et al. showed that the apparent diffusivity coefficient is
around seven orders of magnitude greater than the diffusivity coefficient for sucrose in
stationary water (~ 10" m”s™), showing the impossibility of diffusion per se to drive
phloem flow. Without explicitly acknowledging it, Kizilova & Posdniak (2005) used the
Henton et al. (2002) model, also applying Navier-Stokes equation but including diffusion
of solute (described by Fick’s 1* law). They used dimensionless parameter analysis and
perturbation theory after Regirer (1960), similar to Phillips & Dungan (1993), in a steady
state model of phloem transport. Kizilova & Posdniak (2005) findings add little to Henton
et al. (2002) but do confirm their conclusions and prove that their simplification was cor-
rect. The Kizilova & Posdniak (2005) method although more mathematically rigorous,
confirms the diffusion-like solute movement, with a radially-parabolic velocity profile'
and a nonlinear concentration gradient along the sieve tube for a steady state phloem

flow.

1" Kizilova& Posdniak (2005) called a Poiseuille-like flow.
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2.2.1.7.3 Pressure Differences Caused by Sieve Plates

It is important to consider the presence of sieve plates. Rand & Cooke (1978)
compared the sieve tube resistance formula derived from Hagen—Poiseuille equation (2.7)
for flow in both lumen and sieve plate pores, as commonly used by plant physiologists to
describe phloem transport (e.g. Christy & Ferrier (1973), with resistance obtained from
the pressure profile for Stokes’ equation (2.13). Their approach represents a more realistic
situation by considering the sieve tube as a pipe with constrictions spaced at regular dis-
tances, intended to simulate the presence of sieve plates. Thus, in their model, Rand &
Cooke (1978) determined the pressure drop necessary to drive flow over a model sieve
tube element. As they stated, their focus was the fluid mechanics of the phloem pathway,
without considering the physiological factors which drive that same flow. For better com-
parison with the Hagen—Poiseuille equation (2.3), their model had no water flow through
the lateral wall. They also justified their approach, as did Horwitz (1958), Christy & Fer-
rier (1973) and Tyree, Christy & Ferrier (1974)"', acknowledging the fact that Hagen—
Poiseuille equation (2.3) also neglects the effects on the pressure drop that occur as the
streamlines in the sieve tube bend to pass through the pores in the sieve plate, of much
smaller radius than sieve tube lumen. In this respect, Rand & Cooke (1978) applied the
Stokes equation (2.13) for the axisymmetric'? steady creeping'> motion of an incom-
pressible viscous fluid in a single sieve tube element with a single circular pore. From
sieve tube element dimensions (Weatherley & Johnson, 1968), giving sieve tube element
radius to length ratio of the order of 0.1, Rand & Cooke (1978) found that the sieve tube
resistance derived from Hagen—Poiseuille equation (2.3) was about 2 times smaller than
the value obtained from their formula. This means that according to their predictions, the
resistance of a sieve tube element with a single narrower sieve plate pore would double
the resistance predicted by the Hagen—Poiseuille equation (2.3) for the same system. The
factor increased for longer and narrower sieve tube elements, and the discrepancy will be

larger in the more realistic situation of more than one sieve plate pore.

! in this last case for using Hagen—Poiseuille equation
2 cylindrical symmetry around the direction of flow

" fluid flow in which the velocity of flow is very small and the Reynolds number is <<'1
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Rand, Upadhyaya & Cooke (1980) supplemented the Rand & Cooke (1978)
model by considering the bending of the streamlines as they pass through the sieve plate
as a region of creeping conical flow. In this way they argued to build a compromise be-
tween the mathematically difficult Stokes’ equation (2.13) (Rand & Cooke, 1978) and the
more unrealistic flow regime associated with the Hagen—Poiseuille equation (2.3), con-
sidering the actual number of sieve plate pores instead of their previous idealization of
one sieve plate pore only. As they previously predicted (Rand & Cooke, 1978), the
Hagen—Poiseuille equation (2.3) gives smaller pressure drop values across a sieve tube
element with N pores per sieve plate which varies, not surprisingly, according to the
structural and anatomical parameters. According to the survey of Rand, Upadhyaya &
Cooke (1980) on 6 species, most commonly used in phloem transport studies at the time,
the pressure drop predicted by Hagen—Poiseuille equation varied between 15 and 75 %
less than the pressure drop determined by the conical flow equations they obtained. This
suggests that some care must be taken and their approximate equation provides a signifi-
cant improvement for quantitative studies requiring greater precision, specifically when

using anatomy data as input.

2.2.2 Time-dependent Laminar Flow

2.2.2.1 Changes in the Pathway Resistance

The first non-steady state model of the Miinch pressure flow hypothesis published
was from Ferrier & Christy (1975). They developed from Christy & Ferrier (1973) with
loading and unloading of the phloem through companion cells and studied the time-
dependent behaviour of a Miinch translocation system following application of a cold
block. Ferrier & Christy (1975) simulated the responses observed in sugar beet where
phloem transport was temporarily reduced by chilling, if not inhibited. They interpreted
the effect of chilling at a region in the pathway as a local resistance increase (as postu-
lated by Geiger & Sovonick, 1970; Giaquinta & Geiger, 1973). Ferrier & Christry (1975)
concluded that the resistance factor required to produce translocation inhibition indicates
that even moderate inhibition is primarily due to sieve plate pore blockage rather than
solution viscosity increase. The time for recovery from cold inhibition determined by

Ferrier & Christry (1975) and the shape of the translocation recovery curve agreed with
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experimental results. In addition, the time for translocation recovery and the level of ve-
locity recovery depended on the rate of sucrose unloading in the sink; on the sucrose con-
centration in the sieve tube; on the position, length, and resistance factor of the cold
block; and on the axial hydraulic conductivities. Thus, their work not only provided some

insights into this mechanism but also supported its validity.

2.2.2.2 Bidirectional Movement

One of the most important features of the Henton et al. (2002) model is that it is
the first time-dependent application of the Navier—Stokes equation to phloem transport.
Although very simplified, as they rightfully state, and referring to a 30 cm tube, neverthe-
less it has its own merit. Henton et al. (2002) showed that the time-dependent model
evolves to the steady state depending on the boundary conditions fixed at system ends.
The time that it would require for that to happen also depends on structural and physio-
logical parameters such as viscosity. It was also demonstrated that solute and water can
simultaneously travel in opposite directions at different locations along the model tube at
a given time, which could be arising from competing sources and sinks (Eschrich et al.,
1972; Minchin et al., 1993). On the other hand, solute and water flow direction at a given
location along the tube can change over time, which Henton et al. (2002) interpreted as
being compatible with physiological changes such as sink/source transition (Geiger,
1987; Turgeon, 1989). Thus, Henton et al. (2002) showed that bidirectional movement

within sieve tubes is consistent with the original Miinch pressure flow hypothesis.

2.2.2.3 Time-dependent Loading and Unloading Processes

Smith et al. (1980) developed a non-steady-state model of phloem transport from
the model of Goeschl et al. (1976), with the same set of equations and approximations.
The model considered a single non-tapered sieve tube divided in source, pathway and
sink regions with water exchange between the pathway and the surrounding apoplast. The
time-dependent unloading process was considered linearly dependent on concentration,
described by an unloading coefficient depending both on time and position. Smith et al.

(1980) also used a constant averaged sieve tube element axial hydraulic conductivity be-
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tween cell lumen and sieve plates, ultimately based on the Hagen—Poiseuille equation
(2.3), and developed by Tyree, Christy & Ferrier (1974). Like all its predecessor models,
it considered only sucrose as solute. Using a Newton—Raphson time—stepping method,
Smith et al. (1980) improved the non-steady state phloem modelling over that of Ferrier,
Tyree & Christy (1974) and Ferrier (1978), but given the limited computing power avail-
able at the time, the spatial and temporal resolution of their non-steady state approxima-
tion was low. Thus a thorough analysis of phloem long distance transport was difficult.
The steady state results of their non-steady state model agreed well with the results of
Goeschl et al. (1976), on whose equations their model was based, but bring no qualitative
improvement over the Christy & Ferrier (1973) and Tyree, Christy & Ferrier (1974) mod-

els.

2.2.2.4 Sieve Tube Structure and Cell Wall Elasticity

Thompson & Holbrook (2003a) presented a time dependent model of Miinch’s
pressure flow over long distances, including sieve tube wall elasticity, nonlinear functions
of viscosity (Bouchard & Grandjean, 1995) and solute potential, and a more detailed cal-
culation of sieve pore resistance than in previous models. The Thompson & Holbrook
(2003a) model is similar to previous models (Christy & Ferrier, 1973; Goeschl et al.,
1976; Murphy, 1989a, b; Tyree, Christy & Ferrier, 1974) by considering the phloem di-
vided in three zones: loading and unloading regions of equal length and a pathway region
between the two, all surrounded by a semi-permeable plasma membrane immersed in a
medium at constant water potential representing the apoplast. Like most preceding mod-
els it has a constant loading rate and a linear concentration-dependent unloading rate in
the sink region but no solute loading and unloading processes in the pathway region. The
anatomy for sieve plates was used in a much more detailed manner than previous works.
Sieve plates are simple (containing only one sieve area) with circular pores of equal size
and length, distributed homogeneously over the sieve plate. Although based on an ex-
pected very small Reynolds number, Thompson & Holbrook (2003a) assumed that, con-
trary to Horwitz (1958), Hagen—Poiseuille equation (2.3) accounts, to a very good ap-
proximation, for what they call the “local conductivity” of the sieve tube, although water
radial transport (2.6) was explicitly included. However, given their intention of showing

the role of sieve plates with more precise and anatomy data input, their argument “Not
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only can the inertial components of the Navier—Stokes equation be neglected, but relative
to viscous forces, radial flow will transfer very little momentum — and very little volume
— to the sieve tube sap” is more than enough for applying the more appropriate Stokes
equation, given the system space dimensions. Hagen—Poiseuille equation (2.3) is not the
only way of expressing a linear relationship between pressure drop and flow velocity as
Rand & Cooke (1978) and Horwitz (1958) suggested, and as shown by Phillips & Dun-
gan (1993).

Assuming that “Flow through the sieve pores is a linear function of the pressure
difference across the sieve plate...” and using the work of Dagan ef al. (1982) on Hagen—
Poiseuille flow in a pore of finite length, Thompson & Holbrook (2003a) suggested that
an additional term, given by Sampson (1891), should be included into Hagen—Poiseuille
equation (2.3) for the total pressure across the sieve plate. Consequently, the pressure
drop does not fall to zero as the pore length becomes infinitesimally small compared to
sieve tube lumen, as is the case with the expression used by Lang (1978), Sheehy et al.
(1995) and Tyree, Christy & Ferrier (1974) (2.7), derived strictly from Hagen—Poiseuille
equation (2.3) and applied to both sieve tube lumen and sieve plate pores. Thompson &
Holbrook (2003a) showed that for the sieve plate geometry that they used, taken from
Lang (1978), the sieve tube axial conductivity, Ls, is 13.2% of its value in the absence of

sieve plates and is given by:

aR4rpzl

b= ,u[aSRzrpz (l—lp)+R4 (8lp +37zrp)}

S

(2.14)

where the symbols used are the same as in equation (2.7). In this way, Thompson & Hol-
brook (2003a) showed a much more realistic way of using anatomical information regard-
ing the role of such sieve tube structures which were for so long an obstacle to Miinch’s
pressure flow acceptance.

Another very questionable argument is presented by Thompson & Holbrook
(2003a) for neglecting gravitational effects on the basis that “...the standing pressure gra-
dient in the xylem will cancel the standing gradient in the phloem (Milburn, 1975).” If
one were only interested in phloem-xylem flow, which is normal to both phloem and xy-
lem flows direction, that would be the case, but it is not correct, as pointed out by Murphy

(1989a) and Weir (1981), especially for exploring the plausibility of Miinch pressure flow
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for long distances, a major goal of their work, and for the case when both xylem and
phloem flow are in the same direction. It would make more sense to neglect gravitational
effects, as most authors did, and as Thompson & Holbrook (2003a) admitted “...because
typical pressure gradients in the phloem (~ 0.4 MPa.m™) are much greater than the 0.01
MPa.m™ standing gradient imposed by gravity”. Thompson & Holbrook (2003a) as-
sumed, like others, that radial diffusion is rapid relative to axial convection such that the
radial sucrose concentration gradient is effectively zero. As well, axial molecular diffu-
sion and dispersion are small, relative to axial solute convection, and thus can also be
ignored.

Together with the new way of including the role of sieve plates, Thompson &
Holbrook (2003a) also brought for discussion the elasticity of sieve tube walls, based on
the work of Lee (1981a) and Sovonick-Dunford et al. (1982). Thompson & Holbrook
(2003a) assumed that the sieve tube cross-sectional area expands linearly and elastically
with pressure, and that sieve plates do not expand. Similarly to previous models and using
irreversible thermodynamics formalism for describing radial water exchange (2.6),
Thompson & Holbrook (2003a) made use of the solute potential given by Michel (1972)
in the same way as Ferrier & Christy (1977). Qualitatively, Thompson & Holbrook
(2003a) obtained similar steady state results to other authors (Christy & Ferrier, 1973;
Goeschl et al., 1976; Phillips & Dungan, 1993; Tyree et al., 1974;), specifically non-
linear spatial profiles of decreasing concentration and turgor pressure, with a turgor pres-
sure gradient varying from —0.68 to —0.75 MPa.m™, and an increasing velocity. Lee
(1981a) and Sovonick-Dunford et al. (1982) measured the volumetric elastic modulus of
bulk phloem tissue, assuming that sieve tubes expanded with the same elastic coefficient
as the phloem tissue. They suggested that expansion could act to locally increase sieve
tube conductance and increase the rate of flow in periods of transiently high pressure.
However, with sieve plates, which dominate in determining conductance, there is almost
no increase at all in the sieve tube conductivity due to cell lumen expansion. An increase
in sieve tube lumen radius though significantly increasing the conductance of the lumen
itself will have little effect on the overall conductivity of the sieve tube element, since the
sieve plate resistance can be as much as 90% of the total sieve tube axial resistance (e.g.
sugar beet (Beta vulgaris), Thomspson & Holbrook, 2003b). Thompson & Holbrook
(2003a) also determined that energy dissipation in axial flow due to sieve plates and lu-
men resistance is over 40 times greater than the loss due to lateral wall flow, and the de-

cline in sucrose chemical potential during transport is negligible as a dissipative loss.
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Thus, it would be fair to assume that transport under the considered cylindrical sieve tube
geometry is limited predominantly by axial resistance to flow, and that resistance to the

membrane transport of water plays only a minor role.

2.2.2.5 Radial Water Potential Equilibrium Re-examined

Thompson & Holbrook (2003b) examined the common assumption that phloem
sap is in water potential equilibrium with the surrounding apoplast more rigorously than
Lang (17978) and Murphy (1989a). They used dimensional analysis for the steady state of
their previous model (Thompson & Holbrook, 2003a) and focused only in the behaviour
of the intermediate (pathway) region. The solute loading and unloading were reduced to
boundary conditions at its ends, but the linearly concentration-dependent unloading at the
sink end was maintained. Because geometry and membrane properties of the pathway are
important, Thompson & Holbrook (2003b) used a thorough survey of phloem anatomy
from the literature, even including gymnosperms. Due to their findings of sieve plates
dominance in axial flow resistance, Thompson & Holbrook (2003b) considered the sieve
tube as having rigid walls, and sieve tube axial resistance as a function of length and
structure only. Phloem sap was also considered of constant viscosity. The osmotic poten-
tial taken according to the van’t Hoff equation and the volumetric contribution of sucrose
was set to zero, such that the transport of solution was volumetrically equivalent to the
transport of water. Regarding their previous effort, namely the emphasis put on using
nonlinear functions of viscosity and solute potential and in being more rigorous in simu-
lating phloem sap composition and behaviour, these last assumptions seem somehow in
conflict. This is especially so, if the mathematical argument is the only one presented.
Also, as in their previous work, Thompson & Holbrook (2003b) assumed that the static
gravitational component of phloem transport is negligible just as axial diffusion and radial
diffusion is sufficiently fast to cause radial homogeneity (Thompson & Holbrook, 2003a).

Through dimension analysis Thompson & Holbrook (2003b) built up a model of
phloem translocation that scales with just two dimensionless parameters, both depending
strongly on sieve plate geometry, sieve tube radius and sieve tube length and membrane
permeability. This emphasizes the necessity of good measurements of anatomy for any
phloem study. The parameters are equivalent to the dimensionless parameters obtained by

Phillips & Dungan (1993): first, the ratio of axial resistance to membrane resistance; sec-
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ond, the ratio of phloem sap osmotic strength to turgor pressure drop (between the sys-
tems ends).

First, Thompson & Holbrook (2003b) showed that the assumption of water poten-
tial equilibrium is satisfied only for very high values of the product of those two dimen-
sionless parameters. In physiological terms this is equivalent to the product of osmotic
strength, time scale, membrane permeability and the ratio of surface area to volume.
Hence, for water potential equilibrium, the total turgor pressure drop for the pathway
must be very small compared with the sieve tube sap osmotic strength, and the sieve tube
axial resistance must be much greater than the lateral membrane resistance. Conse-
quently, for equilibrium we must have a leaky system (given the high value of resistance
ratio) submitted to small turgor pressure gradients, as suggested by Hammel (1968). This
in its turn favours parietal membrane water flux and consequently water potential in
closer equilibrium with the apoplast along the whole length of the sieve tube. A very large
turgor drop would indicate that the sieve tube transports solute inefficiently.

Second, Thompson & Holbrook (2003b) constrained the range of possible values
of the two dimensionless parameters (or ‘geometry limited’ range), setting reasonable
bounds on sieve tube length and on the axial conductivity of sieve plates using a survey of
available sieve tube geometries across different species including trees, grasses, succu-
lents and crop species, in a total of 15 species. They found that the axial sieve plate con-
ductivity ratio seldom falls outside the range of 0.05 — 0.5, meaning the sieve plates re-
duce from 5 to 50 % the sieve tube axial conductivity and they also constrain the range of
dimensionless parameters values more than the sieve tube length. From their survey
Thompson & Holbrook (2003b) concluded that sieve tubes operate in water potential
equilibrium. However, for very long narrow sieve tubes with low sieve plates axial con-
ductivity ratio, the transit time will become longer. Sieve tube behaviour depends very
strongly on length and radius in a way that is problematic for very long sieve tubes, as
transit time is an approximate index of how fast the sieve tube can recover from perturba-
tion (Thompson & Holbrook 2003a). Using anatomical data from black locust (Robinia
pseudoacacia), Thompson & Holbrook (2003b) concluded that the axial sieve tube turgor
pressure drop is nearly independent of changes in the apoplast water potential, and the

concentration gradient adjusts to those changes.
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2.2.2.6 Concentration-Pressure Waves and Information

Transmission

A big leap forward in the mathematical description of the pressure flow hypothesis
was made by Ferrier, Tyree & Christy (1975) and Ferrier (1976) on working out the time-
dependent behaviour of the Miinch pressure flow system. Any time-variation of loading
produces a corresponding variation of osmotic pressure (solute concentration). Both stud-
ies considered a 15 m tree and sinusoidal time variations of sucrose loading and water
potential, with a period of one day. This idea is based on the fact that in real plants two
important factors can prevent translocation from attaining a steady state. The problems
are more severe in large specimens like trees; one being the diurnal fluctuation in water
potential throughout the tree; the other is diurnal fluctuations in sugar loading rate in the
leaves, perhaps caused by the growth of the leaf sugar pool during the day and the decline
of the pool through the night. Concentration waves had been detected to propagate in
trees (Huber et al., 1937; Ziegler, 1956; Zimmermann, 1969; Zimmermann & Brown,
1971). The model of Ferrier, Tyree & Christy (1975) was an extension of Christy & Fer-
rier (1973) to a single sieve tube of a 15 m tree, within an apoplast water potential gradi-
ent in the direction of flow. They found that a time variation of the loading rate and of the
apoplast water potential with a period of one day produces concentration waves propagat-
ing down the sieve tube. These waves are superimposed on a concentration gradient in
which the amplitude of the concentration waves decreases down the tree. This is similar
to what Huber ef al. (1937) have reported in northern red oak (Quercus borealis L.).
However, Huber et al. (1937) detected concentration and pressure waves from bark cuts
at various heights in Quercus borealis, but incorrectly interpreted the data as flux of the
bulk solution. Concentration varied diurnally at all heights measured, but with an increas-
ingly large phase shift with distance from the crown. Zimmermann (1969) correctly inter-
preted the phase shift as the propagation of concentration waves. Ferrier, Tyree & Christy
(1975) also predicted that a concentration maximum occurs some time after the maximum
loading rate. Their model also shows that the waves move with a phase velocity 4 to 8
times higher than the solution velocity. Unlike the concentration dynamic profile, the
phase velocity is not affected for a phase difference between loading rate and surrounding

water potential up to 6 hours. This is in agreement with Huber et al. (1937) who sug-

43



Mathematical Modelling of Phloem Transport: A Review

gested a maximum concentration at night time, which in turn agrees with the common
situation in nature of having a minimum water potential surrounding the phloem at about
the middle of the day followed by a maximum peak on the loading rate at sunset or eve-
ning. However, the same concentration waves resulting from time dependent loading rate
and apoplast water potential gradient can equally well be generated from periodic time
dependent unloading rates at a sink region and travel from sink to source as shown by
Ferrier (1978). In fact, such waves can originate anywhere in the phloem transport system
at which a time-dependent variation of sugar concentration (or other solute concentration)
is imposed by a time-dependent loading or unloading rate. As Ferrier (1978) speculated,
these waves may carry information that could provide feedback linking source and sink
regions, and more quickly than changes in the concentration gradient or hormone trans-
port. The propagation of these waves can be thought of as “information transmission”
about local changes, both as a whole sieve tube signal of disturbance (such as a change in
apoplastic water potential or mechanical damage) and as a feedback signal for photosyn-
thesis and allocation of solutes. Thus, it can be seen as a way of whole plant level regula-
tion of sugar loading and unloading in response to changes in turgor or osmotic pressure
in the sieve tube as first suggested by Ferrier et al. (1975). Ferrier (1978) proposed the
term concentration-pressure-flux waves, CPJ 14, due to the complex interactions between
solute concentration, turgor pressure and the solute and water fluxes. Ferrier (1978)
showed that changes in concentration (or pressure) leads those in lateral water exchange
by a phase angle equivalent to 6 hours for a diurnal variation.

Any time variation of loading or unloading produces a corresponding variation of
osmotic pressure (solute concentration), which then results in a time-dependent water
exchange across the sieve tube membrane, and causes a time-dependent variation of tur-
gor pressure at the point of loading. The pressure propagates axially. This moving fluc-
tuation in turgor pressure affects the water flux across the sieve tube membrane, and
therefore the concentration. The concentration and turgor pressure variations tend to have
counteracting effects on the water influx. These complex interactions between concentra-
tion, turgor pressure, and water exchange constitute the CPJ wave. The main parameters
governing the wave speed are frequency, axial hydraulic conductivity of the tube, and
average osmotic pressure. If a time-dependent variation of osmotic pressure is imposed at

some point within any semipermeable tube of small radius in an aqueous environment

* stands for fluxes, usually represented by J
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then a CPJ wave will occur. For the normal physiological conditions of functional sieve
tubes, CPJ waves are virtually certain to occur.

Following Henton et al. (2002) model, Kizilova & Posdniak (2005) also solved
Navier—Stokes equations (2.12) for the time-dependent case of phloem transport, with
both concentration and velocity submitted to periodic perturbations. Their objective was
to show that wave propagation, already observed in plants, is a “possible biophysical
mechanism of long-distance signalling in higher plants”. However, although more rigor-
ous than previous models (Ferrier, Tyree & Christy, 1975; Ferrier, 1976), their predic-
tions of wave velocity were very unrealistic for phloem transport, not only being far
greater (20 to 60 m.s'!) than the average 10 m.s™ speed expected for phloem transport,
but also still much bigger than the experimentally consistent values predicted by Ferrier,
Tyree & Christy (1975) and Ferrier (1976). The problem may be the periodic functions
Kizilova & Posdniak (2005) used, since they obtained a different formula from Ferrier
(1976) relating wave velocity with the phloem physiological parameters. They clearly
state their model to be based on both experimental and theoretical work of Karmanov &
Meleshchenko (1982) on “auto-oscillations of the processes of water exchange” on xylem
water transport. Thus, it seems that Kizilova & Posdniak (2005) considered wave propa-
gation origins and behaviour as being the same for both xylem and phloem tissues, which
may not be always the case.

Based on their theoretical findings, that the steady state sieve tube axial turgor
pressure drop is independent of the apoplastic water potential gradient, unlike the axial
concentration drop (Thompson & Holbrook, 2003b), and seeing that as an indication of a
fast transmission of turgor pressure changes throughout the entire sieve tube, Thompson
& Holbrook (2004) used their previous model and dimensional analysis (Thompson &
Holbrook, 2003b) to investigate the speed with which turgor pressure and solute concen-
tration are transmitted throughout the sieve tube. The most plausible explanation for rapid
propagation of concentration waves requires that the water potentials of the sieve tube sap
and apoplast be tightly coupled. These waves drive membrane water flux elsewhere in the
sieve tube, either diluting or concentrating the solution until the sieve tube sap comes
again into water potential equilibrium with the apoplast. If the pressure waves propagate
quickly, so will the concentration waves, as long as the sieve tube sap can readily return
to water potential equilibrium. This in turn depends on the local elastic and membrane
properties of the sieve tube (Dainty 1976; Kallarackal & Milburn 1985) or at the very
least is affected by it (Lee, 1981a; Sovonick-Dunford, 1986; Sovonick-Dunford et al.,
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1982). An increase in local solute concentration will lead to an influx of water that will
raise the pressure until the balance is restored. Furthermore, a propagating pressure wave
will be accompanied by a concentration wave as the increased pressure drives water out
of the sieve tube, concentrating the solute already present. Thompson & Holbrook
(2003b) demonstrated that the relevant phloem transport equations greatly simplify in
water potential equilibrium. This makes sieve tube dynamics solely dependent on the
value of the dimensionless parameter defined as the ratio of the sieve tube sap osmotic
pressure to turgor pressure drop between the intermediate phloem ends, dependent on the
flow rate and sieve tube geometry. Thompson & Holbrook (2004) called this ratio
“phloem transport scale”. Conceptually, this ratio reflects whether a local perturbation in
sieve tube state is more likely to propagate axially (when having a greater osmotic
strength) or to accumulate locally (when the turgor pressure drop is greater than the os-
motic strength). Thompson & Holbrook (2004) used a sinusoidal time dependent loading
process, with a 24 hour period, similar to what Ferrier, Tyree & Christy (1975) and Fer-
rier (1976) did, as a local perturbation in sieve tube concentration, and consequently in
pressure'”. Sieve tube sap is osmotically coupled to the apoplast through a semipermeable
membrane. As we know, pressure is rapidly transmitted in a steel pipe totally full of fluid,
but solutes move only as fast as the flow of solution. In the phloem, the two are coupled.
Kallarackal & Milburn (1985) argued that the primary limitation to the movement of
pressure waves was the sieve tube elastic and membrane properties, for changes in cell
volume, following small perturbations in concentration or apoplastic water potential. But,
local perturbations in sieve tube solute concentration and pressure can be rapidly trans-
mitted over long distances in response to any physicochemical perturbation that locally
alters the water potential of the sap or the surrounding apoplast. The rate of transmission
depends mainly on the value of the phloem transport scale, being faster for higher values
and is inversely proportional to the sieve tube length, i.e. the velocity of the wave in-
creases as the sieve tube becomes shorter (Thompson & Holbrook, 2004). Hence, local
perturbations in concentration and turgor pressure are more rapidly transmitted through-
out the entire sieve tube when the sieve tube axial turgor pressure gradient is relatively
small compared with the sap osmotic strength. These wave fronts can move several orders

of magnitude faster than the solution itself, in both upstream and downstream directions,

'S from data for black locust (Robinia pseudoacacia), a leguminous tree, and castor bean (Ricinus communis), which
has high axial sieve tube conductivity, for different sieve tube lengths submitted to an apoplastic water potential gradi-

ent.
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i.e. for castor bean (Ricinus communis) it can be 100 times de sap speed (Thompson &
Holbrook, 2006). Holttd et al. (2006) determined a concentration wave speed of about 1
m.h™' and a pressure front propagating at a rate of approximately 25 m.h”', similar to Fer-
rier, Tyree & Christy (1975). These findings agree with previous measurements of diame-
ter variation that have also indicated very rapid propagation of pressure along the xylem
and with a small time lag in the phloem (Perdmaéki ef al., 2001; Sevanto et al., 2003).
Thompson (2005) extended the analysis of previous contributions to the problem
of concentration-pressure waves (Ferrier, 1976; Thompson & Holbrook, 2004) by deter-
mining the effect of non-rigid walls on the wave rate of propagation. He used the same
dimensional analysis and phloem transport model of previous studies (Thompson & Hol-
brook, 2003b, 2004), but this time with elastic terms included. As Thompson and Hol-
brook (2004) predicted, the observed effect was that the speed of pressure wave propaga-
tion depends predominantly on phloem transport scale, ultimately on the sieve tube sap
osmotic strength, with cell wall elasticity being only a minor factor. Hence, Thompson
(2005) concluded that elastic terms are not of enough importance to include in basic mod-

els of phloem transport.

2.2.2.7 Osmoregulatory Flow

For situations where osmotic strength is much higher than the turgor pressure drop
along a pathway, the results of Thompson & Holbrook (2003b) show that sieve tube tur-
gor pressure becomes almost the same everywhere in the sieve tube, irrespective of local
variation in solute content or apoplastic water potential. In this manner, any turgor pres-
sure changes occurring in some part of the sieve tube, due to some osmotic activity, are
readily transmitted throughout the entire sieve tube. So, if, as an example, solute unload-
ing increases then the whole sieve tube turgor pressure will drop. This will lead in its turn
to a concerted increase in the rate of solute loading from all (or some) sieve tube elements
to recover that lost in turgor, perhaps due to enhanced or diminished activity of proton
pumps and membrane transporters (Lalonde et al., 2003; Patrick et al., 2001). Conse-
quently, such a system would be extremely convenient from a control perspective: all
sieve tube elements in a sieve tube could react the same way because they all receive the
same stimulus. Direction of transport would then be determined by the relative position

and density of solute loaders and unloaders, but rates of solute loading would be partially
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governed by the need to globally regulate turgor. Thompson & Holbrook (2003b) called
this mode of transport “osmoregulatory flow”. Their findings are similar to Lang’s (1983)
proposal of turgor regulated translocation in which individual sieve tube elements main-
tain a graded series of turgor pressures. This will give rise to a stable turgor pressure gra-
dient, and therefore flow rate, in the whole sieve tube. Thompson & Holbrook (2003b)
point out in contrast that if osmoregulatory control operated along the length of the sieve
tube in the presence of a large turgor pressure drop, as it is commonly assumed as prereq-
uisite for Miinch pressure flow, a set point turgor would have to be programmed. This
would be a function of distance along the sieve tube depending on the turgor pressure
drop necessary to maintain a certain axial flow. But if the flow rate changed, the pro-
grammed gradient would have to be reprogrammed, making it unclear, on the basis of its
decentralized body plan, how the plant would accomplish this more complicated mode of
control. Moreover, such a system would place the flow control in the intermediate region
between sources and sinks, instead of where the solutes are actually produced and con-
sumed. On the other hand, low turgor pressure drop (or high osmotic strength) osmoregu-
latory flow is compatible with recent suggestions by Patrick et al. (2001) and Lalonde et
al. (2003) that information regarding sink demand or plant water status could be transmit-
ted throughout the phloem as a change in turgor pressure, in agreement with Ferrier
(1978). Under this concept, the phloem intermediate region is conceptually better viewed
as a turgor regulating unit as proposed by Lang (1983) than as a simple conduit for trans-
port. This distinction highlights turgor regulation as the primary means of controlling
translocation, rather than turgor pressure gradient regulation, and greatly simplifies the

demands placed on membrane solute transport.

2.2.2.8 Phloem Relays

For Miinch pressure flow over long distances Thompson & Holbrook (2003a)
showed that the transit time to travel the whole system length, L, is proportional to L?,
thus confirming the idea of Tyree, Christy & Ferrier (1974) that phloem transport will
take far longer at greater distances and that taller plants could be “expected to have”
lower sieve plate resistance, or shorter sieve tubes linked in series, or both. Hence,
Thompson & Holbrook (2003a) suggested that instead of relying on a single osmotically

isolated path from source to sink, the plant may rely on a set of such paths arranged in
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series — a composite or ‘‘relay’’ system (Lang, 1979; Aikman, 1980; Murphy & Aikman,
1989), in which between two adjoining relays there is an intermediate apoplastic step of
both unloading/loading processes. Consequently, there are energy costs associated with
active loading of solutes at each relay, which obviously increase with the number of re-
lays. In this scenario, lengths of sieve tube are hydrostatically isolated and relays expend
energy transporting assimilates from one length to the next. Consequently, with transit
time being linear with L?, halving the transport distance would reduce the transit time.
Thus, it is not difficult to see how two concatenated 10 m sieve tubes would have a com-
posite transit time of only 1/2 that of a single 20 m sieve tube, and four 5 m sieve tubes
only Y that of a 20 m tube. For different lengths Thompson & Holbrook (2003a) applied
a small sinusoidal diurnal impulse wave function in the unloading zone as a perturbation
to the steady state simulations. They determined that not only are longer sieve tubes slow
at delivering their assimilates to distant points in the plant, but they are also considerably
less sensitive to changes in supply or demand at one or the other end of the tube. At very
small lengths sieve tube concentration is extremely sensitive to small differentials be-
tween the loading and unloading rates. This evokes the heavy dependence of the sieve
tube element on the cell activity of its associated companion cells (van Bel & Knoblauch,
2000) or Strabusger cells'®, nowadays considered as a single physiological unit — the
sieve element companion cell complex, SE/CC. In this way, another disadvantage of the
relay mechanism (Lang, 1979), aside from the cost of active loading, is that in short sieve
tubes sucrose concentration is very sensitive to differentials between loading and unload-
ing rates. A very low value of the transit time could mean that transport through the sys-
tem is rapid relative to storage. Intermediate active transport is at least circumstantially
supported by the presence of sucrose and water membrane transporters throughout the
plant body (Patrick et al., 2001). Passive loss and active loading of sucrose are known to
occur everywhere (Komor ef al., 1996). Perhaps the ‘‘leak pump’’ behaviour of phloem
tissue is not simply a matter of storage, or supply to stem tissue, but additionally trans-
ports sucrose from one sieve tube to the next. Unfortunately, as Thompson & Holbrook
(2003a) point out, the relay hypothesis is difficult to test directly, since little is known
about the fine-scale anatomy of the phloem in different taxa. Rates of loading and unload-
ing in the stem are poorly known, and even less is known on marrying the two types of

information.

16 .
in the case of gymnosperms

49



Mathematical Modelling of Phloem Transport: A Review

The efficiency of osmoregulatory flow, and the conditions in which it occurs pre-
sented by Thompson & Holbrook (2003a, b), seems to require that sieve tubes be shorter
than the plant axial length. The idea of multiple, concatenated sieve tube modules, with
solute loading and unloading between them, although not new (Lang, 1979), has only
been tested once by Murphy & Aikman (1989), who looked for relays in castor bean
(Ricinus communis), using an analysis of phloem bleeding in stems and petioles. Their
data suggested that there is hydrodynamic continuity between stem and petiole, and did
not point to solute relays. However, such evidence does not count against relays in gen-
eral, since the osmotic strength to turgor pressure drop ratio is large enough to consider
castor bean a good example of osmoregulatory flow and thus making relays unnecessary
(Smith & Milburn, 1980). Milburn (1974) showed that a concentration drop is present,
perhaps to oppose the gradient in apoplastic water potential, but no big turgor pressure
drop (Milburn, 1972). But, on the other hand, if a plant phloem translocation system is
organized in modules, as in many large trees given the complexity of their vasculature,
then the coordination of different sources and sinks would occur through intermediate
nodes, being either vascular nodes or petiole insertions. There is some circumstantial evi-
dence that would allow relays to operate: the prevalence and orientation of transfer cells
in vascular insertions (Gunning & Pate, 1974); the rapid solute leakage and retrieval
processes throughout the phloem in the stem (Aloni et. al., 1986; Minchin & Thorpe,
1987a); sieve tube solute content is known to vary considerably between sieve tubes of
different vascular bundles (Milburn 1974), as is turgor pressure (Hammel, 1968; Lee,
1981b; Wright & Fisher, 1980), and the axial turgor pressure drop is found to vary be-
tween 0.05 and 0.2 MPa.m™', even in trees. Furthermore, as Thompson & Holbrook
(2003b) show, a large gradient in concentration does not necessarily indicate a large gra-
dient in turgor pressure. Hence, the large quantity of solute known to be leaked and re-
trieved along the translocation pathway could represent more than just lateral exchange
with stem storage pools; it could represent transport from one module to the next, a proc-
ess that would be difficult to distinguish from “retrieval” given the small distances in-
volved.

Holttad e al. (2009) using a simplified version of their previous model (HOIttd et
al., 2006) basically considering only phloem and xylem systems, investigated the influ-
ence of phloem morphology and potassium on the phloem transport capacity to distribute
carbohydrates in a tree. HOlttd et al. (2009) maintained all their previous model assump-

tions (HOItta et al., 2006) and presented a steady state model in which both phloem and
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xylem axial conductivity are taken from Hagen—Poiseiulle equation (2.3) with a geomet-
ric factor'”. In this way, phloem conductivity implicitly depends on concentration, as vis-
cosity depends on sugar concentration (HOIttd et al., 2006), as in many models. The main
convenience is that it can relate with anatomical and physiological features and validate
model assumptions. However, as stated by several authors its validity is highly question-
able in the presence of lateral water fluxes; like all the models before this one. Holttd et
al. (2009) model highlights the advantages of the solute relays (Lang, 1979), specifically
in big plants where axis length is a problem for efficient transport. Holtta et al. (2009)
showed that with solute relays the same amount of sugar can be transported with fewer
parallel tubes compared with the case of continuous sieve tubes, and the number of re-
quired parallel tubes (and solution speed) were approximately inversely proportional to
the number of tubes in series. Both pressure and concentration propagated at a speed in-
versely related to the number of relays. Holttd ef al. (2009) also observed that the turgor
pressure difference between the source and sink regions dropped considerably when hav-
ing solute relays, thus achieving a more uniform turgor pressure in the phloem. The
Holttd et al. (2009) model showed the advantageous osmotic role of potassium. If it is
actively loaded and unloaded against concentration gradients, it merely increases the tur-
gor pressure and its gradient by drawing in water to the phloem without increasing the
solution viscosity in the same way as sugars. Their results agree with the actual physio-
logical role of potassium in the phloem and with earlier measurements of phloem potas-

sium gradients in the same direction as carbohydrates gradients (Vreugdenhil, 1985).

2.2.3 Coupled Xylem and Phloem Flows Models

The vast majority of phloem transport models published does not consider xylem-
phloem interactions, despite the close proximity of the two vascular systems and the well
known water exchange between the two. Probably the main reason for not treating both
systems simultaneously is the complication of increasing the number of transport equa-
tions that would have to be solved. Thus, it is not surprising that the first model of cou-
pled xylem and phloem flows used “state-of-the-art numerical methods solved on digital

computer” (McKinion & Weaver, 1979). They presented a compartmental model (Fig

17 multiplied by the number of parallel running elements and by a dimensionless factor accounting for the effect of the

intervascular pits and sieve plate pores for both xylem and phloem respectively.
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2.5) of coupled xylem and phloem flows simulating a cotton plant seedling (Gossypium
barbadense L.) consisting of four different compartments in which water circulates from
leaves to phloem, to roots, to xylem and back again to leaves. Between these last two
compartments there is a semipermeable membrane separating xylem from the rest of the
leaves tissue. McKinion & Weaver (1979) emphasized that in both xylem and phloem
pathways, water moves down a pressure gradient circulating throughout the plant body,
being taken up from the soil by the roots and being lost through evapotranspiration in
leaves. In this manner, both root and leaf compartments change their respective volumes
due to differences in both incoming and outgoing flows together with water uptake in the
roots and water loss in the leaves respectively. The root compartment was regarded as
limited by a barrier separating it from the soil through which the hydrostatic and osmotic
pressure differences developed would cause water to be taken up by the root. On the other
extreme, water loss from the leaf through evapotranspiration is considered as a linear
function of the differences in the water vapour pressure in the leaf and surrounding air.
McKinion & Weaver (1979) were mainly concerned with stress caused by carbohydrate
and water shortages in the cotton plant. They used the main biochemical rate equations
for describing carbohydrate concentration changes both in leaves and roots, together with
the Hagen—Poiseiulle laminar flow description of vascular transport (2.3). McKinion &
Weaver (1979) also showed that changes of the biochemical rate parameters describing
carbohydrate production and consumption also affected both xylem and phloem flow
rates. Similarly the sucrose levels in both leaves and roots were also affected. Although
very simplified, specifically in terms of spatial and physical limiting of the different com-
partments, the McKinion & Weaver model has the merit of showing how informative and
important integrative models of xylem and phloem flows can be, and opened the way to
more complete and realistic models.

Boersma et al. (1991) extended the McKinion & Weaver (1979) compartmental
approach for a better understanding of how water stress affects transport rates in both
xylem and phloem and source/sink relationships. The main improvement was not only the
more realistic physical dimensioning of plant vascular architecture but also to link fluid
flow between the two transport systems. Boersma et al. (1991) considered both phloem
and xylem systems as series of interconnected compartments or discrete units describing
the transport pathway from the soil, through roots, stems, leaves and into the atmosphere,
including the water vapour flow from intercellular spaces to the atmosphere. They also

considered the control of water vapour loss and CO, uptake through stomata including al-
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Figure 2.5 — McKinion & Weaver compartmental model (in McKinion & Weaver, 1979).

so some structural detail never studied before in mathematical modelling of phloem
transport (Fig. 2.6). The coupling of both xylem and phloem flows was only considered in
both source (leaves) and sink (roots) regions where Boersma et al. (1991) examined lat-
eral water transfer between xylem and the phloem driven by water potential gradients that
are affected by the sugar concentration in the sieve elements. The Boersma ef al. (1991)
model, like its predecessor from McKinion & Weaver (1979), is a steady state model
making constant the concentration of sugars in both source and sink compartments. But,
unlike the model of McKinion & Weaver it does not include photosynthesis described by
biochemical rate equations. Even though it only refers to transport between one sink and
one source, the Boersma et al. (1991) model is useful in showing that xylem water poten-
tial affects phloem transport, mimicking experimental observations of xylem and phloem
transport rates, and sugar concentration in the source and in the sink. It also shows how

both xylem and phloem flows are sensitive to environmental changes.
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Figure 2.6 — Compartmental model of xylem and phloem transport pathways (in Boersma et al.,
1991).

2.2.3.1 The Effect of Transpiration on Phloem Transport

Holtta et al. (2006) did “modelling of xylem and phloem water flows in trees ac-
cording to cohesion theory and Miinch’s hypothesis” to simulate phloem transport in
Scots pine (Pinus sylvestris L.). Although not the first phloem transport model to consider
tree dimensions, their model has the merit of including coupled xylem and phloem flows
in which the transpiration stream is the main cause of changes in the apoplastic water
potential. Thus, it gives a much more realistic picture of the water circulation in trees
when compared with the previous works of Ferrier, Tyree &Christy (1975) and Ferrier

(1976). Interestingly, physiology and anatomy data of a gymnosperm species are included
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as well as for angiosperms; which is unusual for phloem modelling. No particular empha-
sis on anatomical or structural features of xylem or phloem is given. Also, sieve plates,
xylem pith membranes, or any other particular cell structures are ignored, considering that
any effect of such cell structures may be implicitly included in the axial conductivity at
the macroscopic level, assuming it as constant. As in most mathematical models of
phloem transport, radial solute exchange along the phloem pathway is also not consid-
ered. The focus of the Holttd ef al. (2006) model is on the flow in the pathway between
sources and sinks. For that reason the model considers transpiration, a constant phloem
loading rate, and a linearly concentration-dependent unloading rate. Root is also not con-
sidered, and water absorption from the soil at the bottom end of the xylem pathway is
given as input as is soil water tension. In this particular respect it represents a disadvan-
tage when compared with the models of Boersma ez al. (1991) and McKinion & Weaver
(1979). Sugar loading rate is taken from the measured CO, daily uptake in leaves accord-
ing to Sevanto et al. (2003), assuming that the entire CO, intake into the tree is converted
into sucrose which is then loaded into the phloem. Given its dimensions and in order to
best simulate water and solute movement in trees, the gravitational hydrostatic pressure
gradient is included. The model of Holttéd et al. (2006) is strongly based on the Peraméki
et al. (2000) model of water flow based on the cohesion theory of xylem water move-
ment. Anatomically, the Holttd et al. (2006) model is more advanced than its coupled
xylem-phloem flows model predecessors (Boersma et al., 1991; McKinion & Weaver,
1979). It offers a more realistic picture as it divides the model tree into four different
functional components in the radial direction: xylem, cambium, phloem and “other living
bark tissue”, excluding ray cells for geometry simplicity, thus making each component
with a homogeneous radial distribution of water pressure. Both axial xylem and phloem
flows are determined using Darcy’s law, which describes the flow of a fluid through a

porous medium:

j :_Ed_p (2.15)
M odx

in which the flux, j, of a fluid of viscosity g, is linear with the pressure gradient in some
segment of length (e.g. xylem vessel or sieve tube element) of axial conductivity & de-
pendent of sieve tube structure only. The radial water exchange between the adjacent

components is given by Starling’s equation (2.6). The changes in the diameter of each
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component relate to changes in water pressure through the bulk modulus K definition
from the elastic properties of plant cell accompanying cell expansion due to water move-

ment (Dainty, 1976; Nobel, 1999; Wright & Fisher, 1983):

ap = Kdv (2.16)

dt 'V dt
Any effects on xylem hydraulic conductivity caused by embolism and refilling of xylem
vessels are not included. Interestingly and not explicitly justified by the authors, they con-
sider that phloem sap viscosity changes with sugar concentration following Morison
(2002); in a very conflicting and highly questionable decision they chose van’t Hoff’s
equation to express phloem sap osmotic pressure. Thus it is really hard to think how vis-
cosity can change with sugar concentration, which they claim as being important to ex-
plain phloem transport speed changes, and at the same time the linear relationship be-
tween osmotic pressure and concentration is still maintained. Holttd et al. (2006) give no
justification and seem to follow uncritically the common use of van’t Hoff equation in
plant physiology.

With a polemic choice of sugar concentration-dependent viscosity yet a simulta-
neous linearly concentration-dependent osmotic pressure, Holttd et al. (2006) observed
that the system was sensitive to the sugar loading rate. A too high sugar concentration (of
approximately 7 MPa osmotic pressure) would cause phloem translocation to be irre-
versibly hindered, and soon totally blocked, due to accumulation of sugar at the top of the
phloem and the consequent rise in the viscosity of the phloem sap that would change
sieve tube resistance, according to Darcy’s equation (2.15). On the other hand, a too low
sugar loading rate would not induce a sufficient axial pressure gradient to cause any flow
at all. The sugar flux decreases uniformly as the sugar concentration and osmotic pressure
at the unloading zone are increased. At the same time axial pressure gradient in the sieve
tubes decreases and sap viscosity increases. Common to all models, which presented an
explicit dependence of viscosity on phloem sap sugar concentration, changes in viscosity
have severe effects on the phloem translocation capacity of the phloem sap as viscosity
also varies substantially with distance as a consequence of the sieve tube concentration
gradient. Holtta et al. (2006) found that the viscosity of the phloem sap can be over 10
times higher than the viscosity of pure water at the same temperature. There is an “opti-

mal value” for the sugar loading rate for maximum sugar translocation to balance be-
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tween the two scenarios of drop in turgor pressure and the dilution of the sap solution,
and the rise in viscosity. This optimal value was evidently dependent on the structure of
the transport system and environmental conditions. This optimal value was about 5x 10~
mol.s ', resulting in an osmotic pressure of 6 MPa at the source region which is equiva-
lent to a total sugar concentration of 2 M, about two times the normal expected values
found (Salisbury & Ross, 1991; Sevanto et al., 2003).

Of interest and specifically due to their success in showing coupled xylem and
phloem flows, Holttd er al. (2006) were also able to show the noticeable impact of tran-
spiration on the amount of sugar loading that can be sustained. Sufficiently low water
tensions must be maintained in the leaf to avoid excess embolism. However, very high
tensions could also prevent water crossing to phloem, inducing limitation on stomatal
conductivity. Water tension build-up would reverse the direction of the phloem flow, with
water being “sucked” to the xylem during the daily peak transpiration, if transpiration was
raised to more than five times the normal transpiration rate they measured for Scots
pine(Pinus sylvestris L.). Holttd et al. (2006) suggest that the water tension in leaf might
be controlled by stomatal conductivity, facilitating the Miinch pressure flow in agreement
with Schultze (1991), who pointed out that the requirements of regulating the xylem and
phloem flows could be the driving reason for stomatal control of transpiration (and photo-
synthesis) in leaves.

Ferrier, Tyree & Christy (1976) and Ferrier (1976) were the first to explicitly con-
sider time-dependent changes on the apoplastic water potential surrounding sieve tubes,
but Holttd er al. (2006) presented a more integrative way of considering transpiration as
the main driver of apoplastic water potential changes, along with the radial water ex-
change between xylem and phloem tissues. Using field measurements from Sevanto et
al., 2002, Holtta et al. (2006) showed coupling of radial phloem and xylem flows with
transpiration. This confirmed the Sovonick-Dunford et al. (1981) measurements of
phloem turgor pressure in white ash (Fraxinus americana L.) trunk and Buttery & Boat-
man (1964) measurements of turgor pressure in the laticiferous phloem tissue of Para
rubber tree (Hevea brasiliensis). Thus, during high transpiration xylem pulls water from
the sieve elements and their turgor pressure is reduced. The turgor pressure drop is greater
at the top of the tree during diurnal transpiration peaks, which reduces the axial turgor
pressure gradient and raises the viscosity of the sap as sugars accumulate. When transpi-

ration is lowered, water and sugar flows in the phloem are enhanced.
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It is well known that stem diameter changes and water status in trees are closely
related. Holttd ef al. (2006) showed that the diameter change of the whole stem depends
on both xylem and phloem pressure. The whole stem diameter variation has the same
basic pattern as the xylem diameter variation. At the top of the tree (source of transpira-
tion) the change in stem diameter lags behind the xylem change diameter, leading the
xylem diameter change at the bottom, with both changes following transpiration. This
same pattern has also been observed in field measurements (Sevanto et al. 2002, 2003).
Comparing the relative amplitudes of the xylem and stem diameter variations Holttd et al.
(2006) found that one third of the whole stem diameter change was due to changes in xy-
lem and two thirds to the living tissue outside the xylem, i.e. almost exclusively the

phloem, agreeing with the field measurements from Sevanto et al. (2002).

2.2.3.2 Miinch Counterflow

As strange as it may seem the model predictions of McKinion & Weaver (1979)
are more interesting than what they presented. Whether intentional or not, McKinion &
Weaver (1979) presented the first published evidence, although theoretical, of what is
called today the Miinch counterflow — in which due to the continuous sugar loading and
unloading during the absence of transpiration there is a transpiration-independent water
flow in the xylem during the night. The axial xylem pressure gradient is thus induced by
withdrawal of water from the xylem into the phloem at the source region, and the efflux
of water from the phloem to the xylem at the bottom of the stem, promoting a continuous
circulation of water in the plant body. Unfortunately, in a lost opportunity, McKinion &
Weaver (1979) did not highlight this situation. They do, however, present results in which
xylem flow rate at night-time is reduced to the same value as phloem flow rate. This is
about 5 % of the maximum xylem flow rate as shown by Holtté et al. (2006), Pedersen &
Sand-Jensen (1997) and Tanner & Beevers (2001). Phloem flow is fairly constant
throughout the day, while the xylem flow lags behind the transpiration, confirming
McKinion & Weaver (1979) experimental data. Experimental evidence of the Miinch
counterflow has only been shown recently by Kockenberger et al. (1997) and Tanner &
Beevers (2001), confirming Tanner & Beevers (1990) previous investigations. It may be
important especially for large trees, since it provides a transport mechanism for nutrients

from roots to canopy even in low transpiration conditions.
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2.2.4 Transport Resistance Models

Thornley (1976) proposed that the Miinch osmotically generated pressure flow
could be explained by considering a “one source-one sink model”. In such a model,
source and sink reservoirs are limited by semipermeable membranes and connected by a
non-permeable tube representing the transport phloem region so that solution flow
through this tube between source and sink is governed by Hagen—Poiseuille equation
(2.3). The low resistance return pathway for the solvent (water) represents the xylem (Fig.
2.7). The water flow into the source region and out of the sink region is not restricted by
the semipermeable membrane so that the turgor pressures in both source and sink are
maintained. Source region concentration is constant. Hence, from Hagen—Poiseuille equa-
tion (2.3) the driving force Ap is proportional to the volume flow rate times a resistance,

@, that is given by:

_8uL

D
7R*

2.17)

which is the pathway resistance for a pathway of length L. If the system is in water poten-

tial equilibrium and at atmospheric pressure, the solute flow, J, is given by:

R,T
J==-5-C(c,-C,) (2.18)

S

where C; and C, are the solute concentrations in source and sink, respectively. The term:

r=—% (2.19)

can be considered as the resistance to a concentration-driven solute flow while @, given
by equation (2.16), is the resistance to a pressure-driven volume flow. Considering grav-
ity, specifically in big specimens like trees, an extra resistance term can be added to resis-

tance @ in equation (2.16). But for smaller species, Thornley (1976) showed that gravity

59



Mathematical Modelling of Phloem Transport: A Review

contributes about 0.1 %, for distances up to 1 m. However, for longer distances, e.g. 50
m, gravity can account for up to 7 % of the total pathway resistance between source and
sink regions. Thus some caution must be taken when deciding to neglect gravity effects

on phloem transport, as pointed out by Weir (1981).

source supply of X

pipe of length L and
crossg-sectional area A

solution containing X l solution containing X
at concentration C, ——— at concentration C,

|

sink removal of X

\ membranes permeable __—"|

to solvent only

f—

Low resistance path for solvent

Figure 2.7 — One source—one sink Miinch flow model of xylem and phloem transport pathways
(adapted from Thornley, 1976).

2.2.4.1 Temperature

The influence of temperature differences within a plant on phloem transport was
also investigated by Thornley (1987). This may arise, for instance, from the effects of
sunlight and shade causing horizontal temperature gradients, or from air and soil tempera-
ture differences, made effective by the Benard-Rayleigh convection'®. The mechanism
occurs in temperature-driven convection, and it is also dependent upon gravity and the
effect of temperature on density and on viscosity. This may be important when distin-
guishing the different types of solutes in phloem sap (e.g. proteins) because phloem sap
density depends on temperature in the same way as water, but neglecting the effects of
temperature on viscosity. Thornley concluded that a temperature difference of 1 K would
cause a translocation speed in the order of 10° m.s™, about 100 times smaller than ob-

served speeds in the phloem. Even for a 10 K temperature difference the speed would still

'8 Movement of fluid between two plates at different temperatures in which there is an upwelling movement of warmer

fluid from the heated bottom layer.
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be very small, and such a temperature difference is hard to find naturally between parts of
a plant, especially on smaller specimens. However, Thornley (1987) also points out that
temperature-driven contribution to transport within plants may be significant, depending

upon the relative magnitude of other contributions, e.g. viscosity.

2.2.4.2 Plant Architecture

Minchin et al. (1993) presented the first Miinch-based model of phloem transport
of more than one sink, by extending the Thornley (1976) transport resistance model. Two
competing sinks are connected to one source by a non-permeable tube with a Y-branch
(Fig. 2.8) with unloading in each sink described by saturable Michaelis—Menten kinetics
(2.2); no loading mechanism was specified. This combination of the Miinch pressure flow
with Michaelis—Menten kinetics, although not new (e.g. Magnuson et al., 1979), made a
considerable advance in the understanding of how solutes are distributed amongst sinks,
by focussing on local properties of the sink compartments. This model, for example, was
able to explain observations where one-half of the barley root system was removed by
means of a steam girdle, but photosynthate import into the other half was not appreciably
affected (Farrar & Minchin 1991); and, when an ovule of a pea fruit was removed, there
was no change in import into the untouched ovules (Thorpe ef al., 1993). The explanation
is that the sinks were functioning at or near saturation, so when one sink was removed,
the others were not able to utilize the extra photosynthate that became available. In this
saturation state the Minchin et al. (1993) model also predicted that a change in the flow
resistance of the translocation pathway did not exert control over sink growth normally.
On the other hand the changes in carbon partitioning to two developing leaves of sugar
beet in response to a slow cooling of the petiole of a labelled source leaf, reported by
Grusak & Lucas (1985), could be explained by Minchin et al. (1993) as the changes in
partitioning between alternative sinks predicted by when there is a change in the pathway
resistance of the common pathway which is in this case the petiole of the labelled source
leaf. These pathway resistance changes may well be due to partial blockage of the phloem
pathway due to the well known phloem sensitivity to low temperatures. Changing the
source solute concentration, Minchin et al. (1993) observed a change in carbon partition-
ing between two inequivalent sinks, thus predicting a hierarchy of sinks based upon their

ability to “attract” photosynthate when the supply is changed (Wardlaw, 1990). This hier-
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archy was determined by the parameters describing the sink function and is referred to as
sink priority. The main significance of the Minchin et al. (1993) study was that it estab-
lished how intra-plant competition can be explained without any reference to hormones or

any other signal (except through their regulating the kinetic properties of sinks).

Figure 2.8 — One source-two sinks Miinch flow model of phloem transport: C —solute concentra-
tion; ® — pathway pressure-driven flow resistance and j; — solute fluxes. Subscripts 0 refer to

source and 1 and 2 to sinks (adapted from Minchin et a/, 1976).

Bancal & Soltani (2002) pointed out that a major limitation of the Minchin et al.
(1993) model was the constant concentration at the source, whereas it is most likely to
vary. A “revised version” included the effect of temperature and concentration upon vis-
cosity, and considered source and sinks as activities rather than compartments (Bancal &
Soltani, 2002). The main argument favouring this interpretation is that compartment con-
centrations, as suggested by most mathematical models of phloem transport, are in fact
difficult to measure. But, organ activities are much easier to obtain and thus to compare
with model predictions. On the other hand mass conservation constrains source and sink
activities, thus invalidating source and sink-limiting concepts (Minchin et al., 1993).
Bancal & Soltani (2002) took the temperature dependence of phloem sap viscosity to be
the same as the one observed with water viscosity; for the concentration dependence of
viscosity Bancal & Soltani (2002) used the approach taken by Magnuson et al. (1979) to
quantify the concentration dependence of sucrose solutions viscosity. Bancal & Soltani
(2002) argued that for the physiological range of sugar concentrations found, viscosity
can change several orders of magnitude, thus affecting pathway resistances dramatically.
Bancal & Soltani (2002) also pointed out that the pathway resistance is not in fact con-
stant as equation (2.17) suggests. Instead, the pathway resistivity will dramatically in-

crease at each sieve plate. In this way, Bancal & Soltani (2002) used a 2.5 multiplying
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factor on equation (2.17) (Sheehy et al., 1995) to account for these anatomical factors
which are difficult for a simple mathematical description due mainly to its complex na-
ture. Bancal & Soltani (2002) confirmed the Minchin et al. (1993) predictions of sinks
operating normally in saturation conditions at which they are not affected by changes in
the phloem pathway resistance. Most notably, in choosing a specific system — wheat grain
filling — Bancal & Soltani (2002) showed that pathway resistances can be excluded if one
wants to describe source/sink relations, which would be helpful due the difficulty to de-
termine resistances from anatomy and physiology data. In their specific example, Bancal
& Soltani (2002) demonstrated that source/sink relations in the wheat grain filling process
could easily be explained using Michaelis—Menten kinetics only.

Daudet ef al. (2002) extended the Minchin ef al. (1993) model to a comprehensive
model of carbohydrate and water fluxes, incorporating xylem water flow and phloem-
xylem interactions and their involvement in growth limitations on competing sinks. They
considered the pathway as a series of segments with terminal sources and sinks, with each
unit described by a set of water and solute flow equations (cf. Christy and Ferrier, 1973).
Daudet et al. (2002) used walnut (Juglans regia) as the model species from which anat-
omy and physiology experimental data were used as model inputs. However, a strong
limitation was the lack of solute radial exchange in both vascular systems. Lacointe &
Minchin (2008) extended the modular approach of Daudet et al. (2002), demonstrating
that it can model interactions between phloem and xylem transport with a two-sink sys-
tem. Each element includes a xylem and a phloem flow pathway, with lateral flows be-
tween these, and is connected to the neighbouring elements by the 2 longitudinal path-
ways. Further, attached to the phloem is a parenchyma compartment incorporating me-
tabolism and lateral solute exchanges (unloading/reloading), and the associated xylem
flow. Lateral solute leakage and reloading occur along the long-distance pathway, to-
gether with lateral water flow determined by water potential gradients and the sieve tube
membrane water permeability. Both xylem and phloem flows are given by Darcy’s equa-
tion (2.15) in which the phloem resistance is proportional to the phloem sap viscosity,
depending on both temperature and concentration, as suggested by Bancal & Soltani
(2002). Lacointe & Minchin (2008) also accounted for the nonlinear relationship between
osmotic pressure and solute concentration, cf. Michel (1972) and considered both sym-
plastic and apoplastic loading/unloading processes. Following the suggestion by Bancal
& Soltani (2002) that the source is better described by a constant flux of solute that is a

constant rate of photosynthesis, rather than its solute concentration, Lacointe & Minchin’s
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model predicted sink priority behaviour as in the simplified version of Minchin et al.
(1993). They showed that xylem flow can affect phloem distribution, as changes in leaf
transpiration from the source can lead to changes in relative phloem unloading rates at
both sinks. Both of these phenomena have been debated and predicted based upon quali-
tative argument, but Lacointe & Minchin (2008) presented the first simulations of

phloem-xylem interaction in a branched architecture.
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3. Hydrodynamics of Phloem Transport:
Steady State Flow in Sieve Tubes with

Radial Convection and Solute Exchange

3.1 The Model

The previous chapter concluded that the importance and physiological role of ra-
dial water and solute exchanges along the phloem pathway have rarely been investigated
in mathematical models of phloem transport. Here we propose a steady state two-
dimensional flow model of phloem transport, according to the Miinch pressure flow hy-
pothesis, of a single solute with allowance for water and solute exchange along the path-
way (Fig. 3.1).The model is developed using the Navier—Stokes and convection-diffusion

equations. The following assumptions are made:

1. The sieve tube is considered as a right circular cylinder of length L and ra-
dius R, such that R << L, limited by a membrane through which water and
solutes fluxes occur.

2. The end effects caused by the entry and exit of sap in the sieve tube are
negligible.

3. The flow is axisymmetrical.

4. The system is at steady state.

5. The sap enters the sieve tube with an average speed U, with an average
solute concentration C; and at average turgor pressure p;.

6. The membrane is porous. Solute exchange across the membrane is re-
garded as a passive process in which there is: 1) diffusion of solutes that is
linear with the concentration difference between the sieve tube and the sur-
rounding apoplast, and dependent on the sieve tube membrane solute per-
meability, Pg; ii) convection of solutes with water movement through the

membrane pores.
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10.

11.
12.

13.

14.
15.

16.
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The apoplast solute concentration, Coy, is not affected by solute or water

exchange with the sieve tube.

. . . dV¥ . .
There is a constant water potential gradient d—‘““ surrounding the sieve
z

tube.

The sieve tube membrane hydraulic conductivity, L, is constant.

The sieve tube sap is regarded as a homogeneous water solution, i. €. an
incompressible Newtonian fluid (of constant density, p) in which the shear

stress exerted by the fluid, the drag, t:

is linear with the velocity gradient perpendicular to the direction of shear,
with p, the constant of proportionality, being the fluid viscosity — known
as Newton’s viscosity law.

Sieve tube sap viscosity, 4, is constant.

The diffusion of solutes within sieve tube sap is isotropic and obeys Fick’s
law of diffusion with a constant diffusion coefficient D, solute-specific.
There is no slip at the sieve tube membrane.

No chemical reactions are considered.

For simplicity, the osmotic pressure is given by van’t Hoff equation: I1 =
CR,T, where R, is the universal gas constant and T the absolute tempera-
ture.

Sieve plates are transverse and spaced at regular intervals. The effect of
sieve plates on the overall sieve tube conductance is described by an im-

pedance factor £ which is related to sieve tube element structure and given

by:

8/

)4 2
81, +3xr, P
f= <R G.1)

8/ ,+ 37zrp
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and

2 2
a=N"2 _N (F—Pj (3.2)
Pﬂ_RZ p .

is the fraction of sieve plate area composed of sieve pore area with N,
pores; R and / are the sieve tube elements radius and length, while 7, and /,
define the sieve plate pore dimensions: radius and length respectively
(Thompson & Holbrook, 2003a). As [/ > [, and R > r,, we have always <
1. For the special case of r, = R, then N, = 1 and « = 1, the impedance fac-

tor is #= 1, there is no sieve plate.

Sieve Tube Membrane

2R

/]

Lumen Pore Sieve Plate

Figure 3.1 — Sieve tube model: R — Sieve tube radius; j,, — water flux; j; — solute flux; j;,, — radial

water flux; j;s — radial solute flux; » — direction of radial flow; z — direction of axial flow.
3.2 Fundamental Equations and Boundary Conditions
With these assumptions the hydrodynamics of the system is completely described
by the Navier—Stokes equation (momentum balance equation) (3.3) and the continuity

equation (3.4). The Navier—Stokes equation describes the momentum change for a vol-

ume element of fluid resulting from the pressure and viscous forces acting on it. That is:

@+(W’)\7 SR A 2 (3.3)
ot Yo,
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where Z—V =0 for the steady state flow; v = u/p is the kinematic viscosity. The effect of
t

sieve plates is described by multiplying the viscous term of the Navier—Stokes equation
(second term of the right hand side) by 1/4 and is equivalent to having a more viscous
fluid since £ < 1. This approach treats the sieve tube as a conduit of essentially uniform
resistivity, a close approximation to reality in view of the distribution of the sieve plates
within sieve tubes (Weir, 1981; Henton et al., 2002). The pressure p includes the gravita-
tional effect, i.e. p = p’” + pgh; where p’ is termed the hydrodynamic pressure inside the
sieve tube, g the local acceleration of gravity and 4 is the vertical coordinate above a
standard reference plane. The continuity equation for an incompressible fluid:

V=0 (3.4)

is the mass balance equation for the solution. These two equations together describe the
solution movement inside the sieve tube.
The solute transport in the sieve tube is governed by the convection—diffusion

equation:

aa_fmvzc_(;ﬁ)c (3.5)

which is the mass balance equation for the solute. For the steady state flow ‘Z—f:O.

Equation (3.5) describes the transport of solutes within sieve tube sap as the sum of terms

describing diffusion and convection respectively. D is the solute diffusion coefficient, its
diffusivity. Thus, the solute flux, 1 , inside the sieve tube is:

j, =—DVC+vC (3.6)

A cylindrical coordinate system is the most suited to the sieve tube geometry, with the z
axis direction being the system axis (Fig. 3.1), and with r and ¢ specifying radial coordi-
nate and azimuth respectively. Radial fluxes are negative for influx and positive for ef-

flux. According to the model assumption of axisymmetric flow, the dependent variables:
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velocity v, turgor pressure p (from now on just called pressure) and concentration C are

all independent of the azimuth ¢. This means that:

v, = 0
and
N _V,
Oop  Op
together with
x_w_,
op Op

(3.7)

(3.8)

(3.9)

Hence, the Navier—Stokes equation (3.3) can be split in the radial and axial components,

giving:

“or oz por Bl or

ov, ov, lop v|l1o
V,—L+v,—L=————| =
or oz poz pf

The continuity equation (3.4) simplifies to:

la(”Vr)+5V

Yz

r or Oz

The convection—diffusion equation (3.5) is:

e ac_DFg( oc

Phiad
or

V,—+V,—=
or Oz r or

LA @:_1@+1H16<Wr>

r

ror

(3.10)

(3.11)

(3.12)

(3.13)
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and the sieve tube solute flux is:

: oC

=D —+v,C (3.14)
. -pLivc (3.15)
zZ

By definition, the apoplastic water potential gradient surrounding the sieve tube is given
by:

leout — dpout _ dnout (316)
dz dz dz

dp out and dH

dz dz

out

where are assumed as constant. Il is the osmotic pressure in the

apoplast given by the van’t Hoff equation and poy is the apoplastic pressure outside the

sieve tube. From the van’t Hoff equation, the apoplastic concentration gradient is given

by:

dcout — 1 dHout (3 . 1 7)
dz R gT dz

The following boundary conditions are proposed:

i.) At the sieve tube membrane, r = R:
The radial volume flux through the membrane is given by Starling’s equation

(2.6):

Vi (R’Z) = Lp |:p(R,Z)—p0ut (O)_%Z_GRgT(C(R, Z)_Cout (0)_ dgom Zj:|
zZ

z

(3.18)
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where o is the solute reflection coefficient of the sieve tube membrane, varying
between 0 (totally permeable membrane) and 1 (impermeable membrane). The
reflection coefficient describes how much the sieve tube membrane can reflect
solute particles from passing through — ultrafiltration. A value of 0 results in all
particles passing through and a value of 1 is such that no particle can pass. Pres-
sure, pout, and solute concentration, Coy, in the apoplast are considered as vary-

ing linearly with distance according to (3.16), 1. e:

d
pout(z):pout(o)-i_%z (319)
an
dC
C =C, (0 out 3.20
o (2) =C,y (0) + oz (3.20)

The no-slip condition implies that:
v,(R,z)=0 (3.21)

which means that at the boundary the fluid velocity will be in the radial direction
only; it “sticks” to the sieve tube membrane. Conceptually, one can think of the
outermost molecules as stuck to the surface past which the fluid flows.

The radial passive flux of solutes through the sieve tube membrane is con-

sidered as the sum of convective flux (solvent drag effect), that is linear with the

average solute concentration in the membrane C (z) , plus the diffusive flux de-

scribed by Py and proportional to the concentration difference across the mem-

brane (Benedek & Villars, 2000; Kedem & Katchalsky, 1958). That is:

v, (R,z)C(R,z)—D(Z—C(R,z) —(1-0)v,(R.2)C, (2)+

r

(3.22)

P, [c(R,Z)_com (0)—%2}
Z
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The concentration of solute, C (z), in the sieve tube membrane is given by:

C.(2)= z (3.23)

ii.) Symmetry at the centre of the sieve tube, » = 0, implies that:

v,(0,z)=0 (3.24)
‘ZVF £(0,2)=0 (3.25)
Z—S(O,Z) 0 (3.26)

1ii.) At the origin, z = 0, and according to (3.18) and model assumptions we have

that:

v, (r,0)=L,[p(r,0)~p,, (0)-oR,T(C(r,0)-C,, (0))] (3.27)

v.(0)= ”sz 22, (r,0)rdr =U (3.28)

C(0)= R2 j 272C(r,0)rdr =C, (3.29)
T

p(0)= (r,0)rdr =p, (3.30)

where the subscript i stands for initial values at the origin.
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Note that the hydrodynamics problem described by equations (3.3) and (3.4) does
not depend on the solute concentration explicitly, and viscosity is concentration inde-
pendent. The dependence on concentration is only through the boundary condition (3.18).
Thus we can treat independently the hydrodynamics problem that describes how pressure
and velocity change and the solute transport equation (3.13) which is solved once the ve-
locity field is determined (§ 3.4). As with many problems in fluid dynamics and espe-
cially when applying Navier—Stokes equation (3.3), the problem becomes more simple to
solve using dimensional analysis (Kundu & Cohen, 2008). Whit this method, it is possi-
ble to predict physical parameters that influence the sap flow and determine the relation-
ships between several variables (pressure, velocity and concentration) when an exact
functional relationship is unknown. This is not possible with a direct numerical solution
of the governing equations (3.3) to (3.5). Following Regirer (1960) and Phillips & Dun-
gan (1993), we consider a set of dimensionless variables defined in such way that the spa-
tial coordinates, the velocity components and the concentration are of order of 1 on aver-

age. This gives:

7. TH L T et (3.31)
R L U eU C,
Where parameter ¢ is the ratio of the sieve tube radius R and length L,
R
E=— 3.32
7 (3.32)
€ << 1, as R << L. Therefore the dimensionless pressure f) is given by:
A R?
= 3.33
P=P T (3.33)

and its values are not in the order of unity as with the other variables (3.31). Equation

(3.33) is important because it shows that the magnitude of pressure inside sieve tubes is in
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the order of £ L2U )
R

Substituting the dimensionless variables into the governing equations,

the dimensionless Navier—Stokes equations (3.10) and (3.11) become:

~ v ~ v " 2 a;’{/r ZA
%gs[vragr+vzavr]:_a_g+g_il ( )+gzavr

= ~| =—= — (3.34)
or oz or PBlorlr or Oz
N ~ N N N
Res| v 8\12 +V16—\iZ =—8—Q+;i ra\iz +g—a A\;Z (3.39)
or oz oz pror\ or B oz
The continuity equation becomes:
o(rve) a3
i(—A)ﬁVX =0 (3.36)
r or oz
The convection diffusion equation is:
~ ~ ~ A
Lol N I e (3.37)
or 0z ) &Pe|ror\ or oz
and the components of the sieve tube solute flux are given by:
jod 1€ e (3.38)
eUC Pe. or
jod 1 9C 08 (3.39)
UCi Tez az
where
Re = RU (3.40)
1%
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(3.41)

Re and Pe, are the Reynolds and Péclet numbers for the radial flows while Pe, is the Pé-

clet number for axial flow. The Reynolds number is the ratio of inertial forces to viscous

forces. The Péclet number gives the ratio of the rate of convection of the solute, by the

flow of sap, to the rate of diffusion of that solute driven by a concentration gradient. In

our model, we compare both flows in the radial direction, in which water and solute ex-

changes occur. With equations (3.31) to (3.33), the dimensionless boundary conditions

(3.18) to (3.30) become:

i.) At the sieve tube membrane, r=1

W 15)-1, 13(1,;)_15m(o)_%;_aﬁ(a(l,;)_am(o)_dfgm;

and
Cout (0 —daf““ C(1,z
& (2)- ) i )

ii.) At the sieve tube centre, r=0:

H

(3.42)

(3.43)

(3.44)

(3.45)
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where
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(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)
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L, and Ps are the dimensionless sieve tube membrane hydraulic conductivity, and the

~

dimensionless sieve tube membrane permeability to the solute, respectively. H is the
dimensionless parameter that gives the ratio of osmotic forces to viscous forces occurring

for a flow with a characteristic velocity U (Phillips & Dungan, 1993).
3.3 The Hydrodynamic Problem - Perturbation Theory

The small value of the Reynolds number, Re, for phloem transport (= 10 to 10)
suggests that the system operates in the slow flow regime (Horwitz, 1958; Phillips &
Dungan, 1993). This fact combined with the very small value of parameter ¢ (3.30) for the
geometry of sieve tubes, allows us to use perturbation theory (Van Dyke, 1964) to find an
approximate solution of the governing equations (3.34) to (3.37) that cannot be solved
exactly. This method allows a relatively complicated mathematical problem to be simpli-
fied into a hierarchy of simpler problems that yield solutions accurate to progressively

higher powers of a small parameter, in this case we chose this parameter to be ¢. Expand-

ing the dependent variables v:, v., C and f) as power series of the small dimensionless

parameter ¢ (3.32) one obtains:

V=D el vy (3.56)
j=0

Vo= &l vy (3.57)
j=0

pzzgjpj (3.58)
=0

C=>¢'C, (3.59)
j=0

The accuracy of the expansions, i.e. the number of terms to include will depend on the

value of &. In each of these series the ratio of a following term to a preceding one is of the
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order of magnitude of & The smaller ¢ is the more significant are the first terms compared
to higher order terms. In the case of phloem transport, and as ¢ was defined on the sieve
tube dimensions (3.32), we have that & will be less than 10~ for typical sieve tube dimen-
sions (Esau, 1969). For this reason we will only take the first two terms of the expansion

which are thus sufficient to describe flow in a sieve tube.

3.3.1 Zeroth Order Approximation

In the zeroth approximation, of terms linear with & only, we have that: v; =vio,
v:=Van, C=Co and p=p,. Substituting the corresponding variables into the Na-

vier—Stokes equations (3.34) and (3.35) and taking the terms linear with ¢° only, those

reduce to:

P _ (3.60)
or
Py, 1 O fn0va | (3.61)
oz [fror or

from which we conclude that pressure p, is a function of z only, being constant in any

. . dp, . _—
plane normal to the direction of flow. In this way, pAO is also constant over r, which
z

allows us to integrate equation (3.61) twice over r. Using the boundary conditions (3.43)

and (3.47) we obtain:

Va (7.) :ﬁ%(f —1) (3.62)

Determining the average value of the axial component of the velocity Vo ata given posi-

tion z yields:
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Q_zo(é)z—g‘f; (z) (3.63)

from which, using our boundary condition for flow at z=0 (3.50), we conclude that:

dp,
dz

8
0)=—— 3.64
(0)=—3 (3.64)

A A

Substituting Vo (r, Z) into the continuity equation (3.36) leads to:

a(l’Vro) :_é dzgo (;3 _;)

or 4 4z
After integration over 7 and considering the symmetry condition (3.46) we obtain:

-
Voo (,2) = —ﬁﬂ(f —2r) (3.65)

From the boundary conditions at the sieve tube membrane, we can consider the right hand

side of equation (3.42) as a function z only. Thus we define:

V(2) = 1.2) =L ﬁo(;)—ﬁm(o)_ism;_aﬁ(ao(1,;)_am<o)_d@sm H

dz dz
(3.66)
and, as with the radial velocity component, Vi (3.31) we have that:
A ‘U(z)
V|z)= 3.67

At the sieve tube membrane, r=1 , we have from equations (3.65) and (3.66) that:

79



Hydrodynamics of Phloem Transport

~2

d*p, (~ )
f(z):%v(z) (3.68)

Integrating over z and incorporating the result from equation (3.64), we get:

R 16J.‘v(;')d2'—8
‘ig) (2)_ 0 5 (3.69)

130 (;):I;I + 8 (3.70)
Defining the function q(%) as:
q(z)=££v(z')dz'dz" (3.71)
where
‘1(2) = Z](QZJ (3.72)
we can write (3.70) as:
ﬁo(;):ﬁi +w (3.73)
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In this way, the axial and radial velocity components, given respectively by equations
(3.62) and (3.65), can be written as:

@(2,2):2(2 Z?—lj(;z—l) (3.74)
z

Vo(r.2)=-v(z)(7 -27] (3.75)

Equations (3.73) to (3.75) are the zeroth order expressions for pressure and velocity de-

scribing fluid flow, where functions ¢ (2) and V (2) depend on the specific boundary
conditions set for poyt (3.19) and Coy (3.20).

3.3.2 First Order Approximation

In the first order approximation, where only terms up to &' are retained, the Na-

vier—Stokes equations (3.34) and (3.35) reduce to:

op
) (3.76)
or
Re| v V2013, DV |- 0P 1 O 2 0va (3.77)
or oz oz pror\ or

from which we conclude that pressure p, is also a function of z only, in the same way as

f)o . The boundary conditions (3.42) to (3.52) now change to:

i.) At the sieve tube membrane, r=1

va(1.2)=L, (131 (2)-ohic (1,2)) (3.78)
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Vo (1,2) =0 (3.79)

Fe, or
(3.80)
+B, [6 (2)-Cou (0)- dji’“t J
zZ
ii.) At the sieve tube centre, r=0:
%(o,%):o (3.81)
a;}zl ~
. (0,2)20 (3.82)
oCi (. ~
—(0,z)=0 3.83
or ( ) ( )
iii.) At the origin, z = 0
Vi (r,0) =—Loo'HCi (1,0) (3.84)
va(0)=0 (3.85)
Ci(0)=0 (3.86)
P (0)=0 (3.87)

Substituting Vs and Qllo, given by equations (3.62) and (3.65), into equation (3.77), one

obtains:
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r =2r +2

~

f/zeﬂzdzfaodfao(w 2 )__dfa1
32 430 dz

0y L O f0va (3.88)
dz pror\ or

Integrating (3.88) twice over  and considering the boundary conditions (3.79) and

(3.82), yields:

~6 ~4 A2
(2r —-9r +36r —29)

i o
vzl(r,z)zgdpl( 2 )+ﬁeﬂ 4Py 4Py (3.89)

32 45 d: 72

A

Thus, the average value of the axial component of the velocity Va (z) at a given position

—_— ~ 3 27 ~
. (z):—ﬁdl{l _3Ref d7py dpy (3.90)
8§ d> 512 g ds

and using equation (3.68) we can write:

E(%):—g‘;% —33§ezﬂ2v(2)dﬁ° (3.91)

dz

From which, considering the boundary condition at z=0 (3.85), as well as equations

(3.64) and (3.68), we have that:

D1 (0)= 62eV(0) (3.92)
dz

From the equation of continuity (3.36) one has that:
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~7 A5 A3 N
(2r —9r +36r —29r)

An 20 3 A
i(,,w):_ﬁ@(;_r)_%eﬂ d [d Do dpo]
72

32 dz\ g dz
(3.93)

Integrating over 7 and considering the boundary condition (3.81) leads to:

A /A A 20 R 3 ) A ~
Vil (r,z):—ﬁd—gl(r}_zr)_‘%eﬂ i(d P, dp,

~7 A5 ~3 ~
(r —6r +36r —58r)
16 47 32 dz\ g7 dé}

288

(3.94)

Together with the boundary condition (3.78), this gives:

d*p, (~\_ 3Ref’ d (d’p,dp, | 16~ (~ (A _~n
Eh(5)=- - E{ o +ELp(pl(2)—O'HC1(1,Z)) (3.95)

But, from equations (3.68), (3.69) and (3.71) one obtains:

.
4Py 4Py _ 1281}(2)(2 d‘?—l] (3.96)

i dz B dz

Hence, considering equations (3.66), (3.71), (3.96), together with the boundary condition
(3.87), we obtain from (3.95) that:

~
~

,A ~
TP (g) = 6%[621({)(0)—2‘1)2 (0)}—Mcl (1,0) (3.97)
CiZ CJZ
JA oA
Substituting d—go% (3.96) into equation (3.95) and observing that the second term of
dz z

the right hand side of equation (3.95) is also a function of z only, in the same way as the

boundary condition (3.78), we can write (3.95) as:
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prad LG Gl AT
with function ‘u(%) defined as:
u(z)=L, (131 (2)-ohc (1,2)) (3.99)

Similarly to ‘U(;) (3.67) we have that:

u(;)z (3.100)

Substituting the result for a pl (3.98) together with —=> dpo
dZ dZ dz

(3.96) into equation

(3.94) one obtains:

dz

i 5) - L o) 2981 [ )22t
z

Integrating (3.98) over z and considering the result (3.92) yields:

A

221(2)2_6%@(;)( ‘Z 1) lgiu(;')dé'ﬂmav(o) (3.102)

Integrating (3.102) over z and considering the boundary conditions (3.87) one obtains:

oo 2-(5

” 16]]%( )dé'dé"ﬂzﬁze‘v(o)% (3.103)

Defining function 4(2) as:
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>
—_
N >
~—
Il
S G >
O —y '
—_—
N >
~
QU
N >
QU
N>

we can write (3.103) as:

p(z)= 65/2{? —(Z‘ZJZ}%O(%)ﬂzﬁw(o);
z V4

Thus, considering (3.96), (3.102) and (3.104), we can write (3.89) as:

Vat (2,2) :%fv(é)(z dq —1}(2?6 —9r 497 —2)+

18 dz

4 do+3ﬂfRe‘U(0) 2
(Z 4 J(y B )

(3.104)

(3.105)

(3.106)

(3.107)

Equations (3.106), (3.101) and (3.107) are the first order expressions for pressure and

velocity describing fluid flow in the modelled sieve tube.

3.3.3 Velocity and Turgor Pressure Profiles

Bringing together the results from zeroth and first order approximations, accord-

ing to equations (3.56) and (3.57) and considering equations (3.74) and (3.75) together

with equations (3.101) and (3.107), the velocity components v, and Ve are given up to

the first order by:
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v.(r.2) :(2 dq 4}{2(22 —1)+ &P Re ?)(2)(2}6 —9r 498 —2)}+
dz 18

(3.108)
+4g(d—f+Mj(;2 —1)
dz 4

and

(3.109)
_EPRe d {fv(é)(z dg —1)}(?7 —6r 497 —4})
72 dz dz
The average velocity, ;\7_2 , in the direction of flow is:
~ /A 3RV (0
vz(z):1—2d?—2g ds | 3pRV(0) (3.110)
dz dz 4

According to equation (3.58), from equations (3.73) and (3.106), the pressure f) is given
by:

TR TS

2
+6Res| L [d—?J +@o(2)+12532w(0)2(3.111)
dz \dz p

Thus, the pressure gradient is:

~ 2
d?(2)=§(2d?—1j+6ﬂzegi d?—(d—?] +16—5d—3+1zgf/zefl)(o) (3.112)
dz P dz dz| dz dz p dz

~

Considering (3.71) and (3.110) the pressure gradient relates to the average axial velocity,
VZ :
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ZE(;)=—%§_Z(2)—632@€@(2)(2 Zg_l) G.113)

In the dimensional form the velocity component v, is given by:

v,(r.2) :( d—q—URJ{%(rZ ~R*)+ m)(z)(zrﬁ ~9R*r* +9R*? +2R6)}+
dz R R

N (do 3ULR/3fv(o)j(r2_R2)

LR*\ dz 4y
(3.114)
and the average velocity in the direction of flow is:
— 3URBV(0
VZ(Z):U_Ed_"_Eﬂ_ﬂ—() (3.115)
R dz L dz 2v
The dimensional form of the radial component, v, is given by:
(2R2r—r3)
v () =(0() s ()
(3.116)
P4 fv(z)(zd—"—UR) (7 —6R*° +9R*r* —4rR°)
T2vR® dz dz
The pressure is given by:
8u 6p dg (dqu
=p,+ 2 —URz)+—| RU——-| —=| |+
(3.117)

164 o(z)+12prv(o)

+ 3 z
BLR R

88



Hydrodynamics of Phloem Transport

and the pressure gradient is:

@(z)=Si(zdl(z)—URj—Z—g@(z)[zﬁ(z)—UR}r

dz PR\ dz dz
(3.118)
12pU0(0
+ 16u2@(2)+—,0 0)
PLR" dz R

where functions ¢ (z) (3.72) and V (z) (3.67) relate to the zeroth order and s(z) (3.105) and
U(z) (3.100) relate to first order terms, that describe radial water exchange. Finally, the
relation between the pressure gradient and the average axial velocity (3.113) in the di-

mensional form is:

s __8'U_Z—6—'O z 0 z)dz'—
E(z)_ ﬂRsz() R ( )[2,(.;(0( )d UR} (3.119)

that is linear with the average axial velocity, V_Z, but dependent on the zeroth order ex-

pression that describe radial flux of water, V (z) (3.66).

3.4 Solute Movement

3.4.1 Zeroth Order Approximation

As mentioned before, the equations that describe solvent flow (hydrodynamics) as
defined by (3.3), (3.4) and solute flow (3.5) (convection—diffusion equation) are coupled
by the boundary condition (3.18) that governs solute flux through the sieve tube mem-
brane. In the zeroth approximation, the dimensionless form of the convection—diffusion

equation (3.37) reduces to:

LI NG IS P (3.120)
Pe ror\ or
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which integrating it over p gives:

0o _a (3.121)
or r

a being some constant. The boundary conditions (3.44), (3.48) and (3.51) are given by:

1 0Coy, ~
?er or ( Z) ( )
6Co (- ~
T(0,2)=0 3.123
= (0.2) (3.123)
Co(0)=1 (3.124)

Hence, from equation (3.121) together with the boundary condition (3.122), one con-
cludes that @ = 0 and Co is constant over » and a function of 2 only, and

60(?,0)=d=1.

3.4.2 First Order Approximation

oCy
In the first order approximation and considering the previous result, ? =0 the
convection diffusion equation (3.37) reduces to:
004 1 10]:0G (3.125)
z Je . ror\ or

Substituting Vao given by equation (3.62) into equation (3.125) and integrating it once

over r, one obtains:
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A e
-qi(,):ﬂJquOWFGf—mj (3.126)
or 16 dz d:z

As already mentioned, the boundary conditions (3.44), (3.48), and (3.51) reduce to equa-
tions (3.80), (3.83) and (3.86) respectively. Thus, in this scenario, and considering (3.45),

the first order approximation of the boundary condition (3.80) can be written as:

Pe. or dz
(3.127)
Al A (7 A daout ~
+Ps C _Cout O - ~
{ o(2)~Cou (0) = Zj
Together with equation (3.126) this leads to:
ﬂd&d@_”@) A - dCou ~
T ~(1+0)Co(z)+(1-0)| Cau (0)+ 2|+
(3.128)

P, (6 (2)-Cun (0)- dfi’“‘ ;}
z

From which we obtain, considering equations (3.64), (3.66) and the boundary conditions

(3.51):

A(0):—‘U(O)[—l—a+(l—a)éom(0)}—2f’s(l—eom(0)) (3.129)

Equations (3.128) and (3.68), now in the form:

A

‘i; 2(5)- 16; B0 (2)~Puu (o)_%;_aﬁ(ao(;)_am (0)- == H (3.130)
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compose a system of two coupled equations that we need to solve in order to obtain the

velocity and pressure profiles given by equations (3.74), (3.75) and (3.73) where ‘U(;) is

~

a function of Co and f)o (3.66). Substituting ddCio given by equation (3.127) into equa-

z

tion (3.126) we have that:

Cf3.2) 0 (7 23]

A

X @{_(”")@(5)+(1—6>{6m(0)+ «Co Hp (ao(;)_aw (0)- L ;J

(3.131)

Integrating it over ;, considering the boundary condition (3.86) and equation (3.129), one

obtains:

(U(A) ~ ~ ~ daout ~ -~ o ~ A daout
1= {—(1+0)C (z)+(1—a)(com(o)+ — ZJ +PS[C0(Z)—Com(O)— = } -
_51’/7@ dao (0)

24 4>z

(3.132)

A

Hence, the average concentration Ci (z) over a plane normal to the direction of flow, at a

given position z, is:
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(3.133)

s (o ay A dCou ~ || 5%, dCy
+Ps Colz _Cout 0)- ~—Z - - ~ 0
CIERMUSS ]} 7o dCp)
which together with Co (;) , obtained from solving simultaneously equations (3.128) and

(3.130) will give the concentration profile, taking only terms up to the first order pertur-

bation in the expansion of C (3.59). The concentration gradient in the direction of flow

can thus be written as:

dz dz

+{—(1+6)@o(2)+(1—a)(6m (0)+9Ce zj] T z)+. (deﬁ) _dC J}

But, using equation (3.68) we can write:

A

= ) ‘I) ~ ~
T E)=-2 @[-(Ha) “e(1-0) dsg"“t}

~ ~ ~ A . 3° ~ ~ ~
{_(m)co (z)+<1—a)(cw (0)+4Con zﬂﬁd B, [dcf _dCu ]}

dz )16 4 dz dz
(3.134)
d3p0

~3
dz

where is easily determined from (3.130) as:

93



Hydrodynamics of Phloem Transport

i z L p z p - - C ~ Aou ~
- e

At the sieve tube membrane, we have from equation (3.132) that:

&12) -0 @[—(1+0)60(2)+(1—0‘)(60m(0)+dafm ZJ]

dz
(3.136)
A~ A Coi Pe dC
+Ps CO(Z)—Cout (0)_dCfut Z _SJer dCAO (0)
dz 24 d:z
oA d’p
thus substituting C, (l,z) into equation (3.95) yields the expression for _AP; as a func-
dz

tion of variables IA)O and C, only:

d*p 3Ref> d (d*p, dp, | 16L, (~ (~
D _ 3Ref d | d7pydby |, p{()+
dZ 64 dZ

" = p
a’z2 dz p 1

+ 3011%” ‘UgZ) {—(1 + 0')60 (;)Jr (1 —a)[@m (0)+ dafm ;H + (3.137)

A~ Ay A dCou ~ SO'ﬁfl’er dC
+Ps (CO (Z)—Cout (O)_ d; ' Z]}‘i‘ 24 d;() (O)}

from which we obtain f)l that together with f)o will be used to determine the pressure

profile taking terms up to the first order (3.58).
From equations (3.133) and (3.136) we note also that Ci (1,2) and Ci (;) are re-

lated as:

Ci (1,2):%6_1(2)+&d6° (0) (3.138)
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3.5 Non-selective Membrane

There is a very special case ¢ = 0 in which the sieve tube membrane is totally non-
selective; there is no distinction between water (the solvent) and solutes. Thus the osmotic
effects that drive water exchange do not occur, and exchange is driven solely by the pres-
sure difference across the membrane (3.140). Pressure being higher inside the sieve tube
causes water efflux. In this situation, solute exchange across the sieve tube membrane is
driven both by convection and by diffusion that occurs due to the concentration difference
between the sieve tube and its surroundings. Putting the sieve tube surroundings at a con-
stant water potential and using equation (3.68) the coupled transport equations (3.128)
and (3.130) can be solved analytically and thus provide a way to check the result of the

numerical method. They become respectively:

~ ~ 2’\ 3
dCodp, _1dp, (~Co(2)+Con )+ 6P (Co(2)~Cou) (3.139)
dz dz 2 g; B

and

Th2)- 16/‘5" (Pol(Z) P (3.140)

The solution of equation (3.140) is:

~ - - f)i _i‘;out 1 f‘p - I;i _Igout 1 I/:p .
Polz)=DPou ——— |exp| 4,|—z |+ +——— |exp| —4,|—z
o( ) ‘ NP ( \/ V; J 2 pi, Jij

(3.141)

taking into account the boundary conditions (3.52) and (3.64). Equation (3.139) can be

written as:
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dCo _ld’p,  16P,

dz_ _ 247 P
CO(Z)_Cout(O) dpAO
dz

. - . dp .
Integrating over z  and noting that dpAO can be negative, we have that:
z

In M =—%ln gd—@)(é)ﬁﬁd%
1-Cou dz oﬁdgo(;.)

dz

or

A

Co(2)-Cou ,Texpj 160, -,

1-Cou | |dp, (» dp, (~,
ol e
From equation (3.141) we have that:
j 16P, e
dp, (-
Oﬂd;()
:j 16P, o
0 - I,:\)i_l’;ou 1 i “a I’:\)i_l’;ou i “a
4\/,BT[ 5 t \/EJexp[é‘\/EZ}[ 5 t+\/EJexp[4\/7pz}

(3.142)

The solution of this integral is that:
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arctan exp[4 %2}/@ , if >0

1+exp| 4 I;; G
if <0

where
S
pVE
Ps
and
and
ForZ=0,1e L, =—+

ﬂ pi _pout

2L,V-E . .
’ 1—exp| 4 I;z J-0

SL, !
1 Pi—Pou
0= VAL - ZA
1 Pi ~Pou

— the solution of equation (3.142) becomes:

(3.143)

(3.144)

(3.145)

(3.146)
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g(%):-j 2P, _ d%':—% exp[4 /%2}-1 (3.147)
~ 2y pL
' pexp| —4 Ez' Pl
\ B
Hence the concentration in the sieve tube surrounded by a non-selective membrane (¢ =
0) is given by:

~

Co(z)=Con +(1—60m)exp(§(2)—§(0)) T «

(3.148)

5(2) is given by (3.144) for Lp #——~ and by (3.147) for Ly =———~

B (pi —pom) B (pi ~Pou )2 |

Considering the order of magnitude of pressure (§ 3.6.3) and membrane hydraulic

conductivity (§ 3.6.4) in sieve tubes we always have that ﬁp > % , thus = <0.
B(Pi —Pou

3.6 Physiological Parameters

3.6.1 Sieve Tube Structure

Sieve elements are elongated with the longitudinal axis parallel to the bundle of
vascular tissues. Their length is several to many times greater than their width, but both
dimensions can vary considerably within the same plant and between species and genera.
Typically, the sieve element length varies from 100 to 5000 pm while its width varies
between 10 and 400 um, for an approximately cylindrical shape (Esau, 1969; Parthasara-
thy, 1975). Therefore, for a sieve tube length, L, of 0.5 m we specified the following di-
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mensions of the sieve tube elements: radius R = 10 um; length / =250 pum; with 0.5 as the
fraction of sieve plate area composed of sieve plate pore area; sieve plate pore radius r, =
0.23 um; sieve plate pore length, which equals sieve plate thickness, /, = 0.5 pm. With
these dimensions the sieve plate impedance factor £ (3.1) is 0.079, which accounts for the

sieve plate contribution to the total sieve tube axial conductivity, (3.119).
3.6.2 Sap Viscosity

The phloem sap viscosity depends on both temperature and phloem sap chemical
composition (proteins, sugars and other solutes). According to Chirife & Buera (1997) the

viscosity of sugar solutions at a given temperature T is given by:
w(e,T)=n,(T)a(T)exp(£(T)x,) (3.149)

where po(T) 1s the viscosity of the solvent, in this case water, at absolute temperature T; x;
is the mole fraction of sugars and a(T) and E(T) are parameters depending on both tem-
perature and sugar species. Fig. 3.2 shows viscosity of a sucrose solution as a function of
sucrose concentration, C, for a temperature of 22 °C (295.15 K), po = 9.548x10™* Pa.s
(Streeter et al., 1998), where a = 0.905 and £ = 57.19 (Chirife & Buera, 1997). However,

2,5

0 200 400 600 800 1000
C (mol.m-?)

Figure 3.2 — Viscosity of a sucrose solution, g, given by (3.148) as a function of concentration C.
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for convenience, as mentioned in model assumptions (§ 3.1) we consider phloem sap vis-
cosity as constant (# = 1.5 mPa.s) for the range of sucrose concentration values expected

to occur in sieve tubes, 300 to 900 mol.m™ (Taiz & Zeiger, 1998).

3.6.3 Turgor Pressure

There are not many published results of phloem turgor pressure. Considering both
the nature and location of phloem in the plant body, it is clearly difficult not only to get
access but also to measure its turgor pressure without damage. The first measurement of
turgor pressure in the phloem was by Buttery & Boatman (1964) for the laticiferous tissue
of Pard rubber tree (Hevea brasiliensis). Although not belonging to the translocation
pathway, the latex vessel system and sieve tubes are intimately associated elements so
that the latex vessel system is considered part of the phloem tissue in Hevea and its turgor
pressure was assumed to represent values in sieve tubes (Nicole et al., 1991). Buttery &
Boatman (1964) obtained values ranging from 0.3 to 1.1 MPa using adapted manometers
directly inserted in the bark. However, the first measurements of sieve tube turgor pres-
sure (Hammel,1968) used an manometric device, improved from that of Buttery & Boat-
man (1964), and obtained values ranging from 0.83 to 3.06 MPa in the secondary phloem
of red Oak trunk (Quercus rubra). Hammel (1968) also observed gradients in turgor and
osmotic pressures, the pressures reducing at 0.07 MPa.m™ and 0.03 MPa.m™ respectively
in the direction of flow from source to sink. However, those values were surprisingly low.
According to the Miinch hypothesis, higher values of turgor and osmotic pressure gradi-
ents were expected. Later improvements over the phloem needle technique of Hammels
(1968) used pressure transducers in other species: 0.73 to 1.73 MPa in white ash trunk
(Fraxinus americana L.) (Sovonick-Dunford et al., 1981); 0.2 to 1.2 MPa also in white
ash (Lee, 1981a, b); 0.69 to 1.17 MPa in white ash and Manna ash (Fraxinus ornus) (Mil-
burn, 1980); in smaller species, Sheikholeslam & Currier (1977a,b) measured 0.15 to 1.04
MPa turgor pressure in sieve tubes of squirting cucumber (Ecbhallium elaterium) stems.
By using a pressure bomb and Bourdon-type gauge Milburn & Zimmermann (1977)
measured pressures 0.12 to 0.76 MPa in coconut palm inflorescences (Cocos nucifera L.).
Milburn (1980), using a glass-spiral pressure gauge, measured 0.9 to 1.09 MPa pressure

in Ricinus communis sieve tubes. Wright & Fisher (1980) developed another direct way
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of measuring sieve tubes turgor pressure using severed aphid stylets with attached capil-
lary micromanometers to indicate pressure. With this method Wright & Fisher (1980)
measured 0.79 MPa in sieve tubes of Babylon willow (Salix babylonica) stems and, later,
0.63 MPa in bark strips of sandbar willow (Salix exigua) (Wright & Fisher, 1983). Fol-
lowing Wright & Fisher (1980), Fisher & Cash-Clark (2000) measured 2.3 MPa in the
peduncle of wheat. Following the same method, but with an on-line sensor, Gould et al.
(2004) presented the second work on a smaller species sow thistle (Sonchus oleraceus) in
which they measured sieve tube turgor pressures ranging from 0.4 to 1.2 MPa. In an indi-
rect method, phloem turgor pressure was determined by Kaufman & Kramer (1967) from
measurements of tissue water potential along with phloem sap osmotic pressure. Their
values ranging from 0.39 to 0.56 MPa and turgor pressure gradients of 0.05 to 0.08
MPa.m™ in red maple (Acer rubrum L.) were in reasonable agreement with Hammel
(1968). Using the same method, Rogers & Peel (1975) observed turgor pressure gradients
of 0.05 to 0.27 MPa.m™ in stems of osier (Salix viminalis), and purple willow (Salix pur-
purea). Based on these findings, for our modelling purposes turgor pressure at entry to the

system was set to pi = 1 MPa.

3.6.4 Sieve Tube Membrane Hydraulic Conductivity, L,

One of the main parameters describing membrane transport is the membrane hy-
draulic conductivity. There are not many data on the sieve tube membrane hydraulic con-
ductivity, here represented by L,. The first measurements, by Milburn (1974) on castor
bean (Ricinus communis L.) bark segments, gave values between 5.7 and 8.8 x10™* m.s”
! Pa”'. Sovonick-Dunford er al. (1982) obtained a value of 9.6x10™"° m.s".Pa™ for the
sieve tube elements of secondary phloem of red oak stem (Quercus rubra). Wright &
Fisher (1983) measured 5x10™"° m.s.Pa”' on sandbar willow (Salix exigua) bark strips.
Before these investigations, most phloem transport models used the hydraulic conductiv-
ity published for membranes of other types of plant cells. However, most of that work
was for algal cells. Tyree’s (1970) review found the membrane hydraulic conductivity for
plant cells to range from 5x107 to 1x107"> m.s™.Pa”'. Thus, when compared with other
cells, it seems that sieve tubes are at the bottom of that range. In this study, sieve tube

membrane hydraulic conductivity, L,, will be taken as 5x 10 ms' Pal.
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3.6.5 Solute Permeability, Ps, and Reflection Coefficient, ¢

Of all the biological parameters used to describe phloem transport, the reflection
coefficient of sieve tube membrane to solutes, 6, and the membrane permeability to those
same solutes, P, are the most difficult to determine. By assuming that membrane perme-
ability is determined by the size and distribution of its pores, Kedem & Katchalsky (1958)

showed that the membrane parameters Ps and o should be related:

P,=R Ti(l—a) (3.150)

g
S

Vs is the specific volume of the solute. To our knowledge there are no measurements of
these parameters for the sieve tube element/companion cell complexes (SE/CC). Hence,
one can only speculate from studies of other types of plant cells. Diamond & Wright
(1969) presented an empirical relation between the parameters for non-electrolytes from
experimental data of Nitella mucromata cells. Although they do not present any theoreti-
cal justification, the data show reasonably well that ¢ decreases closely in parallel with
increasing permeability P,. The permeability was smaller than 10® m.s™ for o greater than
0.8, and of the order of 10° m.s” for ¢ = 0. From a survey of experimental data on plant
cells, Kargol et al. (1997) found a very good agreement with equation (3.150) in meas-
urements from maize roots, but not with measurements from isolated cells Nitella trans-
lucens. Kargol et al. (1997) observed that the linear relationship of Kedem & Katchalsky
agrees more with experimental data from artificial membranes. Kargol & Kargol (2000)
showed a better agreement with experimental data when the right hand side of the Kedem
& Katchalsky (1958) relation between membranes parameters (3.150) is multiplied by K
= 0.021+0.015. Subsequently, Kargol (2001) showed that K depends on the solute con-

centration within the membrane: K = CmVs . However, as a first approach we will adopt

the linear relationship (3.150) multiplying the right hand side by K = 0.031. From the
physiological conditions in sieve tubes (Table 3.1), the solute permeability of the sieve

tube membrane is given by:

102



Hydrodynamics of Phloem Transport

Py =1.83x107 (1-0) (m.s™) (3.151)

Hence Ps varies between 10° m.s™, for totally permeable membrane (¢ = 0), and 10"

m.s™, for an almost impermeable membrane (o = 0.99).
3.6.6 Apoplastic Environment

Connor et al. (1977) and Legge & Connor (1985) measured vertical water poten-
tial gradients in mountain ash (Eucalytus regnans F. Muell.), between -0.007 and -0.034
MPa.m™, with increasing height. This agrees with the estimated range of -0.01 to -0.03
MPa.m™ of the total water potential gradient necessary to drive transpiration stream in
trees (Zimmermann & Brown, 1971). There are not many studies on solute concentrations
in the stem apoplast. Minchin & Thorpe (1984) measured the sucrose concentration in the
developing stem of bean (Phaseolus vulgaris L.) reducing from basal to apical ends with
a gradient of 175 mol.m™ approximately, giving 0.4 MPa.m™. Connor et al. (1977) also
observed a reduction in the osmotic pressure with height in mountain ash, thus a decrease
in solute concentration with increasing height, of 0.01 MPa.m™'. Hence, taking the esti-

mates of Connor ef al. (1977) and Zimmermann & Brown (1971), the apoplastic water

potential gradient, dj"“‘ , will be 0.03 MPa.m™ and the apoplastic concentration gradi-
zZ

out

z

ent, , 0.01 MPa.m'l, in our model. From these values we have that the apolastic

pressure gradient, % , surrounding the sieve tube in will be 0.04 MPa.m™, taking the
z

direction of flow from apical to basal ends.

3.7 Results

Equations (3.128), (3.130) and (3.95) are the coupled equations that we need to
solve. As there is no analytical solution, these equations were transformed into a first or-
der system of differential equations before we use the MathCad®15.0 differential equa-

tions solver routine to solve it (Appendix). The calculated zeroth order terms of concen-

tration, Co, and turgor pressure, p,, and the first order term of turgor pressure, p,, and
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their respective derivatives were then used to determine the average first order concentra-

tion term Ci (3.134). Thus, the concentration profile was determined according to equa-

tion (3.59) and the sieve tube turgor pressure was then determined following (3.58). The

average axial flow speed v (3.57) was determined from V.0 (3.63) and Vo (3.90). The

radial water flow at the sieve tube membrane v (1,2) (3.56) was determined from the

boundary conditions (3.42) and (3.78). Once the concentration and velocity profiles were
known, the average axial solute flux was determined according to (3.39) and the radial
solute flux through the sieve tube membrane was determined according to boundary con-
dition (3.44). Unless otherwise specified, the model parameter values of Table 3.1 were

used:

Table 3.1 —Values of the physical parameters chosen to represent the phloem.

Parameter S.1. Unit Value
Apoplast pressure, pou(0) MPa 0.1
Apoplast solute concentration, C,u(0) mol.m” 60
Apoplast osmotic pressure gradient, IC;IZ"”‘ MPa.m’ 0.01
Apoplast pressure gradient, % MPa.m™ 0.04
Fraction of sieve plate area occupied by pores, o — 0.5%
Initial flow speed, U m.s” 1.7x10™
Initial turgor pressure, p; MPa 1.0
Initial sap concentration, C; mol.m™ 600
Pathway length, L m 0.5
Sap viscosity, u Pas 0.0015
Sieve plate pore radius, 7, um 0.23*
Sieve plate length, /, um 0.5%
Sieve plate impedance factor, f — 0.079*
Sieve tube element length, / pm 250%*
Sieve tube membrane hydraulic conductivity, L, m.s” .Pa’! 5x107"
Sieve tube radius, R um 10
Sieve tube solute permeability, P m.s” 107"
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Sucrose diffusion coefficient, D m’.s” 4.6x10™"%
Sucrose specific volume, Vs m’.mol” 2.155x107
Temperature, T °C 22
Universal gas constant, R, JK ' .mol’ 8.314
Water density, pw kg.m” 998

* Thompson & Holbrook (2003a)
T Phillips & Dungan (1993)
§ Eszterle (1993)

From the values reported in Table 3.1 we have that & = 2x10” which makes the
first order terms strongly dominate the expansions (3.56) to (3.59). The radial flow Rey-
nolds number Re = 1.11x10™ and the Péclet numbers: Pe, = 3.62 and Pe, = 1.81><105,
which means that the diffusive component of the solute flux in the axial direction is prac-
tically negligible compared to the convective component. However this situation is not
observed in the radial direction, as the convective flow is only about 4 times the diffusive
flow. This shows the importance that diffusive processes (in this case passive) can have in

solute exchange between the sieve tube and its surroundings, specifically when the con-

vection flow is reduced. Note also that by definition, sieve tube pressure, f), is not scaled

to 1 or of the order of unity as with the other variables (3.33).

3.7.1 Semipermeable Membrane - The Effect of Radial Water

Exchange

When there is no radial exchange across the sieve tube membrane, L, = 0 and ¢ =
1, there is an analytical solution for the Navier-Stokes equation (3.3) for the steady state
flow in which there is a constant pressure gradient along the pathway, due to viscous

losses, given by:

dp 8,uU_F

dz PR’

(3.152)

The decrease in pressure is due to the viscous losses in the direction of flow and the ve-

locity has the velocity distribution of Poiseuille flow which is parabolic in the radial di-
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rection (Kundu & Cohen, 2008). In this special situation, the flow in the sieve tube is
identical to the flow in a pipe and the average velocity in any plane normal to the direc-

tion of flow is constant with z and given by:

- LRT

VPoiseuille = —

=U (3.153)

For the more general case of a sieve tube limited by a semipermeable membrane

in which there is only radial water exchange but no solute, L, # 0 and c = 1, the pressure
gradient, % , 1S not constant, as suggested by equation (3.119), and the average zeroth
zZ

order term of the axial velocity is given by (3.63):

L 2
VZO(Z):_/BL%

8u dz
Comparing with equation (3.153) we obtain:
dp,
Vo (2) =V, poeais - (3.154)

Therefore, the deviation from Poiseuille flow, in a sieve tube limited by a semipermeable
membrane, is a nonlinear dependence of the pressure profile on the axial coordinate, z.
There is a pronounced non-linearity of pressure in the direction of flow (Fig 3.3A), with
an increasing pressure gradient (curves b, d), compared with the constant linear decrease
of pressure with distance, i.e. Poiseuille flow (curves a, ¢) (Fig. 3.3B). The presence of
sieve plates, equivalent to a more viscous fluid (Henton et al, 2002; Weir, 1981), gives a
greater pressure gradient for both cases of Poiseuille flow (3.152) and when there is radial
water exchange (Fig 3.3).

Due to the concentration and pressure differences across the sieve tube membrane

(C and p are higher than C,,; and poy) there is a water potential difference across the sieve

tube membrane, AW, that draws water into the sieve tube (\A/r is negative: Fig. 3.4B). As

water moves into the sieve tube, conservation of mass for water requires that the average
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Figure 3.3 — Effect of water permeability on pressure (A) and pressure gradient (B) plotted versus

axial position z with sieve plates present (—) and ignoring sieve plates (----). Curves: (a) and (c¢)
— impermeable membrane, no water exchange (L, = 0, o = 1, Poiseuille flow). Curves (b) and (d)

— flow within a sieve tube limited by a semipermeable membrane (L, # 0, c = 1).
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axial velocity, v, , increases with distance, as opposed to the constant average axial ve-

z

locity observed in Poiseuille flow, Vroiseuill (3.153), (Fig. 3.4A). Consequently, as there is
no solute flux across the membrane, conservation of mass for solute requires that concen-
tration of solute decreases with distance (Fig. 3.5A) as the average axial velocity in-
creases (Fig. 3.4A). Hence, the axial solute flux is kept constant, but with a decreasing
concentration gradient (Fig. 3.5B). This is more pronounced for greater radial fluxes
(Figs. 3.4B, 3.5B). The pressure gradient also increases and more so if sieve plates are
present (Fig. 3.3B, curves b and d), which increase the axial sieve tube resistance (3.1,
3.119). As both concentration and pressure within the sieve tube decrease with distance
so does the water potential difference across the sieve tube membrane (Fig. 3.4B). Note
that the concentration difference across the membrane becomes smaller as the concentra-
tion inside the sieve tube decreases. The same occurs for the pressure difference across
the sieve tube membrane, Ap. Hence, less water will flow into the sieve tube with dis-
tance. This decreasing radial influx of water with distance is favoured if sieve plates are
present (Fig. 3.4B), as the decrease in both pressure (Fig. 3.3A) and concentration (Fig.
3.5A) is bigger with sieve plates present. However, the decrease in pressure observed
(Fig. 3.3A) if one ignores sieve plates is sufficient to ensure that the water potential dif-
ference across the sieve tube membrane does not increase with flow. This explains why
there is less water inflow in the absence of sieve plates (Fig. 3.4B). The effect of sieve
plates is more visible, because the combined effects of a “higher viscosity” (§ 3.2) and an
increase in velocity cause greater increases in the pressure gradient in the direction of

flow. This effect is hardly apparent when neglecting the sieve plates.

3.7.2 Permeable Membrane - The Effect of Radial Solute Ex-

change

In the more realistic case of a membrane that is permeable to solutes as well as water (o <
1), the effects of radial water flow in modifying the Poiseuille solution (as just discussed
in § 3.7.1) are attenuated (Figs. 3.6, 3.7).The water influx, dependent on the water poten-
tial difference across the sieve tube membrane, which is highly influenced by the concen-
tration difference across the sieve membrane, can be zero (Fig. 3.7B). From the boundary

condition (3.18) we have that this water influx (v, < 0) will continue as long as:
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Figure 3.4 — Average axial velocity (A) and radial velocity and water potential difference across

the sieve tube membrane (B) versus axial position z with sieve plates present (—) and ignoring
sieve plates (----) for a flow within a sieve tube limited by a semipermeable membrane (c = 1). In

A the average axial velocity for the Poseuille flow regime (3.153) is also shown (—-—).
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Figure 3.5 — Average concentration (A) and concentration gradient (B) versus axial position z
with sieve plates present (—) and ignoring sieve plates (----) for a flow within a sieve tube lim-

ited by a semipermeable membrane (c = 1).
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For the normal physiological conditions (Table 3.1), i.e. for the order of magnitude of
pressure and concentration expected for sieve tubes, we find that water influx into the
sieve tube occurs only if o > 0.7 (Fig. 2.7B). As the permeability of the membrane, P,
increases with decreasing o (3.150), the pressure gradient in the direction of flow be-
comes smaller (Fig. 3.6B). This trend arises from two factors that decrease the sieve tube
solute concentration (Fig. 3.8). First, the dilution created by water influx, dependent on
the water potential difference across the sieve tube membrane, as described before (§
3.7.1). Second, the passive efflux of solutes across the sieve tube membrane that is de-
pendent on the concentration difference between the sieve tube and the apoplast. The pas-
sive loss of solutes is favoured by the higher sieve tube solute concentration compared
with the surrounding apoplast. The decrease in concentration as one moves further down
the tube, means less water will come in, as the water potential difference across the sieve
tube membrane decreases, and more so for the more permeable the membrane (Fig.
3.7B). Simultaneously, and for the same reasons, namely due to a decreasing pressure
gradient, the increase in the axial velocity will also be less for more permeable mem-
branes (3.7A) and the same for the axial solute flux (Fig. 3.9A). Due to the concentration
difference across the sieve tube membrane there is solute efflux which increases for
smaller values of the reflection coefficient, ¢ (leakier membrane) (Fig. 3.9B). However,
the sieve tube membrane solute permeability, Ps, is in the order of 10" m.s™ (3.150), thus
too small to cause dramatic changes in the sieve tube concentration. As the permeability
of the sieve tube membrane, P increases with the corresponding decrease in the reflec-
tion coefficient, o, the osmotic effect on water exchange due to the concentration differ-
ence across the membrane becomes less important. Eventually, for a very permeable
membrane there is a reversal of water exchange and water will move out radially for ¢ <
0.7 (Fig. 3.7B). Consequently, the axial velocity will decrease as more water moves out
radially (Fig. 3.7A). In its turn and due to mass conservation this will cause the solute
concentration to increase as water is drawn out radially (Fig. 3.8). Simultaneously, the

pressure inside the sieve tube decreases less and less, and eventually it will increase for

111



Hydrodynamics of Phloem Transport

A 850

800

p 750

700

650

B 200

150

100

50

dp/dz  ©

-100

-150

-200

Figure 3.6 — Effect of solute permeability on pressure. Pressure (A) and pressure gradient (B)

profiles with position z for phloem flow limited by a permeable membrane with different reflec-
tion coefficients and solute permeability (3.151) considering the presence of sieve plates. The

pressure and pressure gradient profiles for the Poseuille flow regime (3.152) are also shown

().
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Figure 3.7 — Effect of solute permeability on velocity. Average axial velocity (A) and radial ve-

locity (B) profiles with position z for phloem flow limited by a permeable membrane with differ-
ent reflection coefficients and solute permeability (3.151), considering the presence of sieve

plates. In A the average axial velocity for the Poseuille flow regime (3.153) is also shown (——).
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Figure 3.8 — Effect of solute permeability on sieve tube concentration: Average solute concentra-

tion profile with position z for phloem flow limited by a permeable membrane with different
reflection coefficients, 6, and solute permeability, P, (3.151), considering the presence of sieve

plates.

smaller values of G so that flow converges from opposite directions. The axial velocity at
one point becomes null (Fig. 3.7A) and the solute concentration be comes maximum (Fig.
3.8). Though there is a spike in concentration for smaller values of the reflection coeffi-
cient ¢, the overall change is more pronounced for ¢ < (0.2 only. The occurrence of inflow
from the opposite site is a logical conclusion based on the negative sign of the axial ve-
locity beyond the point where it becomes null (Fig. 3.7A) (strictly speaking), and the
magnitude is calculable without more information for the model boundaries at higher val-
ues of z. The extreme of this scenario is seen for ¢ = 0 in which the radial water exchange
is solely driven by the pressure difference across the sieve tube membrane, and the solute
flux is entirely through convection by the water movement across the sieve tube mem-

brane, that dominates for smaller values of ¢ (3.18; Fig. 3.9B).
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Figure 3.9 — Effect of solute permeability on solute flux. Average axial solute flux (A) and radial

solute flux (B) profiles with position z for phloem flow limited by a permeable membrane with
different reflection coefficients, o, and solute permeability, Ps, (3.151), considering the presence

of sieve plates.
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3.7.3 Apoplastic Water Potential

The apoplast surrounding the phloem is considered to have a constant water po-
tential in most phloem transport models; very few authors considered the more realistic
situation of a water potential varying with height (e.g. Tyree ef al. 1974). In Figs. 3.10 to
3.12 we compare transport within a modelled sieve tube being surrounded by water po-
tential being constant, or with the linear gradient chosen for the calculations and simula-
tions in previous sections, as in Table 3.1. In this last case, the apoplastic water potential
increases in the direction of flow, giving simultaneous increase in pressure and in solute
concentration in the apoplast. This scenario is common in plant stems, where the transpi-
ration stream and phloem transport often, but not always, occur in opposite directions.
The solute losses across the sieve tube membrane (§ 3.7.2) are small enough to allow
more water to be drawn into the sieve tube surrounded by these water potential gradients
(Fig. 3.11B). Nevertheless, for the pressure and concentration gradients in the apoplast of
our model (Table 3.1) the differences in sieve tube turgor pressure between the two sce-
narios are negligible even when the apoplastic water potential gradient is doubled (Fig.
3.10). However, the effects of spatially varying the apoplast water potential are more evi-
dent in the axial and radial velocity changes (Fig. 3.11A, B) as well as in the sieve tube
solute concentration (Fig. 3.12) when opposed to a constant water potential surrounding
the sieve tube. These effects are more pronounced for greater gradients as the water po-
tential difference across the membrane increases, thus driving more water radially
through the sieve tube membrane. Consequently the same trend is observed in the sieve

tube concentration following the changes in flow velocity (Fig. 3.12).
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Figure 3.10 — Effect of an apoplast water potential gradient on the sieve tube pressure: pressure

profile with position z for phloem flow limited by a permeable membrane (¢ = 0.9), considering
sieve plates with: a constant water potential ( - — -), a water potential gradient (—) (Table 3.1)

and (----) a water potential gradient two times the values indicated in Table 3.1.
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Figure 3.11 — Effect of an apoplast water potential gradient on velocity: average axial velocity

(A) and radial velocity (B) profiles with position z for phloem flow limited by a permeable
membrane (o = 0.9), considering sieve plates, with: a constant water potential ( - — -), a water
potential gradient (—) (Table 3.1) and (----) a water potential gradient two times the values indi-

cated in Table 3.1.
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Figure 3.12 — Effect of a gradient in apoplast water potential on average solute concentration

profile with position 7. The sieve tube membrane is permeable (¢ = 0.9), and sieve plates are
accounted for. Apoplast water potential is constant ( - — -); gradient of 0.03 MPa.m™ (—) and (---
-) gradient of 0.06 MPa.m™.
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4. Materials & Methods

4.1 Chemicals

All chemicals were purchased from Sigma (Sigma-Aldrich, Taufkirchen,
Germany) with the exception of 4-(Chloromercuri)benzenesulfonic acid, sodium salt,
PCMBS, that was purchased from TRC (Toronto Research Chemicals Inc., Canada) and
silicon based dental impression materials Xantropren VL Plus, Optosil P Plus and
Activator Universal for Optosil/Xantopren that were purchased from Heraeus Kulzer

GmbH, Germany.

4.2 Plants and Growth Conditions

Wheat plants, Triticum aestivum L., were germinated in vermiculate and
transferred into a nutrient solution 7 days after sowing. Plants were grown under 12/12 h
day/night regime with a temperature period of 22/17 °C and relative humidity 60/80 %.
Nutrient solution was a half-strength Hoagland solution, modified after Hoagland &
Arnon (1950) consisting of 1 M KNOs, 1 M Ca(NOs),, I M MgS0O4, 1 M KH,PO4 and 10
uM KCI, 6.3 uM H3;BOs, 0.4 pM ZnSO4, 0.4 uM MnSOs, 0.1 uM NaMoOy, 0.1 uM
CuSOs and 4 puM Fe-EDTA as trace elements buffered with 0.2 M 2-(N-
morpholino)ethanesulfonic acid, MES, at pH 5.3. Nutrient solution was added twice a
week and fully changed every two to three weeks. Plants were monitored every week for
the formation of tillers that were subsequently removed.

Squash plants, Cucurbita maxima, Golden delicious orange variety, seeds
purchased from Zaadhandel Jansen, Netherlands, were grown on standard professional
pot soil mix, type Typ T Topferde, Einheitserde®, in a growth chamber at 500 to 600
umol.m™?s" photon fluency rate, in a 16/8 hour light dark period and 22/18 °C

temperature period with a relative humidity of 60 %.
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4.3 11C Labelling

The carbon isotope ''C decays in a B mode to the boron stable isotope ''B, with a

half-live of 20.38 minutes:

"C, > iB,+B" +v, +0.96Mev

emitting in opposite directions two identical y photons of specific energy 0.48 MeV after
positron annihilation that will easily penetrate many cm of plant tissue. Detection of a
"'C-decay event is therefore possible either by measuring the beta particle directly, e.g.
with a Geiger Muller tube, or by measuring one or both annihilation gammas (Thorpe,
1986; Thompson et al., 1979). The ''CO, was produced with a compact cyclotron (CV28)
with the cooperation of the Institute of Nuclear Chemistry, in the Research Centre Jiilich,
according to a schedule determined by the medical applications for which the isotope was
primarily used. ''CO, was then collected in a trap near the cyclotron and transported to
the laboratory where the experiments were running.

Plants 6 to 8 week old were transferred to the climate chamber for acclimation
where they were connected to the ''C-labelling and closed circulating air system (Roeb et
al., 1986b). This was done one day before the start of the ''C labelling experiments to
ensure that they had fully recovered from any mechanical disturbances occurred while
preparing them for the experiments. For wheat, part of the flag leaf was sealed with a
silicon based impression material Xantropren VL Plus in a cylindrical Plexiglas™
chamber (70 mm length and 18 mm diameter) (Fig. 2.1) while the squash load leaf was
sealed in a Plexiglas™ chamber (20.8x21.2x3.2 cm) with silicon based impression
material Optosil P Plus (Fig. 4.2). Plants were labelled three times with about 100 MBq
"'CO, in air at 5, 7.5 and 10.5 h into the light phase.

Nal(TI) scintillation detectors, for measuring annihilation y-rays, were positioned
within well radiation shielding to avoid incorrect detection of radioactivity, and to be
uniformly sensitive to monitor well-defined parts of the plant (Figs. 4.1, 4.2). The counts
were corrected for background, dead-time and their different sensitivities to equal
amounts of tracer. Plants were treated for approximately 40 to 45 min during the second

pulse of ''C when tracer activity in the upper peduncle and the downstream internode
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detectors in wheat and squash respectively were at maximum (i.e. equal rates of decay

and arrival), being approximately 60 to 80 min after the start of labelling.

lower H P
internodes

load node l, [

peduncle

Figure 4.1 — Experimental setup for ''C labelling, perfusion and water uptake measurement of
wheat: b — balance; fl — flag leaf; Ic — leaf chamber; p — potometer; pp — peristaltic pump; rc — root

chamber; 1 to 7 scintillation detectors monitoring the different plant parts.

4.4 Stem Perfusion

Both the peduncle of wheat and the 6™ internode of squash (counting from the
apex) were perfused during experiments with apoplastic bathing solution (ABS): 1 mM
Ca,SO0y, buffered with 5 mM MES at 6.5 pH, as shown in Figs. 4.1 and 4.2 respectively,
with a Gilson miniplus 2 peristaltic pump delivering 0.4 cm’.min™. In the case of plants
used for more than one time the plants were also perfused after the experiments and
during the night until the next experiment. The perfusion system was set up as soon as the
plants were placed in the climate chamber for acclimation. In the case of squash all leaves

between the apex and the load leaf were removed, the internode below the load node was

122



Materials & Methods

steam girdled with a steam generator Ariete Vapori jet 4102 so that all the ''C-labelled
photoassimilates would go towards the apex and the load leaf would be the only source
supplying all regions between the load node and the apex. It was expected that the
transpiration stream would not be affected by the stream girdle. Both the waste bottle and
the solution bottle were placed on a Mettler Toledo XS205 analytical balance connected
to a computer where the mass change was monitored in 1 minute time intervals with a
LabVIEW 8.5 program. To prevent any leakage, the hypodermic needles (0.9x40mm),
connecting the perfusion tubing, were sealed to plants with silicon based impression
material Xantropren VL Plus. Water uptake into the plant (mg.cm'.min) was
determined from the slope of the solution mass change monitored from the analytical

balance and expressed per unit length of the perfused region.

neo,

Figure 4.2 — Experimental setup for ''C labelling and perfusion of squash stem: b — balance; Ic —
leaf chamber; pp — peristaltic pump; sg — steam girdle; 1 to 7 scintillation detectors monitoring the
leaf chamber (load zone), lower internodes, load node region, perfused internode, downstream

internodes, apex and waste solution bottle.
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4.5 Chilling Experiments

The perfusion set up system (Fig. 4.2) was adapted to perform cold block
treatments on squash perfused internode. Water at room temperature was pumped by the
peristaltic pump to bathe 2 cm of the squash at the middle of 6™ internode sealed in half a
cylindrical Plexiglas™ chamber (20 mm length and 18 mm diameter). Switching from
room temperature water to cold water and vice versa gave a temperature change of the

water around the stem in less than one minute.

4.6 Wheat Root Water Uptake

Root water uptake was measured for wheat with a potometer built from a 1.00 ml
volumetric pipette. The wheat root was constantly aerated in the root chamber (Fig. 4.1)
but for approximately 30 minutes the air supply system was disconnected so that it would
not interfere with the potometer measurements. The position of the meniscus was
monitored at regular time intervals. A 5 ml syringe connected to the pipette via a T-valve

was used to re-position the meniscus intermittently, and to remove any air bubbles.

4.7 Humidity Control in the Squash Leaf Chamber

Due to the high transpiration from the large area of mature squash leaves, a second
dehumidifying system was necessary to prevent condensation in the tubing or leaf
cuvette. As Fig. 4.3 shows, air was circulated using a Wiese pump in a secondary gas
loop first to the leaf chamber, flowing then into a dehumidifier, immersed in a Julabo
F32-EH laboratory water bath set at 2 °C. From there a second copper tube allowed the
dry air to warm up again to the climate chamber temperature. With this system the air

inside squash leaf chamber had no condensation.

124



Materials & Methods

1Co, >

p

dh

ct

nCo,

Figure 4.3 — Dehumidifying system for the squash leaf chamber: ct — copper tube; dh —

dehumidifier; Ic — leaf chamber and p — flat valve gas pump.

4.8 Solution Osmolality

Perfusion solution osmolalities were measured at room temperature (= 22 °C)

from their freezing point, using a Fiske® Model 210 Micro Osmometer.

4.9 Light Microscopy

All tissue samples were freehand fresh tissue sections prepared without fixation
and observed with a Zeiss Axiophot-2 light microscope. Sections of the 6™ internode
(counting from the apex) of squash stem were stained with toluidine blue O (a
metachromatic dye) and alternatively doubled stained with safranin (which stains red for
lignified cell walls) and astra blue (which stains blue for cellulosic cell wall material).
Sections from wheat peduncle were stained with Astra Blue. Tissue cross section areas
were determined using ImageJ version 1.37a software, from the National Institute of

Health, USA.
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Both the 6™ squash internode and wheat peduncle were injected with
approximately 2 ml of a 10% (v/v) fluorescein water solution and let to rest for
approximately 10 minutes. Afterwards they were cut and flushed with deionised water

and fresh tissue samples were manually sectioned for light microscopy.

4.10 11C Data Analysis

4.10.1 Input-Output Analysis

For this study, the plants were exposed for a short time to a varying amount of
"'CO, by pulse labelling one leaf repeatedly three times during the day. The exported
tracer carbon, resulting from photosynthesis from the load leaf (photoassimilates) can be
followed as it is transported throughout the plant body by monitoring the tracer that has
moved into a well defined part of the plant. The field of view of each detector monitoring
tracer movement was defined by the detector collimation which in this study was done by
using lead and tungsten blocks defining the geometry presented in Figs. 4.1 and 4.2. Sink
detectors are designed to only have tracer moving into their field of view, with the only
losses being from isotope decay and respiration of the labelled compound. Sink detectors
give a measure of the total tracer that has flowed into their field of view, which is the
integral of the flow into this region. It is not necessary to use a single detector to obtain
the sink counts, as several detectors activities can be summed, once the observed counts
have been corrected for any differences in detector sensitivities.

In order to study tracer movement in a wheat peduncle, the detector geometry was
therefore arranged has shown in Fig. 4.1 where the total exported tracer from the load leaf
into the rest of the plant is given by the sum of the activities of detectors 2 to 7. The
apically transported tracer, the input to the peduncle, can be obtained by summing the 2, 3
and 4 detectors activities. The peduncle output is simply detector 2, the ear activity. The
basally transported tracer, to the wheat vegetative part, is given by the sum of 6 and 7
detectors activities.

The detector geometry used with squash is represented in Fig. 4.2. As with wheat,
the perfused internode, has input given by summing detectors 4, 5 and 6 activities, while

output is given by summing detectors 5 and 6. The downstream internode (detector 5)
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output is simply detector 6 which monitors the plant apex as a terminal sink. The load
node has input given by summing up detectors 3 to 6 activities, while its output is given
by summing detectors 4 to 6 activities.

This data set is used to identify the best quantitative description of the change in
shape of the input profile caused by the transport system to produce the output profile.
This method is called input-output analysis. Using the mathematical theory of discrete
time systems developed for sampled data (Cadzow, 1973), the ''C radioactivity
measurements for each transport pathway can be described by a linear difference equation
for discrete time observations (Minchin, 1978; Minchin & Troughton, 1980; Minchin &
Thorpe, 2003):

Vi =Y, +buy 4.1)

in which the output activity at a given time k of a well defined plant part, yy, is a function
of the previous output activity at time k—1, yi.;, and of the input activity, uy, at a time k—
J, being j the time delay between the arrive of a given input and its output from the
system. Therefore the time delay depends not only on the length of the phloem pathway
involved, but also on its intrinsic processes affecting phloem transport. The sampling
interval for radiation counting was of 1 minute and of 0.5 minutes in chilling experiments.
For modelling purposes the sampling interval was of 5 minutes so that the system can be
well described by (2.1) (Minchin & Troughton, 1980). Phloem translocation was
described by three parameters, a;, b; and j the time delay observed in the transport system
(Minchin & Troughton, 1980). Following the algorithm of Minchin & Troughton (1980),
model parameters a;, b; and j were estimated for every HC labelling pulse.

From these parameters, the system gain, G, defined as the output for a constant

unit input (Minchin & Troughton, 1980) was calculated:

G=—13— (4.2)

Therefore, the loss of tracer within the transport system is 1-G. Computing the loss of
tracer for each plant part studied we obtain the partitioning of tracer, i.e. the distribution

of photoassimilate between the different regions of the plant. Assuming that the net
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leakage of photoassimilate per unit length of phloem at position X is proportional to the

photoassimilate, P(x), within the sieve tubes from mass conservation we have that:

dP

&(x) = a,P(x) (4.3)
From which we obtain:

P(x)=P(0)e (4.4)

The net leakage of a given length L is:

fap(x)dx:fap(o)e-wdh P(0)(1-e) (4.5)

0 0

The fractional gain that we obtain from the input-output analysis of tracer profiles is:

—g et (4.6)

(4.7)

in which L is the transport system length.

The average transit time, t, for tracer to move through the system length L is given

by:

t= T[ﬂ] (4.8)
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where T is the sampling interval defined for modelling. Hence the average translocation

speed given by input-output analysis is simply given, by definition, as L/t.

4.10.2 Translocation Speed

Translocation speed, the speed at which tracer moves throughout the plant body,
was also determined from the half-maximum activity transit time according to Ferrieri et
al. (2005). To infer the transit time, the time of half-maximum activity was estimated
from the time of the maximum of the transform of the input activity decay-corrected data

given by:

A

maximum _|Amaximum _
. = A(t) (4.9)

A'(t)=
being the maximum activity Amaximum the average of several activity values A(t) at the end
of the pulse. Equation (2.4) simply gives the inflection point of the activity decay
corrected curve at which time one assumes the passing of the front of the pulse. From the
times that one observes the maximum A'(t) and having the length of the detection region

monitored, L, one gets the average translocation speed of tracer.

4.10.3 Tracer Influx Rate

The tracer influx rate, which gives the accumulation of tracer into a given plant
part at each time, was derived from linear regression for the 9 observations centred at that
time (4 before and 4 after) which gives the slope of the decay- and background-corrected
curves. The influx rate at each time during treatment and during the 20 minutes after
treatment removal was then compared with the average tracer influx rate for the 10

minutes before treatment application, giving the relative tracer influx rate.
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5. Results

5.1 Solute Penetration into Vascular Bundles through

Perfusion

For a better understanding of solute and water exchange processes between the
phloem and the surrounding tissue, fluorescein was used as tracer to investigate the pene-
tration of the perfusion solution into the tissue surrounding the air-filled pith cavity of the

species studied.

5.1.1 Wheat

There was an extensive radial and uniform penetration of fluorescein (Fig. 5.1A,
Fig. 5.1B), that goes beyond the immediate parenchyma cell layers surrounding the pith
cavity and diffuses everywhere within the tissue, except for the chlorenchyma regions

close to the epidermis (Fig. 5.1B).

Figure 5.1 — A — Vascular bundles of exposed peduncle of wheat (Triticum aestivum L.) peduncle
stained with astra blue. B — Fluorescein penetration from the pith cavity through the exposed in-

ternode of the wheat peduncle. Both samples are from fresh tissue manually sectioned without
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fixation. Cl — chlorenchyma; E — epidermis; P — ground parenchyma; PC — pith cavity; Ph —
phloem; S — schlerenchyma; X — xylem (composed of large vessels and narrower tracheids with

thick cell walls).

5.1.2 Squash

The relative cross section areas of vascular bundles, phloem and sieve tubes of
squash (Cucurbita maxima) stems were estimated using the methodology of Braune et al.
(1999) and Peterson et al. (2008). Toluidin staining and alternatively safranin and astra
blue double staining were used in fresh tissue samples, manually sectioned and non-fixed,
from the 6" internode (the perfused internode) of 3 different 7 week old plants. Toluidin
is a very useful general stain for studying plant tissues that produces a range of colours
depending on the binding sites in the tissue. Cell walls containing pectic substances stain
pink to reddish purple while those containing lignin stain various shades of blue or green.
Safranin stains red for lignified cell walls and astra Blue stains blue for polysaccharides
of the cell wall such as cellulose and pectins. As Figs. 5.2B and 5.3B show the lignified
cells walls occur mostly in the central area of the bundle including the xylem vessels. The
pith cavity occupies 19.8 + 1.8 % of the total stem cross section area, while the 10 vascu-
lar bundles compose 8.3 £ 1.8 % of that same area. Cucurbita maxima is a classical ex-
ample of a bicollateral type of vascular bundles (Fig. 5.2). The phloem distributes in ex-
ternal and internal phloem surrounding the central xylem vessels and between the two
types of tissues there is interfascicular (or vascular) cambium (Fig. 5.2B). There is an-
other sieve tube network, not associated with xylem, extrafascicular phloem, distributed
both axially and longitudinally, mainly imbedded in the ground parenchyma and sur-
rounding the vascular bundles. As indicated in Table 5.1 the external phloem region is not
much bigger than the internal phloem, both making up little more than 53 % of the bundle
cross sectional area. Note that these values for phloem include sieve tubes and their asso-
ciated parenchyma cells with both their respective lumen and cell walls. The percentage
of sieve tube lumen cross section of the total phloem area in both phloem fascicles differs
only a little. It is bigger in the external phloem which is compatible with their larger
lumina, comparing with the sieve tubes lumina of the internal phloem. From these results
we find that sieve tube lumina comprise about 14 % of the bundle cross sectional area,

consequently making approximately 1 % of the stem cross section area.
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Fig. 5.3A shows the different areas of the vascular bundles of squash stem inter-
node. There was an extensive radial and uniform penetration of fluorescein that diffused
past the parenchyma cell layers surrounding the air-filled pith cavity and penetrated
mainly into the internal phloem region and into the xylem vessels in the central part of the
vascular bundle (Fig. 5.3A). A lesser amount penetrated the external phloem and cells
beyond. This result shows that in squash, as in wheat, dye entered all vascular bundles in
the stem (Fig. 5.1B). Therefore, for smaller solutes than fluorescein molecule, such as
sugars, the internode anatomy and tissue structure are not expected to be a barrier to pene-
tration and radial diffusion. This perfusion method offers a way of directly affecting
phloem transport by simultaneously modifying the apoplastic environment surrounding

the generally so well-protected phloem system in plants.

Figure 5.2 — A — Cucurbita maxima stem cross section (in Evert & Eichhorn, 2006): VB — vascu-
lar bundle. B — External and internal phloem regions of squash (Cucurbita maxima) stem vascular
bundle doubly stained with safranin and astra blue. Samples are from fresh tissue manually sec-
tioned without fixation: CC — companion cell; ExtPh — external phloem; IntPh — internal phloem;
P — ground parenchyma; PC — pith cavity; STE — sieve tube element; VC — vascular cambium; X

—xylem.
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Table 5.1 — Cross sectional areas of phloem given as percentage of the total vascular bundle cross
sectional area, and of sieve tubes given as percentage of the total phloem area. Values refer to
means = SE over 15 samples (5 samples from each of 3 different plants) from the perfused inter-

node. Samples were prepared as indicated in Figs. 5.2 and 5.5.

Phloem Sieve Tubes
Vascular Bundle Phloem
% Cross Sectional External Phloem 29.1+42 256 +£5.8
Area Internal Phloem 25.0+0.8 21.6+43

Figure 5.3 — A — Squash stem vascular bundle stained with toluidine blue. B — Fluorescein pene-
tration and radial diffusion through squash stem internode. Both samples are from fresh tissue
manually sectioned without fixation: ExtPh — external phloem; IntPh — internal phloem; P —

ground parenchyma; PC — pith cavity; X — xylem.
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5.2 Typical 11C data for control experiments

Fig 5.4 shows a typical activity profile for the ''C labelling experiments (§ 4.3).
The ''C activity is presented for each monitored region in a control experiment for a
squash plant perfused with the apoplastic bathing solution (ABS). Following the three
daily pulse applications, indicated by the gas detector, tracer accumulates in the load leaf.
Subsequently, photoassimilates are transported to all remaining plant parts sequentially
from the load node region to the apex, with a very small amount travelling towards the
root through the lower region (Figs. 5.4 B, C). The amount of tracer heading towards the
root was indeed very small, as the noisier data in Fig. 5.5 suggest. This proves the effi-
ciency of the previous steam girdle treatment. It was observed (not shown here) that if the
lower leaves were cut off then there was no activity in the lower internodes, indicating
that the tracer moving into that part of the plant was through the xylem stream. Note that
the perfused internode becomes a second source of water for the plant. Therefore, after
removal of all the leaves downstream of the load node, we assume that the xylem stream
in the perfused internode and load node moved mostly towards the lower internodes
where the remaining leaves were located (Fig. 5.4A). Therefore, it is most likely that any
tracer unloaded into the apoplast in the load node, and eventually in the perfused inter-
node, will end up being transported through the xylem towards the root. This confirms
that the steam girdle stopped phloem flow, and also shows that xylem transport continued

across the steam girdle.

5.3 Influx of Tracer and Tracer Transport Speed

From the decay- and background-corrected data it is possible to determine tracer
accumulation rate (influx rate) in a given plant region and from that to get an idea of the
tracer transport speed and the direction in which tracer moves (§ 4.10.2, 4.10.3). Adding
up the decay-corrected activity from the detectors monitoring different plant parts gives
the total activity of tracer that has flowed into that region of the plant. Adding together
the data collected from the apex, the downstream internode and the perfused internode we

obtain the activity in the whole plant region downstream of the load node. Basically it
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Figure 5.4 — A — Experimental set up for ''C labelling and perfusion of a squash plant: b — bal-
ance; Ic — leaf chamber; pp — peristaltic pump; sg — steam girdle; scintillation detectors monitor-
ing: a — apex; di — downstream internode; li —lower internodes; In — load node; 1z — load zone; pi —
perfused internode. ''C activity profiles of the different parts in a control run experiment of a
squash plant labelled with three pulses and perfused with ABS. Data are corrected for detector
sensitivities. B — Gas detector, referred to right hand side axis, and higher activity in upstream
regions. C — Lower activity in downstream regions; lower internodes activity is referred to the

right hand side axis.
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Figure 5.5 — Relative ''C activity profiles of the different plant parts for the second pulse of Fig.
5.4. Data are relative to the maximum count rate for each detector and are corrected for back-

ground and decay.

would be equivalent to having just one detector, a “sink detector”, monitoring that same
whole region. In this manner, we obtain the total influx of tracer to that specific region of
the plant. Hence, after decay and background correction, its profile would be very similar
to the ones shown in Fig. 5.5. Determining the slope of the decay-corrected data, of the

accumulation of tracer in a given plant part, we get the influx rate of tracer into that re-
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gion (§ 4.10.3). The time of maximum influx rate (Fig. 5.6), i.e. the time of inflexion of
the decay corrected curves (Fig. 5.5), is roughly the time at half-height in Fig. 5.5. In its
turn, this time corresponds to the time of maximum raw activity in curves from Fig. 5.4.
For our purposes, we define this time of highest influx rate, as the time at which the front
of the pulse enters that monitored region. From the times at which the front arrives at
each detector, a speed can be inferred, which we call the tracer transport speed, or tracer

translocation speed, although we do not have a sharp well defined pulse in one sieve tube,

rather one which is in many sieve tubes and vascular bundles.
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Figure 5.6 — Relative ''C influx rate into several parts of the squash plant for the decay- and

background-corrected data of second pulse of Fig. 5.4. Each plot is scaled relative to the maxi-
mum influx rate.

Following Ferrieri et al. (2005), from the half-maximum activity transit time
(midpoint of the front of pulse) it is possible to determine a tracer translocation speed

(§4.10.2). Due to the geometry of its vascular system (Patrick, 1971), in wheat it was not

possible to identify a front of tracer and determine tracer translocation speed in the load
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node, or immediate downstream regions towards the root. Tracer coming from the wheat
flag leaf will firstly move down the internode below the flag leaf node, possibly reaching
further internodes below, before some movement towards the ear as well as root. This
means that both in the load node and in the lower internodes detected regions (Fig 5.4A)
there is simultaneous movement of tracer in opposite directions in different bundles.
Thus, it is not possible to distinguish which fraction of tracer will move in a given direc-
tion nor consequently to determine tracer translocation speed. For the region in which
flow was uni-directional, so that speed could be measured, perfusion by the apoplastic
bathing solution (ABS) did not significantly affect tracer translocation speed (Fig. 5.7).
For both perfused and non-perfused plants tracer translocation speed ranges from 1.3 to
1.6 cm.min™.

The translocation speed measured for the perfused and downstream internodes of
squash were similar, and were not affected by ABS perfusion, but speed in the load node
region was reduced by perfusion (Fig 5.8). Comparing the speed in both species we see
that tracer moves faster in wheat peduncle than in squash internodes, in both perfused and
non-perfused plants. In the absence of treatment solutes, perfusion did not affect speed in
either the downstream regions of both species. In both wheat and squash speed did not
change significantly during the day for any of the regions (Fig. 5.7, 5.8). Tracer transloca-
tion speed estimates obtained from the transit time determined from transfer function

analysis (§ 4.10.1) agree well with the estimates from the half-maximum activity transit

time (Figs. 5.7B, 5.8B).
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Figure 5.7 — Translocation speed estimates (mean + SE) in the wheat perfused peduncle: A —
from the half-maximum activity transit time; B — from transfer function analysis. () plants per-
fused with the apoplastic bathing solution (ABS) (n = 5) and (O) non-perfused plants (n = 4), both

submitted to the three ''C labelling pulses.
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Figure 5.8 — Translocation speed estimates (mean + SE) in the squash stem: A — from the half-
maximum activity transit time; B — from transfer function analysis. Load node (¢, ¢), perfused
internode (M, O) and downstream internode (A,A). Filled markers refer to plants perfused with

the apoplastic bathing solution (ABS) (n = 9) and non-filled markers refer to non-perfused plants
(n = 6) both submitted to the three ''C labelling pulses.

5.4 Tracer Loss

Measurements of the loss of tracer, which can be expressed as the percentage per
unit length of the photoassimilate flow within the transport pathway, and how it can be
affected can give us clues about the solute exchange processes happening in the phloem
pathway. First we checked the effect of perfusion on loss. Tracer loss was hardly affected
by ABS perfusion, in either species (Figs. 5.9, 5.10, 5.11). Tracer loss in the wheat pe-
duncle was less than 1 %.cm™. This is clearly less than we saw in squash (compare values
of Figs. 5.10 and 5.11). For wheat it shows that almost all of the tracer entering through
the peduncle ended up in the ear and very little was unloaded in the peduncle. As Fig. 5.9

shows, the partitioning of tracer (§ 4.10.1), and similarly of photoassimilates, favours
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Figure 5.9 — A — Experimental setup for ''C labelling on wheat: b — balance; Ic — leaf chamber;
pp — peristaltic pump; from 1 to 7 scintillation detectors monitoring the different plant parts. B —

"C partitioning (mean + SE) between the wheat vegetative part, peduncle and ear in plants per-
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fused with the apoplastic bathing solution (ABS) (n = 5) and non-perfused plants (n = 4), both
submitted to the three ''C labelling pulses.
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Figure 5.10 — ''C loss (mean + SE) in wheat peduncle in plants perfused with the apoplastic bath-
ing solution (ABS) (8) (n = 5) and non-perfused (5) (n = 4), both submitted to the three ''C label-

ling pulses.
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Figure 5.11 — "'C loss (mean + SE) in the load node, perfused internode and downstream inter-
node of squash plants perfused with the apoplastic bathing solution (ABS) (n = 9) and non-
perfused (n = 6), both submitted to the three ''C labelling pulses.
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greatly the ear as a very strong sink. More than 2/3 of all the recently assimilated carbon
supplied to the plant from the flag leaf ended up in the ear, a small fraction in the pedun-
cle while the rest was delivered into the vegetative part, which includes the load node and
all the lower internodes plus the root. The short-term partitioning of tracer between the
three wheat plant parts did not change during the day nor was affected by ABS perfusion
(Fig. 5.9). The same behaviour was observed with tracer loss in the wheat peduncle.
Whereas in squash there was a trend towards the end of the day showing bigger values for
the third pulse in both perfused and downstream internodes, for both perfused and non-
perfused plants (Fig. 5.11). In squash, in both cases, the load node region has smaller val-
ues of tracer loss, ranging from 3.2 to 3.8 %.cm’, than the perfused internode and the
downstream internode adjacent to it, of 3.8 to 5.2 %.cm™.

In some experiments with squash a detector was used for any tracer that might be
washed out in the perfusion solution, thus leaving the plant (Fig. 4.2). The count rate was
very low, and not suitable for transfer-function analysis of the time series. For this reason,
we measured the amount of tracer in the waste solution bottle (output) and the amount of
tracer downstream of the load node (input), at one specific time as a measure of the total
fractional loss of tracer into the perfusion solution. For the pump speed and tubing used,
the peak of the output raw activity curve in the waste solution bottle occurred 10 to 20
minutes after the peak of the perfused internode raw activity curve. Hence, 50 minutes
after the peak of the input activity curve into the perfused internode ensures a sufficient
amount of tracer to be detected and it was distinguishable from the background. This is
adequate for seeing any effects caused by perfusion by different solutes as the treatments
were also applied in that time range. Determined this way, the loss of mobilized tracer per

unit length to ABS was 4.5 + 0.1x10™ %.cm™ (n = 4).

5.5 Effect of Sucrose and Mannitol Perfusion on Tracer

Loss in Wheat

Sucrose is the only sugar species transported in wheat, thus quite likely to be
taken up from the apoplast (Hayashi & Chino, 1986); hence it cannot be used as an osmo-
ticum. However, it can be used to investigate sucrose retrieval in the phloem by observing

if the presence of sucrose in the apoplast, due to perfusion, affects tracer loss in the
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phloem. Mannitol is not transported in wheat and so it was used as osmoticum with which
the effects of water exchange on tracer loss in the phloem were investigated. In the pe-
duncle, tracer loss was affected by perfusion by sucrose or mannitol for concentrations of
500 mM or more only: concentrations of 100 or 300 mM of either sugar showed no effect
(data not shown). There were responses at 500 and 700mM although some plants did not
respond for the latter. Where there was a response, there was a clear difference between
effects of mannitol and sucrose: mannitol gave a prolonged depression of tracer loss in
the peduncle (Fig. 5.12), showing no effect when the treatment was removed; sucrose
gave a transient increase, starting to recover during the treatment, and showing some
signs of an accelerated recovery when the treatment ended (Fig. 5.13). The response of
tracer loss to the lower region of wheat on perfusing with sucrose or mannitol was not

reproducible. Although perfusion by 500 mM mannitol or sucrose always decreased parti-
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Figure 5.12 — Effect of mannitol perfusion on ''C loss in the wheat (mean + SE): C — control run;
M — mannitol at 500 and 700 mM. Number of samples in brackets. Treatments were applied at 0

time and removed 40 minutes later as indicated by the arrows.
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Figure 5.13 — Effect of sucrose perfusion on ''C loss in wheat (mean + SE): C — control run; S —
sucrose at 500 and 700 mM. Number of samples in brackets. Treatments were applied at 0 time

and removed 40 minutes later as indicated by the arrows.

tioning downward, at 700 mM tracer loss in that region increased, decreased or did not
change at all (Fig. 5.12). Unlike responses within the perfused peduncle, the effects of
sucrose and mannitol were not different: both solutes gave variable responses, the re-

sponses were prolonged, and showed no influence of a treatment ending.
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5.6 Effect of Sucrose, Mannitol, Raffinose and PEG Perfu-

sion on Tracer Loss in Squash

Sucrose and oligosaccharides (RFO, such as stachyose, raffinose and verbascose)
are transported through the phloem in the cucurbitaceae family (Webb & Gorham, 1964;
Hendrix, 1968, 1982; Hsiang Bush, 1992). Stachyose generally comprises more than half
of the total carbohydrate in their phloem sap, with sucrose being about 20% (Webb &
Gorham, 1964). However, the transported sugar is dependent on species (Kenneth et al.,
1964; Hendrix, 1982). As with wheat, we asked whether perfusing the apoplast with the
transported sugars, sucrose and raffinose, affects tracer transport. For the question, does
apoplast water potential affect tracer transport, we initially perfused with mannitol, since
mannitol is not transported in the phloem of cucurbitaceae (Richardson & Baker, 1982;
Fiehn, 2003). However, as we will see, the possibility of mannitol uptake from the
apoplast was raised, as it seemed to have effects beyond mere water relations. For this
reason polyethylene glycol (PEG) was used as an osmotic agent, since it does not pene-
trate into the plant, and we will have water but not PEG exchange between the perfusion
solution and the plant tissue (Carpita et al., 1979; Oertli, 1986).
Perfusion by 100 mM sucrose caused an increase in the tracer loss both in the perfused
internode and in its following downstream internode, while in the load node region, up-
stream located, there was an opposite effect: a slight decrease in the tracer loss (Fig.
5.14). In all regions the increased values were maintained after treatment removal. Perfu-
sion by mannitol at the same concentration caused similar responses to sucrose perfusion
in all three regions but its effects were more pronounced in both the perfused and down-
stream internodes (Fig. 5.14). In the load node region sucrose, mannitol and raffinose all
had a similar effect in decreasing tracer loss, although there was recover from the plant
once mannitol was replaced by ABS. This apparent recovery to a similar tracer loss value
before teatment was seen with neither raffinose nor sucrose (Fig. 5.14). When compared
with the sucrose and mannitol raffinose perfusion caused a smaller increase, particularly
in the perfused internode. However in the downstream internode this difference becomes
smaller when compared with sucrose effect while still being much less than the increased
caused by mannitol perfusion. As with sucrose, the tracer loss changes caused by manni-

tol and raffinose are also maintained after removal of treatment in both the perfused and
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Figure 5.14 — Effect of 100 mOsmolal perfusion on ''C loss in squash internodes (mean + SE): o
— control run (n = 7); m — mannitol (n = 5); 0 — PEG (n = 5); ¢ — raffinose (n = 4); A — sucrose (n

= 7). Treatments were applied at 0 time and removed 40 minutes later as indicated by the arrows.

the downstream internodes.

Using a PEG solution that was osmotically equivalent to the other 100 mM sugar
solutions the effect was similar to sucrose, mannitol and raffinose perfusions, on increas-
ing the tracer loss in the perfused and downstream internodes and causing the opposite in
the load node. However, in the perfused internode the effect PEG perfusion was signifi-
cantly less than the effects observed with sucrose and mannitol and was slightly less than
the effect observed with perfusion by raffinose (Fig. 5.14). In addition, in the downstream
internode there was recovery from the plant that started before PEG was replaced by ABS
that did not happen with sugars. In the load node is where PEG effects were more visible
when compared with sugars as it decreased much more the tracer loss in that region and
this status was maintained after PEG removal. As with the other solutes, its effect was
maintained after treatment removal.

As a way of investigating changes in translocation speed and in tracer amount in each part
of the plant, we compare the rate of influx of tracer, from the half-life corrected data, just
before and after treatment (§ 4.10.3). Hence by comparing the influx rate of tracer into a
given plant part after treatments with the average influx rate of the last 10 minutes before
treatment, we obtain what we called the relative influx rate of tracer. At the same osmolal
concentration, a nominal 100 mOsmolal, sucrose and raffinose behaved more or less simi-
larly to control experiments (ABS) regarding the tracer influx rate in the perfused inter-
node (Fig. 5.15). Raffinose and sucrose perfusions reduce the influx rate when compared
with control runs. This difference is also observed more pronounced after mannitol and
sucrose treatments removal. During treatment the tracer influx rate was already declining
in the perfused internode, meaning that the pulse front has already passed that region by
that time, going into the adjacent downstream internode (Figs. 5.5, 5.6), as indicated by
the increase in the tracer influx rate (Fig 5.16). In the downstream internode the effect of
sucrose perfusion seems more evident than in the perfused internode as it reduced the
tracer influx rate compared with the control runs and mannitol. Raffinose effect is not
evident (Fig. 5.16). However, the removal of treatments and their replacement by ABS
perfusion seems not to disturb that much tracer flux in the downstream internode (Fig.

5.16). From this, we can infer that at this concentration the treatments had minute effects
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Figure 5.15 — Perfusion effect on the relative influx rate of mobilized tracer into the perfused
internode during treatments of 100 mOsmolal solutions (mean + SE): o — control run (n = 7); m —
mannitol (n = 5); 0 — PEG (n = 5); ¢ — raffinose (n = 4); A — sucrose (n = 7). Treatments were

applied at 0 time and removed 40 minutes later as indicated by the arrows.

on tracer influx rate.

With perfusion by 300 mM solutions there were striking differences between re-
sponses to sucrose and mannitol on the one hand and PEG on the other (Fig. 5.17), when
compared with 100 mM solutions (Fig. 5.14). With 300 mM both sucrose and mannitol
caused a similar and significant increase in the tracer loss in both the perfused and down-
stream internodes, almost doubling it in the perfused region (Fig. 5.17). Neither change

was reversed when treatments were removed. In the load node region, sucrose and manni-
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Figure 5.16 — Perfusion effect on the relative influx rate of mobilized tracer into the downstream
internode during treatments of 100 mOsmolal solutions (mean + SE): o — control run (n = 7); W —
mannitol (n = 5); 0 — PEG (n = 5); ¢ — raffinose (n = 4); A — sucrose (n = 7). Treatments were

applied at 0 time and removed 40 minutes later as indicated by the arrows.

tol effects differ; there was a recovery from the initial effect of sucrose, a decrease in
tracer loss, while it was still being perfused. This did not happen for a 300 mM mannitol
perfusion nor did it happen when using 100 mM sucrose (Fig. 5.13). In both the perfused
internode and its following downstream internode, the PEG effect, increasing tracer loss,
was significantly smaller than the effects of 300 mM sucrose or mannitol (Fig. 5.17).
Contrary to 100 mOsmolal PEG (Fig. 5.13), the effect of 300 mOsmolal in the down-

stream internode was not reversible (Fig. 5.17). In the load node region, on the other hand
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Figure 5.17 — Effect of 300 mOsmolal perfusion on ''C loss in squash internodes (mean + SE): o
— control run (n = 7); m — mannitol (n = 5); 0 — PEG (n = 5); ¢ — raffinose (n = 4); A — sucrose (n

= 7). Treatments were applied at 0 time and removed 40 minutes later as indicated by the arrows.

there was recovery towards the initial state, while still being perfused with PEG (Fig.
5.17), like the response to sucrose. This recovery did not occur with 100 mOsmolal PEG
solution (Fig. 5.14).

Unlike 100 mOsmolal (Figs. 5.15, 5.16), perfusion by 300 mOsmolal sucrose,
mannitol or PEG caused an increase in the tracer influx rate into the perfused internode
(Fig 5.18). In the downstream internode, following the perfused internode, all solutions
had a similar effect on the tracer influx rate, reaching a maximum later in time during
treatment (Fig. 5.18). In this region, sucrose perfusion caused a smaller increase when
compared with both mannitol and PEG and the increase was not affected by treatment
removal. These changes in tracer influx rate suggest an increase in the translocation
speed.

With 500 mM perfusion showed again the different effects of sugars and PEG on
tracer loss at 300 mM (Fig. 5.16), and also demonstrated a clear difference between su-
crose and mannitol. Fig. 5.19 shows that sucrose 500 mM perfusion increased the tracer
loss irreversibly in both perfused internode and its following internode, while again it had
an opposite effect in the load node region, upstream from the perfused internode. With
perfusion by 500 mM sucrose, the decrease in tracer loss in the load node region was al-
most double that at 300 mM (Fig. 5.19). The was no recovery to the pre-treatment state,
as at 300 mM, although there was subsequent tracer loss increase after a minimum was
reached during treatment that continued after treatment removal (Fig. 5.19). In the per-
fused internode, the increase in tracer loss was double that at 300 mM sucrose. 600
mOsmol PEG caused a smaller effect than sucrose 500 mM in both perfused and down-
stream internodes (Fig. 5.19) but greater than at 300 mOsmol PEG. Between the two con-
centration values, the main difference goes to the load node region where the decrease
caused in the tracer loss is much bigger, although similar to the one observed with the
perfusion by 500 mM sucrose. It doubles the decrease observed by perfusing with 300
mOsmol PEG solution. And unlike what happened at that concentration, at 500 mOsmol
PEG perfusion the plant does not return to its previous state, either during or after treat-
ment.

At 500 mM, the response to mannitol and sucrose was quite different in terms of
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Figure 5.18 — Perfusion effect on the relative influx rate of mobilized tracer into the perfused
internode and downstream internode during treatments of 300 mOsmolal solutions (mean + SE):
o — control run (n = 7); m — mannitol (n = 5); 0 — PEG (n = 5); A — sucrose (n = 7). Treatments

were applied at 0 time and removed 40 minutes later as indicated by the arrows.

tracer transport (Figs. 5.20, 5.21). This difference was not observed at smaller concentra-
tion values of either sugars. With 500 mM mannitol perfusion, there was a stoppage of
phloem transport immediately after treatment application in both the perfused internode
and the downstream internode while both the load node and the apex slowed down. This
situation lasted for 12 + 2 min (n = 5). Therefore, there is no data for input-output analy-

sis, as no tracer input function exists. Therefore we turn to the raw data. This stoppage of
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Figure 5.19 — Effect of 600 mOsmolal perfusion on ''C loss in squash internodes (mean + SE): o
— control run (n = 7); 0 — PEG (n = 4); A — sucrose (n = 4). Treatments were applied at 0 time

and removed 40 minutes later as indicated by the arrows.
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Figure 5.20 — Effect on the rate of accumulation of mobilized ''C in the stem of 500 mM manni-
tol perfusion. Half-life and background corrected data for the detectors monitoring the different

plant parts considered.

phloem transport is also shown by the fast decrease of tracer influx rate in both internodes
and it is even more evident in the downstream internode as the influx rate reaches 0 (Fig.
5.22). While treatment continued, tracer accumulation recovered to higher rates than be-
fore treatment, reaching a maximum and than decreasing again (Figs. 5.20, 5.22). The
rate decreased afterwards even further after the removal of treat ment (Fig. 5.22). Al-
though only one example is shown in Fig 5.20, this behaviour was always observed in the
5 different specimens studied. The slowing down of tracer influx especially after treat-

ment removal was not always evident (Fig. 5.20). These results clearly indicate changes
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in phloem translocation speed. However, it is not possible to specify spatially where and

how far in the plant the stoppage of phloem transport really occurs.
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Figure 5.21 — Effect on the rate of accumulation of mobilized ''C in the stem of sucrose 500 mM
perfusion. Half-life and background-corrected data for the detectors monitoring the different plant

parts considered.

With 500 mM sucrose, perfusion did not stop phloem transport (Fig 5.21), and in
contrast to 500 mM mannitol, there was an increase of the tracer influx rate into both the
perfused internode and downstream internode (Fig. 5.22). This suggests an increase in
phloem translocation speed. Perfusion by 500 mM sucrose had a much more severe effect
in raising the ''C influx rate in both the perfused internode and its downstream internode
than did perfusion by 300 mM. Adding to that, at 500 mM there was a clear response
from the plant after treatment removal, with a fast decrease of the rate of tracer influx in
both internodes (Fig. 5.22). This was not observed with perfusion by lesser amounts of
sucrose. The effects on the rate of influx of ''C by perfusion by 600 mOsmol PEG solu-
tion do not differ much from the effects observed with 300 mOsmol (Fig. 5.17). Neither

does treatment removal seem to have any effect in both internodes for both situations.
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Figure 5.22 — Effect of perfusion by 500 mOsmolal solutions on the relative influx rate of mobi-
lized tracer into the perfused internode and downstream internode (mean = SE): o — control run (n
=7); m — mannitol (n = 5); 0 — PEG (n =5); A — sucrose (n = 7). Treatments were applied at 0

time and removed 40 minutes later as indicated by the arrows.

Monitoring the tracer accumulation in the perfusion solution was not always pos-
sible. However, the results presented in Table 5.2 show that the different solutes used as
treatments did not affect tracer accumulation in the perfusion solution, as there is no dif-
ference with the tracer loss observed when only ABS is being perfused and are far less
than the tracer loss observed in squash internodes during treatments (Figs. 5.14, 5.17 and

5.19).
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Table 5.2 — Tracer loss into the perfusion solution (mean + SE).

Treatment Loss (x10™ %.cm™)
Control (n=4) 45%0.1
Mannitol (300 mM) (n = 3) 44+0.3
PEG (300 mOsmolal) (n = 3) 4.6+0.2
PEG (500 mOsmolal) (n=1) 4.3
Sucrose (300 mM) (n=1) 4.3
Raffinose (100 mM) (n=1) 4.7

5.7 Solutions Osmolality

In order to better compare the effects of perfusion by the different solutes on ''C
transport and on water exchange between the plant and solutions, we measured the os-
motic strength of the solutions. The solvent solution was not simply water but rather an
aqueous strongly pH buffered solution — ABS — with an osmolality of 7.5 = 0.6 mOsmol
(n = 7). PEG osmolality varied non-linearly with the amount dissolved (Fig. 5.23), con-
firming previous results of osmotic pressure of culture solutions with PEG (Lagerwerff et
al., 1961; McClendon, 1981; Michel, 1983; Michel et al., 1983; Michel & Kaufman,
1973). For the concentration range used in this study the best fit was a quadratic function
from which we determined PEG osmolalities for the treatments to use (Fig. 5.23). The
formula was different from what other authors have used (e.g. Michel, 1983) since it re-
fers to a different solvent solution, but it confirms the quadratic variation of PEG solu-
tions osmolality with the mass of PEG used in previous studies. Raffinose and mannitol
osmolalities vary linearly with their concentration (Fig. 5.24). Sucrose osmolality varies
non-linearly with concentration, but for concentrations up to 300 mM its variation is
pretty much similar to mannitol osmalilty, giving similar values (cf. Fig. 5.24). This con-

firms the results of Michel (1972) and Michel et al. (1973).
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Figure 5.24 — Sucrose, mannitol and raffinose osmolalities as a function of concentration using
ABS as the solvent solution, for all solutes n = 5. SE is on the order of 1 for all points, for this
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5.8 Effect of Sucrose and Mannitol Perfusion on Water

Exchange in Wheat Peduncle and Root

During ''C experiments water exchange in the perfused region between the solu-
tion and the tissue was measured. When wheat peduncle was perfused by ABS, the plant
took up water (0.19 + 0.03 mg.min"'.cm™, n = 15) and the uptake rate did not change dur-
ing a control run experiment. Perfusion by both sucrose and mannitol at 100 mM showed
no effect on water uptake, nor did it change the tracer loss in the peduncle (data not
shown). Changes in the water uptake were only observed for 500 and 700 mM concentra-
tions (Figs. 5.25 and 5.26). There was no difference between the effects of perfusion by
the sugars at 500 mM, both causing a decrease in water uptake, making the plant take up
less water while being perfused with mannitol or sucrose at 0.08 + 0.03 and 0.07 + 0.02
mg.min".cm™ respectively (Fig. 5.25). A different scenario occurs when solute concen-
tration rises to 700 mM (Fig. 5.26). At this concentration not only we had a reverse in the
direction of water uptake but this effect was more pronounced for mannitol than for su-
crose (Fig. 5.26). The peduncle water uptake reversed to —0.11 £ 0.02 and to —0.07 £ 0.02
mg.min”.cm™ for sucrose and mannitol. At this concentration a potometer was used for
measuring the plant water uptake, taking advantage of the fact the plants were grown hy-
droponically (§ 4.6). However, with this setup (Fig. 4.1), it was not possible to measure
the root water uptake continuously, as the roots needed aeration and the air supply to the
root had to be stopped during measurements (Fig. 4.1). So, in order to minimize this ef-
fect, while still getting a good compromise between that and the necessary measurements,
a time interval of 40 minutes was chosen. The treatment (the change of perfusion solu-
tion) was done at 20 minutes after the start of measurements. Perfusion by both sucrose
and mannitol at 700 mM caused a similar effect on increasing the root water uptake to
about 22 mg.min"' from the 18 mg.min" observed before treatment application (Fig.
5.27). Returning to ABS perfusion, root water uptake, and peduncle uptake, both recov-
ered to control run condition. These potometer results are quite useful as they show the
good hydraulic coupling between the peduncle and the roots, consequently indicating its
healthy state. They show that for the maintenance of such condition, when submitted to a
forced loss of water in some part of the plant, there is compensation by increasing the root

water uptake and it is sustained as long as the treatment lasts.
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Figure 5.25 — Water uptake rates into wheat peduncle for 500 mM perfusion (mean + SE). Con-

trol measurements refer to before treatment (left) and after treatment (right).
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Figure 5.26 — Water uptake rates into wheat peduncle for 700 mM perfusion (mean + SE). Con-

trol measurements refer to before treatment (left) and after treatment (right).

160



Results

25

[y}
(e}

—
()]

—_
(=

'''''''''' ® Control (n=7)

'''''''''' OSucrose (n=7)

Water Uptake Rate (mg.min-t)

W

---------- OMannitol (n = 5)

Figure 5.27 — Water uptake rates in the wheat root during 700 mM perfusion (mean + SE). Con-

trol measurements refer to before treatment (left) and after treatment (right).

5.9 Effect of Sucrose, Mannitol, Raffinose and PEG Perfu-

sion on Water Exchange in Squash Internodes

The 6" internode of a 6 to 8 week old squash plant (Cucurbita maxima) took up water at
0.82 + 0.04 mg.min"'.cm™ when perfused with ABS (n = 13, including labelled and non-
labelled plants) throughout the day. Perfusion by 100 mM sucrose and mannitol de-
creased the plant water uptake to 0.52 +0.05 and 0.5 + 0.03 mg.min".cm™ respectively
(Fig. 5.28). Their effect was more pronounced than the decrease caused by the perfusion
by 100 mOsmol PEG solution, which slightly decreased the plant water uptake to 0.76 +
0.02 mg.min"'.cm™. The perfusion by 100 mM raffinose caused an intermediate response
between those of sucrose, mannitol and PEG effects, on decreasing the plant water uptake
to 0.65 + 0.08 mg.min".cm™. Perfusion by 300 mM sucrose and mannitol caused similar
effects; both reversed the water uptake making the plant to lose water to the perfusion so
lution at 0.28 + 0.04 and 0.25 + 0.05 mg.min".cm™ respectively (cf. Fig. 5.29). This was
not observed when 300 mOsmol PEG solution was perfused as the plant water uptake was
not reversed but decreased more than at a 100 mOsmol of PEG to 0.66 + 0.07 mg.min

1 -1
.cm .
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Figure 5.28 — Water uptake rates in the perfused internode of squash for 100 mOsmolal perfusion

(mean = SE). Control measurements refer to before treatment (left) and after treatment (right).

At 500 mM both sucrose and mannitol maintained their similar effects, reversing
the water uptake by the plant to a more severe state, causing the plant to lose water to the
perfusion solution at a rate of 0.67 + 0.10 and 0.63 + 0.11 mg.min"'.cm™ respectively (cf.
Fig. 5.30). PEG effect was still different from sucrose and mannitol at an equivalent os-
motic strength as it did not reverse the plant water uptake but just reduced it to 0.26 +
0.02 mg.min".cm™. As with previous treatments at smaller concentrations, the plant water
uptake resumed to its previous pre-treatment state with a similar uptake rate (Figs. 5.28,
5.29, 5.30).

5.10 PCMBS Effect on Tracer Loss

PCMBS was used to investigate the possible apoplastic step — membrane transport

— for phloem reloading along the transport pathway in both wheat and squash.
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Figure 5.29 — Water uptake rates in the perfused internode of squash for 300 mOsmolal perfusion

(mean =+ SE). Control measurements refer to before treatment (left) and after treatment (right).
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Figure 5.30 — Water uptake rates in the perfused internode of squash for 500 mM perfusion

(mean = SE). Control measurements refer to before treatment (left) and after treatment (right).
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5.10.1 Wheat

The effect of perfusion by 2 mM PCMBS on tracer loss in wheat caused very dif-
ferent responses both in the perfused peduncle and in the vegetative part. In the peduncle,
a clear increase in the tracer loss was evident on two cases that were also observed in the
vegetative part (Fig. 5.31). However, the second case not only was less than observed in
the first specimen, but it was also slower and more noticeable in the peduncle. The in-
crease in tracer loss occurred mostly at the end of treatment and continued after treatment
removal, similarly in the vegetative part. On the other two specimens the effect of
PCMBS perfusion went from no response to a very slow decrease in tracer loss in the
vegetative part of the plant which than became faster after treatment replacement by ABS
(Fig. 5.31). As Fig. 5.31 shows the scenario in the vegetative part is more diverse and
thus less suitable for interpretation, as the effects can go from no response to increase or
decrease. This together with the various responses observed in the peduncle of the 4 dif-
ferent specimens used makes the PCMBS effect on the tracer loss in wheat very difficult

to interpret.

5.10.2 Squash

PCMBS effects on squash, as opposed to wheat, were reproducible. PCMBS by it-
self at 2 mM caused an increase in tracer loss in both the perfused internode and the
downstream internode (Fig 5.32), but did not affect transport in the load node region. In
the perfused internode, if 2 mM PCMBS was included with 100 mM sucrose, the tracer
loss increased much more than with sucrose or PCMBS alone (Fig. 5.32). In the down-
stream internode, 2 mM PCMBS alone gave a similar effect to 100 mM sucrose alone,
but unlike the perfused internode, the sucrose response was the same with or without
PCMBS (Fig. 5.32). In the load node region, the effect of perfusion by 100 mM sucrose
(Fig 5.14) was completlely abolished when 2 mM PCMBS was also added (Fig. 5.32).
The perfusion by 2mM PCMBS alone had no effect on tracer loss in the load node. For
tracer accumulation, PCMBS increased the rate in both the perfused internode and the

downstream internode (Fig. 5.33). And although sucrose caused a decrease in tracer in-
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flux rate into both regions (Fig 5.16), with PCMBS there was an increase in tracer influx
rate. The effect of PCMBS continued even after treatment removal (Fig. 5.33). Concern-
ing tracer transfer into the perfusion solution, PCMBS had no effect (Fig. 5.34). The loss
of tracer into the perfusion solution was not affected if the stem was perfused by PCMBS,

and the situation did not change when PCMBS was removed.
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Figure 5.31 — Effect of perfusion by 2mM PCMBS on ''C loss in wheat (mean + SE for the con-
trol only). Treatments were applied at 0 time and removed 40 minutes later as indicated by the

arrows.
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Figure 5.32 — Effect of perfusion by PCMBS on ''C loss in squash internodes (mean + SE): o —
control run (n =7); ¢ — 2 mM PCMBS (n = 4); ¢ — 100 mM sucrose + 2 mM PCMBS (n = 5); A
— sucrose (n = 7). Treatments were applied at 0 time and removed 40 minutes later as indicated by

the arrows.
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Figure 5.33 — Effect of of PCMBS on the relative influx rate of mobilized tracer into the perfused
internode and downstream internode (mean + SE): o — control run (n = 7); ¢ — 2 mM PCMBS (n
=4); 4 — 100 mM sucrose + 2 mM PCMBS (n = 5); A — sucrose (n = 7). Treatments were applied

at 0 time and removed 40 minutes later as indicated by the arrows.
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Figure 5.34 — Tracer loss into the perfusion solution during PCMBS (2 mM) perfusion (mean +

SE). Control measurements refer to before treatment (left) and after treatment (right).

5.11 PCMBS Effect on Water Uptake in Squash

Perfusion by 2 mM PCMBS caused a reduction of water uptake from the perfu-
sion solution to the stem, and to the same extent as 100mM sucrose (Fig. 5.35). However,
the effect was no different if 100mM sucrose was added with PCMBS. Water uptake re-

covered when treatments were removed and replaced by ABS (Fig. 5.35).

=
(o)

=
)

= Control (n = 22)

=
~

B Sucrose (n =9)

B Sucrose + PCMBS
(n=5)
BPCMBS (n=4)

=
o

Water Uptake Rate (mg.cm-1.min-1)

168



Results

Figure 5.35 — Water uptake rates in the perfused internode of squash for perfusion by PCMBS

(mean £ SE). Control measurements refer to before treatment (left) and after treatment (right).

5.12 Chilling Effect on 11C Transport in Squash

The peristaltic pump (as normally used to perfuse squash internodes) was used to
perfuse by water, that could be chilled quickly, 2 cm of the 6™ internode (perfused inter-
node) central region (§ 4.5). Fig. 5.36 shows the results obtained with one specimen in
which two successive chilling treatments were applied followed by warming up back to
ambient temperature. The initial ambient temperature of the bathing water was around
around 27 °C and it was suddenly dropped in less than 30 s to around 15 °C in both treat-
ments, by replacing the supply to be cold water instead of ambient water. The second
treatment was longer than the first one. As it is already known for this family, cucurbita-
ceae, chilling inhibits phloem transport temporarily (Lang & Minchin, 1986). Tracer
transport stopped downstream of the treated region in both the apex and the immediate
downstream internode (Fig. 5.36), and recovered simultaneously in both regions while
still at the lower temperature, but at a slower rate. The perfused internode did not show
entirely the same behaviour as the downtstream internode; the chilled region was just 2
cm of the perfused internode and the detected region includes both upstream and down-
stream parts relative to the chilled region. Thus, while downstream of the treated segment
phloem transport stops, on the opposite side (upstream of the treated segment) there is
some transport and tracer accumulation. This is indicated by the decrease in the slope of
the decay-corrected curve of the perfused internode (Fig. 5.36) for both treatments which

1S not zero.
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Figure 5.36 — Effect of abruptly dropping the temperature in 2 cm of the squash perfused inter-
node on local transport of ''C-photoassimilate. Half-life and background-corrected data for the

detectors monitoring the different plant parts considered.
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6. Compartmental Model of Phloem

Transport

6.1 Compartmental System

A simple compartmental model was developed in order to interpret the ''C ex-
perimental results for squash. The model represents the perfused internode of squash as
three different compartments: the perfused pith cavity, the sieve tubes, and a third com-
partment, representing the xylem and ground parenchyma surrounding the vascular bun-

dles (Fig. 6.1).

Pertused pith cavity
(A3 V3.P)

Apoplast &
Ground
Parenchyma

(Az. V)

Sieve Tube
(A, V)

Figure 6.1 — Compartmental model of the perfused squash internode of length X and divided in
three compartments of cross sectional area A; and volume V;, i = 1, 2, 3. The inter-

node pith cavity of perimeter P is shown here as a pentagrammic prism.

A stem internode (Fig. 6.2) is represented as a phloem translocation pathway imbedded
within an apoplastic volume which is bounded by the perfusion solution. There is no im-
mediate output of tracer when input arrives at a given time at the perfused internode. For
this reason, and to account for all the different processes happening in the internode con-
tributing to tracer translocation, a time delay @ is specified before any tracer will appear

as output. The translocation pathway is regarded as a time delay, 6, followed by a well-
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stirred compartment of fixed volume at pressure p; and concentration C;. Photoassimi-
lates are delivered into compartment 1 at pressure pi, with concentration C;, through the
input solution flux j;,. In the same way, it leaves this phloem compartment with a solution
flux jou at pressure poyt and concentration C;. Between adjacent compartments there are
lateral water and solute exchanges. Considering the symplastic constriction at the inter-
face between the sieve element/companion cell complex, SE/CC, and the phloem paren-
chyma cells in the stem of squash characterized by very low plasmodesmal frequencies
and densities (Kempers et al., 1998), the main interaction between the phloem and the
rest of the internode tissue was taken to be through the apoplast. j;, represents the solution
exchange between compartments / and m, whereas the lateral flux of solute js;, between
compartments / and m is the product of a transfer coefficient k;, by the concentration of

solute in compartment /:

jSlm = klmcl (61)
In this model, loss of solutes is from the sieve tube considered as a linear concentration-
dependent process. Given pPin, Pouts P3» Cin, C1(t=0), Ca(t=0), Cs, tracer input activity and

the physiological and structural parameters as model inputs, the goal is to determine p;(t),

pa(t), Ci(t), Ca(t) and the tracer distribution in the several compartments. From the

C Perfused Pith
P3 3 Cavity
A
K3y ST PoJwa
Y:
P, C, Apoplast
Koy 11 ki, o Jwiz
c Y:
pm n poln
——> | time delay, § |—> ol C, —
jin jout
Phloem

Figure 6.2 — Solute () and water (-~>) exchanges in the compartmental model of the per-

fused squash internode.
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tracer distribution in compartment 1 together with j,, the model prediction of the tracer

output activity can be calculated which is then compared with experimental data.

6.2 Model Equations

6.2.1 Volume Conservation

Volume conservation in the phloem compartment requires that any solution mov-

ing into compartment 1 leaves both radially and axially such that:
Jo =Jdow +J0 (6.2)
in which J is the volume flow rate which relates to flux j as:
J=JA (6.3)

where A is the area through which flow occurs. The axial volume flux is given by

Darcy’s equation (2.15):

i__kdp
) M dx

According to compartment dimensions, specifically its length, the axial volume influx

and efflux of compartment 1 can be written as:

jin = (pin _pl) (64)

,U(Cin)X

and
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. k
out:— 1~ Pout 65
] ,u(Cl)X(p Pout) (6.5)

where X is the compartment length (the internode length), which is the same for all com-
partments (Fig. 6.1); u is the phloem sap viscosity, a function of both solute concentration
and temperature (see § 3.6.2); and £ is the sieve tube axial conductivity, depending only
on anatomical and structural features of the sieve tubes. Such features as lumen dimen-
sions, the sieve plate pore density and dimensions, and the presence of other intracellular
structures affect phloem flow via the parameter &. However the contribution of these dif-
ferent factors to sieve tube axial conductivity is not explicitly specified. The radial water

exchange between compartment 1 and 2 is given by Starling’s equation (2.6):

N
jw12 = Ll |:pl —P,- ZOHZ (Hil -11, )} (6.6)

i=1

where jwi, is the water flux. As there is also solute exchange between the two compart-

ments, the solution volume flux j;, between compartment 1 and 2 is given by:

. j * v
Ji2 :+E:L1 {pl —-P, _Zonz (Hn -11, )} (6.7)
1- Z Vicn =
i=1
in which
* L
L=—v3— (6.8)

for compartment / = 1,2,3; N is the number of different solutes considered; L, is the sieve
tube membrane hydraulic conductivity; \_7l is the molar volume of solute i at concentra-

tion C; and is independent of concentration as long as the solution is not saturated; 0,, is

the reflection coefficient of the sieve tube membrane for the solute i moving across it, and
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the osmotic pressure of solute i in compartment /, I1;;, according to Michel (1972), is

given by:
I, =pyR,T(0.998m, +0.089m,’) (6.9)
m;; being the molality of solute 7 in the compartment /, that is:

(6.10)

pw 1s density of water at absolute temperature T and R, is the universal gas constant. In
our case, we distinguish treatment solutes from the endogenous solutes (sucrose), thus N
= 2. In the model there is no axial movement of solution in compartment 2, so the volume

conservation between compartments 2 and 3 requires that:
J, =J, (6.11)

in which the solution flux, j»3, between the two compartments is:

N
j23 = L*z {pz —Ds _Zom (Hiz -1, )} (6.12)

i=1

where L*; is given by (6.8), L, is the hydraulic conductivity and 0., is the reflection co-

efficient of solute i for the boundary between compartments 2 and 3. Substitution of equa-

tions (6.4), (6.5) and (6.7) into equation (6.2) and considering (6.3) yields:

175



Compartmental Model

kA .
(L Alatl L AlatZ) }(1 (,U?m + lurz(gt )j
i 1
+L

b= kA, | 1 N
L AlatlL Alat2 (L Alatl Alat2 )( (Cin) + ,U(Cl )J
(6.13)
N N
L AlatlL Alat2 |:p3 +Z O (HiZ _Hi3 ) + zoilz (Hil _Hi2 ):|
+ i=1 i=1
kA, 1 1
L AlatlL A1at2 (L ‘Alatl-'_L Alat2 ){/J(Cm) + ,U(C1 )j
and combining equations (6.11) and (6.12) leads to:
* N * N
L Alatl |:pl - Zonz (Hil - Hi2 )} + L2A1at2 {p3 +z O (Hi2 - Hi3 )}
= = (6.14)

p2 ) (L Alat1+L Alatz)

in which A, is the cross sectional area of compartment 1; Ay, is the lateral area between
compartments 1 and 2, i.e. the area of sieve tube membrane, and Ay, is the area of the

boundary between compartments 2 and 3.

6.2.2 Solute Conservation

The rate of change in the amount of endogenous solutes, N;, in compartments 1

and 2 is given by:

dN
d t= JSin - JSout + JSlat.in - JSlat.out (6 1 5)
t
and
dN
dt2 = YJglatin — JSlat.out (616)
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where Jgi, and Jgo are the solute axial input and output flows respectively and Jgin and
Jsiatout are the solute lateral input and output flows respectively for each compartment.

According to model assumptions, equations (6.15) and (6.16) can be written as:

d_cl _ _[klz n JoutAl ]Cl +k21 LCZ‘FM (617)
dt V, v Vi
and
dC \4
dt2 = _(k21+k23 )C2+k12 V;Q (6.18)

Vi, V; and Vj are the volumes of compartments 1, 2 and 3 respectively. Any endogenous
solute eventually moving into compartment 3 is washed out by the perfusion solution and
will not be taken up. Thus, the rate of change in the amount of endogenous solutes in

compartments 3, N3, is given by:

dN,
dt

= JSlat.in - JSperfusion (6 19)

where Jsperfusion 1S the solute flow washed out by perfusing the pith cavity (V3, Fig. 6.1).

Hence, we have that:

dc, C
5 %,,C—q2 6.20
PR CIV3 (6.20)

where q is the perfusion flow delivered by the peristaltic pump, which is constant. Thus

Q

q—= is the solute bulk outflow that will end up in the waste bottle solution.
3

From Fig. 6.1 one can write A = L . Substituting the influx and efflux, equations
1

(6.4) and (6.5), into equation (6.17) we obtain:
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dC k V.
Ttl == k12 +W(p1 _pout) C1 +k21 72C2+

(6.21)

where the pressure inside compartment 1, py, is given by equation (6.13). It is also neces-
sary to consider the solutes that are supplied in treatments, which may not be the same as
the endogenous solutes. The conservation of mass requires that the changes in the amount
of treatment solute for compartments 1 and 2 are similar to what was considered to en-

dogenous solutes (6.15) and (6.16). That is:

dC joA \Y
7“ = _(klzt + \tfl 1Jclt +k21t Vjczt

or
dC k V.
—dtlt = _|:k12t +,U(T)X2(p] ~Pout ):I C, +ky,, VTCZt (6.22)
and
dcC V, V.
d;t = _(k21t+k23t )C2t+k12t 7;C1t+k32t Vzcﬁ (6.23)

in which the subscript t refers to treatments solute. In compartment 2 the treatment solute
follows the same path as the endogenous solutes present, whilst in compartment 1 the
treatment solute will leave through bulk flow within the sieve tube or it will be exchanged
with compartment 2 in a similar way as the other solutes. The main differences may be
the various transport coefficients that different solutes can have, as indicated by the sub-
script t when compared with the endogenous solutes. Equations (6.21) and (6.22) are non-
linear in the solute concentrations due to the explicit non-linear concentration dependence
of p; as shown by equations (6.9) and (6.13), and the concentration dependence of

phloem sap viscosity x (3.137). For this reason equations (6.18), (6.20) to (6.23) were
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solved numerically, using Euler’s method where the solute concentration in compartment

[=1,2,3 is given by:

dcC,

Cl (tn+l) = Cl (tn ) +(tn+1 _tn )W(tn) (624)

Hence, from equations (6.18), (6.20) and (6.21), one obtains, for the endogenous solutes:

k
Cl (tn+1 ) = Cl (tn)+(tn+1 _tn){_|:k12 +W(pl (tn)_pout)} Cl (tn)+

V. k
k,, —2C,(t,)+————(p,, - P, (t,))C;
+ 21 \71 2( n)+/Ll(Cin)X2 (pm pl( n)) 1n}
(6.25)
and
Vv
Cult02) =€ (1)) ()€, (1) 410 5| (620
2
and

Ca (tn+l ) = C3 (tn ) +(tn+l -t )|:kzscz (tn)_q%(tn )} (6.27)

For the treatment solutes, considering equations (6.22) and (6.23) one obtains respec-

tively:

(6.28)
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and

V,
C2t (tn+1) = CZt (tn ) + (tn+1 - tn )|:_(k21t+k23t )CZt (tn )+k12t Vlcu (tn ) +

2

(6.29)
Vv
Hap Ca(t)

2

For the numerical evaluation of equations (6.25) to (6.27), initial conditions of concentra-
tions have to be provided. The total solute concentration in each compartment at time t, is

given by:
Cltotal (tn ) = Cl (tn ) + Clt (tn ) (630)

for/=1,2.

6.2.3 Tracer Conservation

By definition, no tracer has any osmotic role and as such the rate of change in the
amount of tracer in a compartment is linear with the amount of tracer in that compart-
ment. Note also that tracer decays. Using the same reasoning as for solute movement, the

rate of change of Q, the tracer amount in compartment 1, is given by:

aQ _; -J +J ~J _[4Q
dt — YTracer in Tracer out Tracer lat.in Tracer lat.out dt
decay

which gives,

J N
21 = [JIHVQOIH - J"{t]?l ]A1 +k, Q, -k,,Q, -AQ, (6.31)
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. . . In2 : :

in which A is the decay constant for 11C, equal to A = ——, t;» = 20.3 min and V| is the
1/2

volume of the compartment preceding compartment 1 (the perfused internode). The in-

cremental input and output activities entering and leaving the perfused internode are re-

spectively:

inn = JTracerin _(inn j = JinQin Al - >\Qin (632)
dt At Jgecay v,

onut = JTracer out (&] = @Al - }\Q (633)
decay

dt dt V, ot

where AQj, is the measured activity of tracer that has entered the perfused internode and
AQout 1s the measured activity of tracer that has left the perfused internode. The total

amount of tracer detected in the perfused internode region only is given by:
Qin B Qout B Qperfusion = Q1+Q2 + Q3 (634)

in which Q3 is the amount of tracer in the perfused pith cavity, and Qperfusion 18 tracer that
has been collected after coming out of the plant in the perfused solution (§ 5.4, 5.6). Ac-

L_A

. . A . ) .
cording to Fig. 6.1, X =—L ==L considering that the input tracer Q;, is somehow con-

vV, V,

tained in a similar compartment as compartment 1 with the same cross sectional area A;
and approximately the same length X. This is justified if one defines compartment 1 as
the sieve tube element/companion cell complexes in the perfused internode so that its
immediate upstream compartment will be also the sieve tube element/companion cell
complexes of the upstream internode. In the experimental setup this corresponds to the
internode immediately after the load node in the direction of flow and with very similar
dimensions to the perfused internode. The activity of tracer coming into the perfused in-
ternode is the sum of the activities of the detectors monitoring the perfused internode, the
downstream internode and the apex. For compartment 2, where no axial flow occurs, the

rate of change in the amount of labelled photoassimilates is given by:
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dQ dQ
dtz =J Tracer latin J Tracer lat.out _( d t2 jdecay
or
d
% —(ky+kys +2)Q,+k,,Q (6.35)

dt

Any tracer leaking into compartment 3 (the perfused pith cavity) will be eventually

washed out of the system by the perfusion stream and will not be taken up. Thus:

dQ3 — o ( dQ3 j _ deerfusion
dt Tracer lat.in dt decay dt
or
dQ Q
dt3 =k,,Q, —AQ, —qu (6.36)

is the change in the amount of tracer in the internode pith cavity (compartment 3), q the
perfusion flow delivered by the peristaltic pump as described before.

As mentioned before, due to the nonlinear dependence of both ji, and jo. together
with u on sugar concentration and the fact that the transfer coefficients and pi, and pou
might change with time due to treatments, equations (6.31) and (6.35) have time-
dependent coefficients for Q; and Q; variables. Therefore, these equations will also be
solved numerically following the same method used for determining the concentrations of
endogenous and treatment solutes (§ 6.2.2). From equation (6.31) together with equations

(6.4) and (6.5), one obtains the tracer amount in compartments 1:

Q1) =, (1) (1, -1, "2l “9)<Pm(tn>)f1 (t.)

Xz:u(cin (tn
_ le (tn )(pl (tn)_pout (tn ))
Xz,u(C1 (tIl ))

(6.37)

+k,,Q, (t, )~ (k,,+A)Q, (t,) ]
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where @ 1is the translocation time delay (Fig. 6.2). The amount of tracer in compartment 2

1s:
Qz (tn+1) = Qz (tn)+ (tn+1 - tn )l:_(kZI + k23 + }\)Qz (tn )+k12Q1 (tn )] (6~38)

and the amount of tracer in the internode pith cavity is:

Q,(t,)
%

3

Qg(tnﬂ)=Q3(tn>+(tm—tn){kzng(tn)—ms(m—q } 6.39)

From equations (6.33), the amount of tracer coming axially out of the perfused internode,

Qout, can be calculated numerically by:

k

W(pl(tn)—pm)Ql(tI,)—xQout(tn)}

Qout (tn+1 ) = Qout (tn ) + (tn+1 - tn ){
(6.40)
and AQou(t,) Will be the model output activity of the perfused internode that will be com-

pared with the corresponding experimental data: the sum of the activities of the detectors

monitoring both the apex and the downstream internode.

6.2.4 Translocation Time Delay, 6

In a steady state situation the time @ that it takes for any volume V of solution to

be translocated through the phloem (compartment 1) with an average volume flow rate J

1s such that:

gV M 6

(jin +j0ut ) A1
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Hence, considering the solution flux densities given by equations (6.4) and (6.5), one can

write:

2
0= 2X (6.42)
Pin = Pout | Pi 7 Pou
k +
( u(Cy)  u(C) ]

confirming that, other things being equal, the more viscous the solution, the more slowly
translocation occurs. Considering the values observed for the translocation speed in
squash (Fig. 5.8) and perfused length X = 10 cm, one obtains & from 10° to 10° s, thus

well within the time expected for tracer to appear at the end of the perfused internode.

6.3 Model Parameters

As can be seen from the model equations, anatomical and physiological informa-

tion are needed in order to best apply the model to experimental data.

6.3.1 Sugar Concentration

One of the most intriguing facts about phloem transport in cucurbitaceae is the
apparent low sugar concentration and very high protein content measured from phloem
exudates when compared to other species (Crafts, 1931, 1932; Fiehn, 2003; Richardson &
Baker, 1982; Richardson et al., 1984). This high protein content has been considered a
peculiar feature of this family and is hard to reconcile with the Miinch pressure flow
mechanism that depends on high osmotic sugar contents in sieve tubes. However, high
osmotic pressures have been observed in plasmolysis experiments in mature sieve tube
elements of the vascular bundles in callus tissue in Cucurbita pepo (Lackney & Sjolund,
1991). Haritatos et al. (1996) have also measured high RFO concentrations in SE/CCs in
minor veins. But, most if not all the phloem exudates, as typically collected from cucurbi-
taceae species, have been shown to come from extrafascicular sieve tubes not from the
external and internal phloem of vascular bundles (Zhang 2005; Zhang ef al., 2010). The

extrafascicular sieve tubes have been known from the very early studies in cucurbitaceae,
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and compose an anastomozing system scattered throughout the ground parenchyma
(Crafts, 1931, 1932). They connect the different vascular bundles and also run parallel
surrounding the vascular bundles and the stem sclerenchyma (Cronshaw & Esau, 1968b;
Kempers et al., 1993). Zhang (2005) suggested that this close proximity to the vascular
bundles has led to exudate being mistakenly taken to come from the bundles. The compo-
sition of sugar and proteins differ between vascular and extrafascicular phloem, and the
sugar content is much less in the extrafascicular system (Zhang, 2005; Zhang et al.,
2010). Zhang (2005) also observed that the sugar concentration of the vascular phloem
was closer to the values in minor veins (i.e. Haritatos et al. 1996). In the present model
the extrafascicular sieve tubes are not considered as a separate compartment and they are
not specifically identified and characterized in microscopy observations (Figs. 5.2, 5.3).
The solute values here were therefore constrained to resemble those in vascular phloem,
with input and content of compartment 1, C;,, and C;(0), in the range of 500 to 800 mM,
and for compartment 2 the initial concentration, C,(0) in the range 50 to 300 mM. The

value for Cs(t) is that of the perfusing solution.

6.3.2 Sap Viscosity

Phloem sap viscosity was specified to depend on both temperature and phloem sap
chemical composition, according to equation (3.138). Fiehn, (2003) showed that the main
fraction of sugars for squash is of stachyose and raffinose, thus for the temperature during
experiemtns, 22 °C, we specified parameters a = 1.07 and E = 94.46 (Chirife & Buera,
1997).

6.3.3 Anatomy and Structure

From the experimental results presented (§ 5.1.2) the lumina of all sieve tubes
makes up about 1% of the total stem cross sectional area, while the pith cavity occupies
about 20 %. Therefore, the cross sectional area of compartment 2, A, (being everything
but the sieve tubes lumina and the pith cavity) is about 79 % of the stem cross section.
Hence, for a perfused internode length X of 10 cm: % = 1/79 and % = 20/79. As an

2 2

approximation and considering the stem anatomy described before (§ 5.1.2), for a typical
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squash stem of pentagonal cross section of side length 6 mm, its cross sectional area is
approximately 6.2x10” m*. Hence, the perfused internode volume is 6.2x10° m?. Giving
its convoluted nature resembling a star shape, we can approximate the pith cavity cross
sectional area, A; = 1.2x10” m?, as a pentagram for which its perimeter P = 2.1 cm (Fig.
6.1). The lateral area Ay, of the pith cavity, separating compartments 2 and 3, was thus
considered a pentagrammic prism, with Aj,p = 2.1x10° m>. Considering the sieve tube
lumina and vascular bundles cross sections relative to the cross section of the stem (§
5.1.2), the total cross sectional area of compartment 1 is 1% of the total stem cross sec-
tion, thus A, = 6.2x107 m* while the total lateral area of compartment 1 representing the

sieve tubes, Ay, 1S approximately 2.8x107* m>.

6.3.4 Membrane Hydraulic Conductivities

The sieve tube membrane hydraulic conductivity, L, will be taken between 5x10°
5 and 1x10"° m.s'.Pa’ (see § 3.6.4). The conductivity, L,, for the border between com-
partment 2 (apoplast) and the compartment 3 (internode pith cavity) can be estimated
from the water uptake data of the perfused internode during PEG treatments (§ 5.9). As
PEG does not penetrate into the plant tissue (Carpita et al. 1979; Oertli, 1986), the solu-
tion flow between the two compartments will only be water exchange, so that for PEG

perfusion, the reflection coefficient between compartments 2 and 3 becomes 0,, =1 and

equation (6.6) can be written as:
Jwa =L, I:(pz _Hz)_(p3 —I1, )] =L, (\Pz _‘{]3)

in which ¥ and ¥, are the water potential of compartments 2 and 3 respectively. So, in a
steady state situation of constant water exchange between the two compartments as it was

observed, one can write:
jw23 =L,%,-L,¥,

The water uptake measured (Kg.s.m™) is given by:

186



Compartmental Model

Jsw =L,pyP¥, - L, p, P, (6.43)

where P is the internode pith cavity perimeter (see § 6.3.3). P can be larger than the inter-
node perimeter itself due to its convoluted nature. The density of water, pw, at 22 °C is
997.735 kg.m'3 (Streeter et al., 1998). As equation (6.43) shows jasw (¥3) is linear in V5,
thus the slope is —L,pwP. From water uptake rates for the different PEG treatments (Figs.
5.27, 5.28 and 5.29) as a function of pith cavity osmotic pressure, V3 (Fig.6.3) one ob-
tains L, = 3x10"* m.s".Pa’’. Note that L, represents the hydraulic conductivity of the
border of a very diverse compartment 2, which includes both apoplastic and symplastic
intercellular pathways for water movement together with the xylem stream. The well
known, and already mentioned, symplastic constriction at the interface between the sieve
element/companion cell complex (SE/CC) and the phloem parenchyma cells in the stem
of squash (Kempers et al., 1998) may contribute to the fact that it is smaller than sieve

tube membrane conductivity L;.
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Figure 6.3 — Water uptake of the squash perfused internode pith cavity during PEG perfusion.

From comparison of equation (6.43) with the data presented by Fig. 6.3 one ob-
tains W, = —2.3 MPa for compartment 2 (intercept for zero flow). However, values like

this are reported for water-stressed plants which we believe is not the case with the plants

we used (Chone et al., 2001; Fisher & Cash-Clark, 2000; Sdoodee & Somjun, 2008).
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Note also that, unlike the model assumption, represented by equation (6.11), all water
uptake data presented in this work do not represent the water uptake by the sieve tubes. In

fact the latter is most probably much less than the values presented.

6.3.5 Sieve Tube Axial Conductivity

Measurements of the sieve tube axial conductivity, k, have been more frequent
than measurements on the sieve tube membrane hydraulic conductivity, L;, as they can be
obtained from combining translocation velocity and turgor pressure gradients data. The
review of Milburn (1975) on pressure flow hypothesis over the experimental work done
up to that time found that &/u ranged from 0.58 to 9.72x10™"° m*s™.Pa™. Most of the
combined studies were performed on tree species. From the fewer studies of herbaceous,
Milburn (1975) pointed out the values were smaller compared with those for trees. How-
ever, due to different methodologies and the limited range of species studied, that differ-
ence might not be real. The anatomy and structure of sieve tubes data are well suited to
being used in Hagen—Poiseuille equation. This made its application on phloem transport
almost universal and convincing to a lot of authors. Its simplicity and ease of interpreta-
tion also contributed. Perhaps its most powerful feature was the fact that it allows anat-
omy, physiology and structural data for different plant species, i.e. sieve tube element
lumen, sieve plate pore dimensions and density, together with phloem sap viscosity, as
equations (2.7) and (2.14) show, to be related to measured turgor pressure gradients and
velocity. In this way, Tyree, Christy & Ferrier (1974) estimated &/u to vary between 0.2
and 22x10” m?.s™ Pa’' in a survey of different species including herbaceous and tree spe-
cies. This range of values was commonly used in several other works (i.e. Goeschl et al.,
1976). Rand et al. (1980), applying Stokes’ equation (2.13) and from a small survey of
different plant species, showed that sieve tube axial conductivity could be reduced by 15
to 75 % of the values estimated by Tyree, Christy & Ferrier (1974). This broadens the
range of values of k/u from 4x10™'" to 2x10® m?.s™ .Pa”', which makes it closer to the val-
ues estimated from experimental data (Milburn, 1974). Thompson & Holbrook (2003a)
improved the approach used by Tyree, Christy & Ferrier (1974) to estimate the sieve tube
axial conductivity (2.14) and obtaining values in order of 10™"° m*.s™.Pa, about 13% of
the value in the absence of sieve plates. Thus the estimates of Tyree, Christy & Ferrier

(1974) were thereby decreased by one order of magnitude, to values which agree more
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with the experimental data (Milburn, 1975). Note that sap viscosity x(T, °C) is an inherent
part of sieve tube axial conductivity in most experimental considerations (Milburn, 1975)
and in most theory (Tyree, Christy & Ferrier, 1974; Thompson & Holbrook, 2003a),
whereas here the conductivity is a purely geometrical factor and sap viscosity is a sepa-
rate parameter. It is viscosity that appears in Darcy’s equation (2.15). The influence of
geometry comes in via boundary conditions. Since phloem sap viscosity is of the order
107 Pa.s, sieve tube conductivity & is much smaller than the values surveyed above, as
well as having different dimensions. With the translocation speed we observed in the
squash perfused internode (Fig. 5.8), Darcy’s equation (2.15), the expected order of mag-
nitude for phloem sap viscosity (10™ Pa.s), and the turgor pressure gradients mentioned
before (§ 3.6.3) (10" MPa.m™), the order of magnitude of the sieve tube axial conductiv-
ity kis 107* to 10" m?.

6.3.6 Model Evaluation and Transfer Coefficients

Not all parameter values are readily available from experimental and theoretical
work. Furthermore in some cases they arise from model assumptions, not particularly or
directly attributed to known physiological measurements. Hence, evaluation of a model
like this one presented becomes crucial and more difficult. The criteria for finding the
best values of model parameters were chosen after Thornley & Johnson (2000) and set-
ting the biological range of all the parameters previously described. First, the model re-

sidual, r;, for time i is calculated as:
r =In [Y_] (6.44)

yi being the measured value and Y; the corresponding model prediction for that measured
variable at time i. The best model is the one that gives the minimum sum of squares up to

time N:

R=) g1} (6.45)
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using a weighing factor g; if required. For our case, all residues were taken as equally
important (g; = 1), the model output Y; was the activity of the simulated output of the per-
fused internode, with measured values y;. The best model was estimated by varying the
transfer coefficients k;; to minimize R, while ensuring that corresponding values of pres-
sure, translocation speed, and water exchange between the compartments were physio-
logically reasonable (i.e. within the ranges specified above). To this end, the appropriate
fitting involved fixing the ranges for pressure (pin, Pout, andps), k, Lj, Ly, C1(0), and C,(0),
then varying k;;, to improve R and evaluating whether the predicted output values of pres-
sure, translocation speed and water exchange, between the compartments, fall within their
expected biological range. Their “biological likelihood” was the main criteria for deciding
the possible values for the transfer coefficients to be used. The goal here is not to infer

parameter values per se but to describe tracer data under the proposed model.

6.4 Model Results

Unless otherwise specified the following model parameter values were used:

Table 6.1 —Values of the physical parameters used in the compartmental model.

Parameter S.1. Units Value

"C half life, t;» min 20.3
Compartment length, X m 0.1
Compartment 1 cross sectional area, A, m’ 6.2x107
Hydraulic conductivity, L, m.s”.Pa.” 3x10™
Initial solute concentration in compartment 1, C;(0) mol.m” 600
Initial solute concentration in compartment 2, C,(0) mol.m™ 200
Initial solute concentrations: C;«(0), C,(0) mol.m” 0
Input pressure, piy MPa 0.995 to 1.0"
Input solute concentration, Cj, mol.m™ 600
Lateral area, Ajaq m’ 2.8x10™
Lateral area, A m’ 2.1x107
Output pressure, pPout MPa 0.99 to 0.995"
Pith cavity volume, V; m’ 1.24x1077
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Reflection coefficients: 612 = G3 — 0.5
Sap viscosity, i Pa.s 0.0015
Sieve tube axial conductivity, £ m’ 10" to 107"
Sieve tube membrane hydraulic conductivity, L, m.s”.Pa.” 7.5x10™"
Mannitol specific volume, V yanns m’.mol” 1.192x10°*
Sucrose specific volume, Vs m’.mol”! 2.155%10™**
Temperature, T °C 22
Universal gas constant, R, JX " .mol™ 8.314
Volume ratio, V/V, — 1/79
Volume ratio, V,/V; — 20/79
Water density, pw kg.m” 998

+ See § 3.6.3

I Kiyosawa (1991)

* Eszterle (1993)

6.4.1 Control Runs

In order to estimate the model parameters, the model examination started with the
control runs (ABS perfusion only), and this also gives some illustrations of the fitting
procedure. The model itself allows different hypothetical scenarios. In a first case there is
no solute exchange between the phloem and surrounding tissue. As a consequence, all the
transfer coefficients k;; are null, reflection coefficients o;j; are equal to 1, and tracer leaves
compartment 1 axially, by bulk flow only. Other parameters were set at the middle of
their expected physiological ranges, as listed in Table 6.1: the sieve tube turgor pressure
difference, Ap = pin — pou = 0.001 MPa; sieve tube axial conductivity, & = 5x10™? m?;
sieve tube membrane conductivity, L;; C; (0); C, (0) and L,. With these values, the model
translocation speed is less than the observed values, as indicated by the time lag between
the model prediction and the experimental data (Fig.6.4). To increase the speed, a higher
turgor pressure gradient or much higher axial conductivity seem to be needed, but either
change produces scenarios that are not physiologically reasonable. For example if the
sieve tube axial conductivity, k, was increased to 2.4x10™'" m? (Fig. 6.5) the model output

tracer activity was initially similar to the experimental data but reached a much too high

tracer activity. Changing either the turgor pressure difference or the sieve tube axial con-
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Figure 6.4 — Experimental data of input activity (—) and output activity ( - —) for the perfused in-
ternode and model prediction for the output activity (--©) where there is no solute exchange be-
tween the phloem and the surrounding tissue, and transfer coefficients: ki, = ko1 = ko3 = k3 = 0.
Other parameters were set to: 61, = 61 = 1; pin = 1 MPa; poye = 0.99 MPa; Ap = pin — Pour = 0.01
MPa; k = 510" m* L, = 7.5x10™ m.Pa’s"; L, = 3x10"* m.Pa’'s™"; C, (0) = 600 mM and C,

(0) = 200 mM.
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Figure 6.5 — Experimental data of input activity (—) and output activity ( - —) for the perfused in-

ternode and model prediction for the output activity (---) where there is no solute exchange be-
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tween the phloem and the surrounding tissue, all parameters are the same as in Fig. 6.4 except for

k=2.4x10" m%

ductivity inside their respective physiological ranges, produces scenarios that do not
match the experimental output activity profiles. The results are either slower or not deliv-
ering the observed amount of tracer.

If there is solute exchange between the three compartments, as experimentally ob-
served with tracer (§ 5.4, 5.6 and 5.9), but maintaining the same physiological conditions
of the cases shown in Figs. 6.4 and 6.5, the best fit, according to criterion (6.45), corre-
sponds to kjy = 1.85x10°° s'l, ko, = 7.0x107° s and ko = 5.3x10° 57! and a sieve tube ax-
ial conductivity k = 2.4x10"" m* (Fig 6.6). In this model, the tracer distribution among
the three compartments does not explicitly depend on the reflection coefficients 6, and
o3 which affect only pressures p;, p2 and the water exchange between compartments. So,
the criteria for deciding the best reflection coefficient values were to have both a positive
pressure p,, and a positive radial water flow outward from compartment 1, as expected if
there is solute unloading in the phloem. With these two additional conditions, two scenar-
i0s give water outflow from compartment 1: (i) all boundaries are permeable to solutes
and tracer (thus 62, 623 < 1); or (ii) tracer moves only between compartments 1 and 2, not
crossing to compartment 3, hence 61, < 1 and o,3 = 1. However, since ki3 = 5.3x10° s,
although small is not zero, so it is not logical for tracer to be therefore moving out of
compartment 2 to 3, but at the same time the border is impermeable to tracer, and 63 = 1.
Therefore the first scenario is considered as representative of the control run situation.
Having both barriers permeable to tracer, but with no way of discriminating between dif-
ferent reflection coefficient values, we put 61, = 623 = 0.5. This recognizes that each com-
partment boundary is permeable to tracer and endogenous solutes. Our choice of 6}, and
023 1s somewhat arbitrary but justified by the insensitivity of the model output to changes
of 612 and 023 and by the fact that these parameters have not been measured for sieve
tubes. Fig. 6.7 shows the fitting of the model prediction to experimental data presented in
Fig. 6.6, represented by the model residuals, 1, (6.44) and by the ratio between the curves
at each time. Note the very good fitting represented by the small residues equal to zero
and the ratio of model prediction to experimental data very close to 1 throughout most of
the time. For the control run presented in Fig. 6.6, pressure inside compartment 1, 0.995
MPa, lies between model inputs pi, and pow, While pressure inside compartment 2 is

around 0.35 MPa, well below the value for compartment 1 (Fig. 6.8). This may be not to-
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Figure 6.6 — Experimental data of input activity () and output activity ( - —) for the perfused in-
ternode and model prediction for the output activity (-:-) with solute exchange between the phloem
and the surrounding tissue described by the transfer coefficients: k;, = 1.85x 107 s'l; ky; = 7.0x107

s ka3 = 5.3%10° s and ks, = 0. All other parameters are the same as in Fig. 6.4 except for: 61, =

651 = 0.5 and k=2.40x10"" m’.
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Figure 6.7 — Model fitting evaluated by the ratio between model prediction and experimental data

(—) and model residuals r; (----) for the control run shown in Fig. 6.6.
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Figure 6.8 — Pressure values for the control run presented in Fig. 6.6: (---*) pin; (=) Pout; (-—==)p1; (

-+ —)p2 and ( - —) ps. p2 and p; are both referenced to the right hand side axis.

tally unrealistic given the very diverse types of tissue grouped together that compartment
2 represents. However, the concentration difference between compartment 1 and 2 (Fig.
6.9) is not sufficient to counterbalance the pressure difference between the two compart-
ments (Fig. 6.8). Thus, according to (6.6), there is a water efflux from compartment 1 to
compartment 2 which reflects the water potential difference between the two compart-
ments. For the same reasons and due to volume conservation (6.11) the same situation
occurs between compartments 2 and 3 (Fig. 6.10). Although we did not observe these
radial solution fluxes directly, in control runs the plant typically did take up water. Note
also the very small amount of solutes in the pith cavity, when compared with the values
for compartments 1 and 2 (Fig. 6.9) predicted by (6.20).

Considering a second control run from a different squash plant, the model predic-
tion (Fig. 6.11) gave best agreement with the experimental data using: & = 1.30x10™"" m?,
which lower than in the first plant; k;» = 1.74x107 s; ko = 6.6 x10” s and ky; =
5.0x10” s and all the other parameters as before (Fig. 6.6). Because k is lower in the
model for this second plant, the axial flow is less. All the other model predictions for both
cases are similar and show the same behaviour, namely pressure and concentration

changes as shown in Figs. 6.8 and 6.9 respectively. In this second case, we have a plant
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Figure 6.9 — Solute concentration for the control run presented in Fig. 6.6: (=) C; (- —) C, and (---

-) Cs. C3 only is referenced to right hand side axis.
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Figure 6.10 — Axial: () jin and ( - ) jou and radial: (=) j;, and (----)-j»3 fluxes for the control run

presented in Fig. 6.6.
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Figure 6.11 — Experimental data of input activity (—) and output activity ( - —) for the perfused
internode and model prediction for the output activity (-:©) with solute exchange between the
phloem and the surrounding tissue for a control run of a second squash plant. k = 1.30x10™"! m?,
ki, = 1.74%107 s'l; ko = 6.6%107 s'l; Ky; = 5.0x10°¢ s'l; all other parameters are the same as in Fig.

6.6.

that is slower in transport, as indicated by the smaller sieve tube axial conductivity of its
model, when submitted to same turgor pressure difference as before. However, it presents
a similar physiological state to the first case as suggested by similarity of model transfer
coefficients. Note that, even though we are presenting only one solution for each of the
two different plants, several other equally likely scenarios could have been also presented,
for example if we had chosen to assume different turgor pressure differences. In fact, we
might attribute the deviation of the fit, more evident in the third pulse of the second plant
(Fig. 6.11), to changes in the turgor pressure difference later in the day. This explains, for
example, why the predicted activity was too high, and suggests a slowing down of bulk
flow in the plant. Or, as an alternative explanation, an increase in the tracer unloading
could also be responsible for the predicted activity being too high.

If we assume input pressures pi, decreasing linearly with time (Fig. 6.13), given

by:
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dp.
pin (tn+1 ) =pin (tn ) - %(tnﬂ - tn ) (646)

in order to have a decreasing pressure difference, Ap = pin — Pout, driving bulk flow

through compartment 1, we obtain a much better fit for the whole control run presented in

dp.
Fig. 6.11, namely for the second and third pulses (Fig. 6.12). In this case we found%

= 2.8 Pa.min'. Consequently both the input and output axial flows in compartment 1
decrease (Fig. 6.15). The changes in concentration are similar to the first plant as the
transfer coefficients do not differ much from the first plant (Fig. 6.14). The translocation
speed obtained for both plants (Fig. 6.10, 6.15), although higher than the values measured
from ''C transport for perfused plants (Fig. 5.8), is consistent with the values normally
reported for phloem transport. From these results we conclude that solute exchange be-

tween compartments is needed to best simulate the experimental profiles of tracer activ-

ity.
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Figure 6.12 — Experimental data of input activity (—) and output activity ( - —) for the perfused
internode and model prediction for the output activity (--) for the control run presented in Fig.

6.11 but with a decreasing input pressure dp, of —2.8 Pa.min™' linear with time.
dt
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Figure 6.13 — Pressure values for the control run presented in Fig. 6.12: (-++) Pin; (=) Pout; (----

)-p1; (- - =) p2 and ( - —) p; are both referenced to the right hand side axis.

700 0.2
T e - 0,18
600 Sttt
! - 0,16
500 ': ™ 0514
]
a | L
£ 400 012
= J - 0,1
E 300 -
S - 0,08
200 —— — —_——— e 0’06
- 0,04
100 -
- 0,02
0 T T T T 0
0 100 200 300 400 500
Time (min)

Figure 6.14 — Solute concentration for the control run presented in Fig. 6.12: (=) C; (- —) C, and

(----) C;. G5 is referenced to right hand side axis.

199



Compartmental Model

2,35 0,3

23 0,25
% 2,25 P
g 0.2 E
T 22 S
= 0,15 5
=215 v
a =
= 0,1 =
= 21 —
= =
= - 0,05 =
é 2,05 é

> 0
1,95 ; . : . -0,05
0 100 200 300 400 500
Time (min)

Figure 6.15 — Axial: (-) ji, and ( - —) jou and radial: (=) j;» and (----)-j»3 fluxes for the model

solution for the control run presented in Fig. 6.12.

6.4.2 Effects of PEG on 11C Translocation in Squash

PEG, a non-penetrating molecule, was used as an osmotic agent in order to affect
the apoplastic water potential of the perfused internode without chemical modification.
PEG is not taken up by the plant but its presence in the squash internode pith cavity
changes the plant water uptake, due to the change in the pith cavity water potential (Figs.
5.28, 5.29 and 5.30). For perfusion of an impermeable solute the transport coefficients
referring to treatment solutes, ki, are zero. Hence, there is no reason for the transport
coefficients of the endogenous solutes, kj;, to change due to PEG perfusion. Lowering the
water potential of the pith cavity by perfusing it with PEG changes the radial water ex-
change, as more water is drawn from the plant into the perfusion solution. This water ef-
flux is greater for the higher PEG concentration in the second treatment. Consequently,
pressure decreases in both compartments 1 and 2, but with unrealistic (negative) values in
the latter (Fig. 6.17B). The changes in pressure in compartment 1 are not as severe as the
changes in compartment 2. If p; were to change, negative minimums of p, could be
avoided but only by increasing ps; 5 times or more, which is totally unrealistic as the per-

fusion ps is done at normal atmospheric pressure. The negative pressure in compartment 2
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is a result of the model limitations, to be discussed later in the discussion chapter. Once
the treatment is removed, the conditions before treatment resume. These effects are more
pronounced in the second treatment (Fig. 6.17B) when a higher PEG concentration was
used.

To better fit the model to data, the output pressure pout is decreased during PEG
treatments (Table 6.2), in addition to the change in pith cavity osmolality. The changes in
pressure difference between compartment 1 ends affect the axial flow (Fig. 6.19). The
peaks observed in Fig. 16 at the beginning and at the end of treatments are artefacts
caused by the change in p; — pou at the time of treatments being greater than the change in
P1 — pout for the time step chosen in the numerical method used. However, two factors
contribute to the change in flow during PEG perfusion. First, the decrease in pressures p;
and pou favours a decrease in jou (6.5) while at the same time increases ji, as the differ-
ence between pj, and p; increases. The changes in both axial flows affect solute concen-

tration for compartment 1. As more solute is coming in and less is flowing out, there is an
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Figure 6.16 — Experimental data of input activity (—) and output activity ( - —) for the perfused
internode. The model prediction is shown for the output activity for an experiement with two PEG
treatments of 300 and 600 mOsmol respectively: (----) for constant pressure difference as indicated
in Fig. 6.6; (-----) for the variable output pressure poy (Fig. 6.17A) and pressure difference Ap (Ta-
ble 6.2). Other parameters: ki, = 1.64x107 s, ky; = 6.2x107 87, ko3 = 5.0x10° 573 ko = ke = kos
=Ky = 0; 612 = 623 = 0.5; 62 = 03 = 1; k= 1.25x10"" m?, all other parameters the same as in

Fig.6.6. Treatment times are indicated by arrows.
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increase in compartment 1 concentration (Fig. 6.18A). Of course, the solution viscosity
also changes (Fig. 6.20). Second, the increase in compartment 1 viscosity causes a de-
crease in jou, as suggested by (6.5). During PEG treatment the concentration in compart-
ment 2 increases because of the increase in compartment 1 concentration, as more solute
is available and thus more is lost radially increasing compartment 2 concentration (Fig.
6.18B). However, this situation is transient as it stops once treatment is removed and con-
centration C; decreases. These results show that tracer loss can be affected by PEG perfu-

sion, due to a change in speed, without any change in the transport coefficients.

Table 6.2 — Values of the pressure difference Ap = pi, — pou for the experiment of Fig.6.16.

Before  During 1  After 1" During 2"  After 2"

Treatment Treatment Treatment Treatment Treatment

Ap (MPa)  0.0100 0.0104 0.0095 0.0108 0.0093
A 1,002 0,12
0,998 -
- 0,08
= 0,99 -
S - 0,06
= 0,994 -
- 0,04
0,992 -
0,99 I_,—\_,_'— 0,02
0,988 T T T T 0
0 100 300 400 500

200
Time (min) T ¢ T ¢
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Figure 6.17 — Pressure values for the PEG treatments presented in Fig. 6.16: A — (--+) pin; (—)
Pouts (- —) ps referenced to the right hand side axis; B — (----)-py; ( - - —) p, referenced to the right

hand side axis.
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Figure 6.18 — Solute concentration for the PEG treatments presented in Fig. 6.16: A — (—) Cy; (---
-) C; referenced to right hand side axis and (---**) PEG concentration,Cs;.; B — ( - —)C,. Treatment

times are indicated by arrows.
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Figure 6.19 — Axial: (--) ji, and ( - —) jour and radial: (=) j;; and (----)-jo3 fluxes for the PEG

treatments presented in Fig. 6.16. Treatment times are indicated by arrows.

204



Compartmental Model

0,00305

0,003 - 1
0,00295 -

0,0029 - e

p (Pa.s)

0,00285 -
0,0028 =~

0,00275 - T <

0,0027 . . .
0 100 200 T 500 400 500

Time (min)

Figure 6.20 — Viscosity in compartment 1 (----) for the PEG treatments presented in Fig. 6.16.

Treatment times are indicated by arrows.

6.4.3 Effects of Sucrose on 11C Translocation in Squash

The effects of sucrose perfusion on ''C transport in squash were similar in nature
to the effects of PEG perfusion, specifically when using solutions of similar osmotic
strength. To better fit the model to data, the output pressure po, is decreased during su-
crose treatments (Table 6.3), in addition to the change in pith cavity osmolarity. However,
unlike PEG, sucrose should be taken up by the plant. For this reason there is a very good
agreement of model with the experimental data if we consider the transport coefficients
ki and associated reflection coefficient for exogenous sucrose transport equal to the cor-
responding coefficients for the endogenous solutes (Fig. 6.21). In the same way as ob-
served with PEG, perfusion of 500 mM sucrose decreases the water potential in the per-
fused pith cavity drawing more water from compartments 1 and 2 (Fig. 6.25) and decreas-
ing pressure in both compartments 1 and 2 (Fig. 6.22). Consequently, there will be a de-
crease in the axial outflow (Fig. 6.25) which will lead to an increase in C;, the solute con-
centration in compartment 1 (Fig. 6.23). The pressure difference Ap = pin — pout during the
sucrose second treatment (Table 6.3) was similar to Ap verified for an osmotically equiva-

lent PEG solution (2™ treatment in Table 6.2).
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Figure 6.21 — Experimental data of input activity (—) and output activity ( - —) for the perfused
internode and model prediction for the output activity (---) for an experiement with two 500 mM
sucrose treatments: variable poy (Fig. 6.22) giving variable Ap (Table 6.3); ki, = 2.0x 107 s'l, ko =
7.6x107 s ky3 = 5.0x10° 57!, k3, the same as in Fig. 6.6; ki = 2.0x107 s ky1 = 7.6x107 871 ko3,
= k3o = 5.0x10°° s'l; O1p =02 =0C1=02:=0.5; k= 0.8x107!" mz, Pin; all other parameters the

same as in Fig. 6.6. Treatment times are indicated by arrows.
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Figure 6.22 — Pressure values for the sucrose treatments presented in Fig. 6.21: A — (-++*) Pin; (—)
Pou; ( - —) ps referenced to the right hand side axis; B — (----)-p1; (- - —) p2 referenced to the right

hand side axis.

Table 6.3 — Values of the pressure difference Ap = p;, — pout for the experiment of Fig.6.21.

Before During 1" After 1"  During 2"  After 2™

Treatment Treatment Treatment Treatment Treatment

Ap (MPa) 0.0100 0.0107 0.00985 0.01075 0.00980
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Figure 6.23 — Solute concentration for the sucrose treatments presented in Fig. 6.21: A — (—) Cy;

(----) C; referenced to right hand side axis; B — (- —)C,. Treatment times are indicated by arrows.
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Figure 6.24 — Sucrose concentration for the sucrose treatments presented in Fig. 6.21: (=) com-
partment 1, Cy, (- —) compartment 2, Cy; (----) concentration in compartment 3, Cs,, referenced to

the right hand side axis.
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Figure 6.25 — Axial: (--+) jin; ( + —) jour and radial: (=) ji2; (----)-jo; fluxes for the sucrose treat-

ments presented in Fig. 6.21.
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Figure 6.26 — Viscosity in compartment 1 (----) for the sucrose treatments presented in Fig. 6.21.

Treatment times are indicated by arrows.

6.4.4 Effects of Mannitol on 11C Translocation in Squash

The model predictions for mannitol treatments were very similar to the sucrose
effects previously described, namely in terms of pressure (Fig. 6.28), concentration (Figs.
6.29, 6.30), axial and radial fluxes (Fig. 6.31) and solution viscosity (Fig. 6.32). From the
similarity of the effects caused by sucrose and by mannitol perfusions we believe that,
like sucrose, mannitol is also taken up by the plant. For the same reasons described be-
fore, a very good agreement with experimental data is found when po, is specified to de-
crease during treatment (as in Table 6.4). A big difference between sucrose and mannitol
occurs at 500 mM. As Figs. 6.27 and 6.33 show, not only the effect of mannitol perfusion
is different than sucrose for the same concentration but it is also different from the effect
observed at 300 mM. Similarly to sucrose there is also mannitol uptake into the plant tis-
sue as suggested by the values of transfer coefficients different than nought which gave
the best model fit and are equal to the to the transfer coefficients for the endogenous sol-
utes. However, no good fit was obtained for the second treatment, 500 mM mannitol. The

cause for this big discrepancy during the 500 8mmM mannitol treatment is the phloem
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stoppage observed as an immediate effect of perfusion of 500 mM mannitol, which is not

fully predictable by the model (Fig. 6.33).
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Figure 6.27 — Experimental data of input activity (—) and output activity ( - —) for the perfused
internode and model prediction for the output activity (----) for an experiement with two mannitol

treatments of 300 and 500 mM with variable p,, (Fig. 6.28A) giving variable Ap (Table 6.4): ki,
=1.58x107 57, ky; = 6.0x107 s7; ko3 = 5.0x10° s ko = 1.58%107 575 kyy = 6107 8715 ko3, = ki
=5x10° s'; 615 = 631 = 612 = 621t = 0.5; k = 0.55x10™"" m?; all other parameters the same as in

Fig. 6.6. Treatment times are indicated by arrows.

Table 6.4 — Values of the pressure difference Ap for the experiment of Fig.6.21.

Before During 1" After 1"  During 2"  After 2™

Treatment Treatment Treatment Treatment Treatment

Ap (MPa) 0.0100 0.0106 0.00995 0.01070 0.00970
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Figure 6.28 — Pressure values for the mannitol treatments presented in Fig. 6.27: A — (--+*) Pin; (—)

Pout; ( - —) p3 referenced to the right hand side axis; B — (----)-py; ( - - —) p» referenced to the right

hand side axis.
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Figure 6.29 — Solute concentration for the mannitol treatments presented in Fig. 6.27: A — (=) Cy;
(----) C;, which is referenced to right hand side axis; B — ( - —)C,. Treatment times are indicated

by arrows.
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Figure 6.30 — Mannitol concentration within the model for the mannitol treatments presented in
Fig. 6.27: (—) compartment 1, ( - —)compartment 2; (----) concentration in compartment 3, C;, is

referenced to the right hand side axis.
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Figure 6.31 — Axial: (-+) jin; ( - —) jour and radial: (=) ji2; (----)-jo3 fluxes for the mannitol treat-

ments presented in Fig. 6.27. Treatment times are indicated by arrows.
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Figure 6.32 — Viscosity in compartment 1 (-----) for the mannitol treatments presented in Fig. 6.27.

Treatment times are indicated by arrows.
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Figure 6.33 — Experimental decay-corrected data of input activity () and output activity ( - —) for
the perfused internode and model prediction for the output activity (----) for the mannitol treat-

ments presented in Fig. 6.27.
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7. Discussion

This study was mainly focused on radial water and solute exchanges between the
phloem and the surrounding tissue in plant stems and how they affect pressure,
concentration and velocity within sieve tubes. Both theoretical and experimental methods
were used and in the following sections we discuss their main results and implications for

phloem transport.
7.1 Effect of Radial Water Exchange

Radial water exchange across the sieve tube membrane causes a deviation from
laminar flow described by Hagen-Poiseuille equation (2.3). The combined effects of a

“higher viscosity” and an increase in the velocity due to radial water inflow cause greater

. . ) dp . o

increases in the pressure gradient, d_p , in the direction of flow (3.119). As both pressure
z

and solute concentration decrease in the direction of flow so does the radial water inflow
across the sieve tube membrane and the increase in the flow velocity is attenuated (Fig.
3.4A). Horwitz (1958) concluded, from the low Reynolds number estimated, that the flow
in sieve tubes would be laminar, even with sieve plates separating sieve tube elements. In
this situation, viscous effects should far outweigh accelerative effects and the dissipation
of pressure inside sieve tubes would still be proportional to the first power of the average
flow velocity (2.4). However, Horwitz (1958) showed that there is acceleration of flow
due the entrance or exit of water through the sieve tube membrane which invalidates to
use the Hagen—Poiseuille equation (2.3), since it is only applicable to tubes limited by a
rigid impermeable wall. Lang (1973) showed experimentally the effects of radial water
exchange on both pressure and solute concentration on his experimental setup simulating
sieve tube transport. Lang (1973) observed an increasing pressure gradient and
simultaneous decreasing concentration gradient in the direction of flow as predicted by
Horwitz (1958) when there is water inflow along the pathway (Fig. 2.2).

These results were also reproduced theoretically by assuming, as opposed to

Horwitz (1958), that phloem transport is described by Hagen—Poiseuille equation (2.3)

216



Discussion

coupled with radial water exchange across the sieve tube membrane, given by Starling’s
equation (2.6) (e.g. Tyree, Christy & Ferrier, 1974). With these assumptions Tyree,
Christy & Ferrier (1974) found that average axial velocity increased non-linearly with
distance, and towards the end of the sieve tube to unrealistic values, not only non-
expected to occur in plants but also hard to conciliate with phloem physiology. Tyree,
Christy & Ferrier (1974) called this increase in average axial velocity a “runaway
phenomenon” and observed that changing the sieve tube hydraulic membrane
conductivity, L,, did not change the overall behaviour of the model. The runaway
phenomenon was still there but with different values. They also showed that the runaway
phenomenon was not an artefact caused by their numerical method. Hence, these facts
suggest that the cause the runaway phenomenon lies in the governing equations and
boundary conditions used. The runaway velocity occurred in the pathway region where
there was radial water exchange. This result, together with Horwitz (1958) remarks and
Tyree, Christy & Ferrier (1974) comments on the limitations of using Hagen—Poiseuille
equation, did not prevent authors using this equation for describing phloem flow. In fact,
Goeschl & Magnuson (1986) suggested that Tyree, Christy & Ferrier (1974) model could
be improved by considering explicit functions of loading or unloading processes at source
and sink regions respectively. However, they still obtained the same “runaway
phenomenon”, for which they gave no explanation (Fig. 2.3).

More recently, Thompson & Holbrook (2003a) used Horwitz’ arguments wrongly
to justify what they called the “local” use of Hagen—Poiseuille equation obtaining again
the pronounced increased in average axial velocity at the end of the pathway region.
Contrary to what Thompson & Holbrook (2003a) suggested, neglecting the inertial terms
in the Navier—Stokes equation (3.3) does not necessarily imply the direct applicability of
the Hagen—Poiseuille equation (2.3), but in the steady state actually gives Stokes equation
(2.13) (Phillips & Dungan, 1993; Rand & Cooke, 1978). So far, all the models based on
Hagen—Poiseuille equation (2.3) exhibited this runaway behaviour on the axial velocity
and none gave any explanation for its origin and of its likelihood in plants.

In our steady state model of phloem transport, obtained from solving Navier—
Stokes equation (3.3), we did not observe this runaway phenomenon and the changes in
the average axial velocity were more pronounced at the beginning of the system (Fig.
3.4A) where radial water inflow was bigger (Fig. 3.4B) as the pressure and concentration
differences across the sieve tube membrane were also bigger (Figs. 3.3, 3.5). In our case,

we carefully chose the boundary conditions to reflect known physiological conditions of
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the phloem (Table 3.1). Constraining model parameters to be within the physiological
range (§ 3.6), we found that the shapes of velocity, pressure and concentration curves are
quite similar for different parameter values used and the runaway phenomenon was never
observed. In fact, the failure to choose proper boundary conditions led Phillips & Dungan
(1993) to obtain unrealistic values for concentration, pressure and average axial velocity,
specifically at the end of the pathway (Fig. 2.4) where the average axial velocity varied
from 15 to almost 50 times the initial value (Fig. 2.4A). In the steady state model
presented in our study the average axial velocity at the end of the system was only about
1.5 times the initial value (Fig. 3.4A), with smaller increases towards the end in contrast
to the increasing gradient observed with the runaway phenomenon (e.g. Tyree, Christy &
Ferrier, 1974). Phillips & Dungan (1993) used values for the apoplast pressure, pout
higher than what is observed in plants and they also assumed in some examples pout > p,

the turgor pressure inside the sieve tube, which is totally unrealistic. In addition, they also

used wrong values for parameter H (3.52).

Our steady state model confirms Horwitz (1958) remarks against the use of
Hagen—Poiseuille equation by showing that radial water exchanges, although small in
magnitude (= 10"° m.s™), affect the pressure gradient in the direction of flow. Also, the
radial water exchange predicted in our steady state model is about 10 times smaller than
the values reported by the models based on Hagen-Poiseuille equation (e.g. Thompson &
Holbrook, 2003a; Tyree, Christy & Ferrier, 1974) which supports the idea that the origin
of the runaway behaviour in the axial velocity lies in the governing equations used. In
order to examine this hypothesis we note that the average axial velocity is given by

(3.115):

v (z)=y_-=22%_=29_ A S 7.1
VZ(Z) Rdz Ldz 2v 7.D

As long as there is radial water inflow, described by both zeroth ‘l)(%) (3.66) and first

u(z) (3.99) order functions, by definition (3.71) and (3.104), both ‘1—" and % will be
z z

negative, thus increasing the average velocity with distance. However, as flow proceeds

and the water potential difference across the sieve tube membrane decreases with distance
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. d d . . . . .
so do functions —Z and —0; less water will flow in. Hence, the increase in the axial

dz dz
velocity will be less than it was at the beginning. The runaway phenomenon described is
not observed.

The pressure gradient relates to the average axial velocity, as given by (3.119):

d 8u —, \ 6 T
d—i’(z):—ﬂ—szvz(z)—R—'[;Q)(z)[Z'([Q)(z)dz'—UR] (7.2)

where the radial water flow is described by the zeroth order function ‘U(E) (3.66). The

8u
BR’
Hagen-Poiseuille equation (2.3) used by other models (e.g. Thompson & Holbrook,

first term of the right hand side of equation (7.2), — V_Z(Z), is the so-called “local”

2003a). Hence, the pressure gradient (7.2) has extra terms that depend on the radial water

flow both explicitly by the zeroth order function ‘v(i) (3.66) and implicitly through the

average axial velocity V_Z(Z) (7.1). The balance between these two contributions, and
specifically ‘U(E), which is negative for water inflow, contribute to a lesser increase of

the pressure gradient, and consequently the average axial velocity, with distance, thus
preventing the runaway phenomenon from happening.
In contrast, from the governing equations of the model presented by Thompson &

Holbrook (2003a) we have that in the steady state:

d 1
dz  C(z) (73)

which means that the dilution of the sieve tube solute concentration due to water inflow
will cause an increase of the magnitude of the pressure gradient, thereby causing the
increase in speed, which is predicted by Hagen-Poiseuille equation (2.3). This is what we
believe to be the cause of the runaway phenomenon described in previous models. In our
case there is no explicit and simple inverse relation between the pressure gradient and
solute concentration as equation (7.2) shows and as plotted in Fig. 7.1. The dependence in

solute concentration is implicit through the radial water flow, which is represented by
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Figure 7.1 — Pressure gradient versus concentration for a flow within a sieve tube limited by a

semipermeable membrane (¢ = 1) and with sieve plates present.

‘l)(%) (3.66) and consequently and also implicitly by the average velocity (7.1). The

relation between the pressure gradient and solute concentration described by (7.2)
prevents average axial velocity from increasing with distance, in contrast to the models
based on the Hagen-Poiseuille equation. In fact, due to dilution of the sieve tube solute
concentration and concomitant decrease in pressure, radial water inflow will decrease
with distance thus decreasing the changes in pressure gradient (7.2) and increasing less
the velocity (Fig. 7.1).

We also observed that flow within the sieve tube is similar to Hagen-Poiseuille
flow only for sieve tube membrane hydraulic conductivity, L,, in the order of 10%° m.s
! Pa’'; meaning that curves ¢ and d of Fig. 3.3A will be identical and equation (3.154) will
be close to an identity. Not only this value for the sieve tube membrane hydraulic
conductivity, L,, is much lower than the values reported for phloem tissue (§ 3.6.4) but
also it represents such a small radial water exchange so that concentration, pressure and
velocity would hardly change with distance. This situation seems unlikely to happen in
the phloem. Our steady state model presents a more realistic picture of phloem transport

than other previous models (e.g. Phillips & Dungan, 1993) in that the predicted turgor
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pressure gradient, between —0.25 and —0.39 MPa.m™ (Fig. 3.3B), and the sieve tube
osmotic pressure gradient, from —3.7 to —0.4 MPam’, agree with experimental
measurements (Hammel, 1968; Hocking, 1980; Kaufman & Kramer, 1967; Rogers &
Peel, 1975).

7.2 Effect of Sieve Plates and Other Intracellular

Structures

Rand & Cooke (1978) showed that any estimate of the hydraulic conductivity of
sieve tube lumen and sieve plate pores derived from Hagen—Poiseuille equation (2.3) is
likely to be high. However, the fact that from Hagen—Poiseuille equation it is possible to
derive expressions of the sieve tube axial conductivity from dimensional data of cell
lumen and sieve plate pores, (2.7) and (2.14), is probably the main reason for authors to
use it. In this way, these expressions not only provide a direct way of linking anatomy to
physiology, confirming the plausibility of pressure driven laminar flow in sieve tubes, but
also show how important anatomy data can be for mathematical modelling of phloem
transport (Mullendore et al., 2010; Sheehy et al., 1995; Thompson & Hoolbrook, 2003b).
This link between anatomy and physiology to mathematical modelling is not so direct
using Horwitz’ (1958) equation (2.4), that we admit.

However, our steady state model shows that anatomy and physiology data can still
be used while solving Navier—Stokes equation (3.3) given the proper boundary and initial
conditions as the expressions for velocity (3.114, 3.115, 3.116) and pressure (3.117,
3.118, 3.119) show, as being dependent of the radial water exchange across the sieve tube
membrane, which is in its turn dependent on the membrane properties, as well as cell
dimensions. Our choice of ¢ (3.32), dependent solely on sieve tube dimensions, as the
parameter used in the perturbation expansion (§ 3.3, 3.4) allow us to determine the
accuracy of our results by the relative contribution of higher order terms. For narrower
and longer sieve tubes (with smaller values of &) higher order terms are less important so
that pressure, velocity and concentration can be given by zeroth order terms only. These
are obtained from solving the coupled equations (3.128) and (3.130) only. Wider sieve
tubes, with bigger radius, thus bigger &, will have a greater lateral area which means that
more water will flow across the sieve tube membrane. Hence, more evident will be the

effects of water radial exchange on pressure, axial velocity and concentration described
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above. Therefore, the deviation from Hagen—Poiseuille flow will be more pronounced
with an increased non-linearity of both pressure and concentration with distance. The
resistance imposed by sub cellular structures, i.e. cytoplasmic components, phloem
proteins (P—protein), and their relation to sieve plates could be added to the sieve plate
impedance factor f affecting the sieve tube resistance only, and described by the viscous
term of the Navier—Stokes equation (3.3). The effects observed in our model would thus
be enhanced, i.e. the pressure changes due to viscous losses. Hence, the problem turns out
to be how to best describe the influence of those sub cellular structures on the overall
resistance of the pathway. It would also be helpful to compare these results with the effect

of different sieve tube element structure, e.g. inclined sieve plates.

7.3 Effect of Radial Solute Exchange

Solute exchange across sieve tube membranes in the pathway region between
sources and sinks has not been properly studied in mathematical modelling of phloem
transport. This study presents the first mathematical model of phloem transport that
includes flux of solutes across the sieve tube membrane along the pathway between
source and sink regions. Radial solute exchange, in this case passive, is described as a
sum of diffusive and convective fluxes across the sieve tube membrane (3.22). This fact is
more relevant as our steady state model is the first model to use diffuse solute flux
described by the irreversible thermodynamics formalism which defines the membrane
permeability to solutes, Pg, as a function of the membrane properties; i. €. the membrane
hydraulic conductivity, L,, and the solute reflection coefficient, ¢ (3.151) (Kedem &
Katchalksy, 1958). The steady state model predictions showed that the effects of radial
water flow in modifying the Poiseuille flow (as just discussed above) were weakened
(Figs. 3.6, 3.7) for the more realistic case of a permeable sieve tube membrane (o < 1).

In simulations of phloem transport, only Tyree, Christy & Ferrier (1974) have
considered the pathway region to be limited by a permeable membrane. However, it was
only for the special case of a 15 m long path, where solute flux across the sieve tube
membrane was constant throughout the whole length. Hence, it neglected any effect of
concentration difference across the sieve tube membrane on radial solute flux and thus
phloem flow. The Tyree, Christy & Ferrier (1974) model, as in all other models presented

so far, considered the pathway region to be limited by a semipermeable membrane where
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only water radial exchange occurs (c = 1). We believe that the reason for that assumption
is mostly the lack of anatomy and physiology data on phloem transport in the pathway
region. Not only radial fluxes, but also transport parameters such as membrane
permeability to solutes were not known. In this study we present a way of including the
radial solute flux which is known to happen in the pathway region, in order to give a more
realistic perspective on phloem transport. Considering metabolism and storage processes
that occur throughout the stem of plants, especially in big specimens like trees, radial
solute fluxes are very likely to occur and far from being neglected.

Our steady state model results showed that the water influx, dependent on the
water potential difference across the sieve tube membrane, which is highly influenced by
the concentration difference across the sieve tube membrane, is decreased and even
reversed for leakier membranes (Fig. 3.7B). The sieve tube membrane permeability to
solutes, P, (in this case sugars) (3.151) lies in the bottom range of the values reported for
plant cells, 10"° to 10°® m.s™, and it is smaller than the values reported for non-charged
solutes (Diamond & Wright, 1969; Nobel, 1999). This smaller sieve tube membrane
permeability to solutes reflects the efficient specialization of sieve tube elements to bulk
flow, as it minimizes the diffusive solute loss favoured by the concentration difference
across the sieve tube membrane. Hence, we have a more efficient system of carbon
transport along the plant body that is built to keep solute losses at minimum. Such an
efficient transport system is of most convenience for big specimens where source and
sink regions may be far apart. In the case of cucurbitaceae, the combination of a small
solute sieve tube membrane permeability to sugars, e.g sucrose, with the fact that they
transport oligosaccharides that exist in the phloem only and seem not to leave it
diffusively (Schaffer et al., 1996; Webb & Gorham, 1964, 1965), further illustrates the
specialization of sieve tubes to a more efficient system for solute transport bulk flow.

In this study we present a more comprehensive and integrative way of using
anatomy and physiology data on mathematical modelling of phloem transport.
Application of the Navier—Stokes equation (3.3) with the boundary conditions that
describe both water and solutes radial fluxes allow us to understand better the dynamics
of phloem transport and how pressure, velocity and solute concentration are affected by
the plant physiological status. Reloading of solutes through active processes could be
added to the boundary condition (3.22). Whether described by the product of another

transport coefficient, presumably constant, by the apoplast solute concentration or by
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Michaelis—Menten kinetics, the effect of solute reloading on phloem flow would be
mainly to counteract the passive solute loss, thus keeping a concentration difference
across the sieve tube membrane that would draw less water into the sieve tube (Fig.
3.7B). Consequently the changes of turgor pressure, velocity and concentration with axial
distance would be less then observed with passive solute loss only. Also, it would further
illustrate the efficiency of sieve tubes to bulk flow on minimizing radial solute loss. Thus
the decrease seen in both the axial velocity and axial solute flux would be attenuated and
their profiles would be closer to those for less permeable membranes (Figs. 3.7A, 3.9A).
The results presented in this study point that a compromise must be achieved by
sieve tubes between promoting an efficient delivery throughout the plant body and
minimizing the passive solute loss to the apoplast. Hence it would also be elucidating to
include reloading mechanisms and to see its efficiency with different sieve tube element
structure, e.g. sieve plate configuration. These studies would certainly give a better
understanding on sieve tube specialization and how cell structure contributes to that.
Equation (7.2) clearly demonstrates the deviation from the linear relationship of
Poiseuille flow, commonly used in mathematical models of phloem transport, and its
dependence on the radial exchange of both water and solutes. In addition, it also allows
relating it with the anatomical and physiological parameters that describe the sieve tube
membranes, i.e. L, Ps and sieve tube structure and dimensions (7.1, 7.2). Hence, we have
a better understanding of all the underlying processes that contribute and affect phloem

flow.

7.4 Sieve Tubes are in Water Potential Equilibrium with

the Apoplast

The assumption that sieve tubes are in water potential equilibrium with their
surrounding apoplast in plant stems is generally used when measuring indirectly turgor
pressure gradients in sieve tubes (Kaufman & Kramer, 1967; Sovonick-Dunford et al.,
1981; Wright & Fisher, 1980). In our steady state model (Fig. 3.4B) the water potential
difference, AW, across the semipermeable sieve tube membrane varies with distance,
between —0.5 and —0.1 MPa, being less if sieve plates are neglected. For a more realistic
case of the permeable sieve tube membrane, the water potential difference across it is

even less, as the results from Fig. 3.7B suggest, as the radial water inflow decreases for
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0.7 <o <1, eg for c = 0.8, AY varies between —0.16 to —0.02 MPa with distance.
Notwithstanding, these results refer to an idealized sieve tube, submitted to both initial
and boundary conditions that may not reflect the overall phloem physiological conditions,
e.g. active solute transport has not been considered, they confirm Lang’s (1974)
conclusions: AV is negligible when compared with the sieve tube turgor pressure so that
sieve tubes are basically in water potential equilibrium. Murphy (1989b) extended Lang's
(1974) analysis showing that symplastic connectivity between sieve tubes and the
surrounding tissue would not affect the radial water potential equilibrium assumption in
sieve tubes greatly. However, we conclude that this common assumption of radial water
potential equilibrium between sieve tubes and their surrounding apoplast is more realistic
in phloem transport modelling if a sieve tube permeable membrane is considered, as the
value of AV is smaller when compared with a semipermeable membrane (Fig. 3.7B).
Thus closer to AY =~ 0. Assuming this quasi radial water potential equilibrium, from AW
=Y — W, we have that the sieve tube axial turgor pressure gradient is simply given by
the sum of both the axial external water potential gradient and the osmotic pressure

gradient within sieve tubes (2.10):

d_p ~ —d\POUt + d_H
dz  dz dz

(7.4)
Ignoring AY between sieve tubes and the apoplast, equation (7.4) should yield good
estimates of phloem turgor pressure and turgor pressure gradients specifically in pathway

regions, as in stems.
7.5 Translocation Speed

From the early stages of using radioactive isotope labelling for studying phloem
transport, translocation speed was one of the main parameters of interest. It could be used
to validate or abolish different theories and models of phloem transport or simply to best
describe and quantify mass transport within the phloem. Here we compare and discuss
different methods to determine translocation speed. As experimental and data collecting
techniques evolved and in vivo studies became possible, a more realistic picture was

obtained. However, there are several factors to consider if one wants to quantify
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radioisotope movement within the phloem. The half-width of a ''C pulse moving in the
plant usually increases. This is most probably the result of a combination of factors. For
example, the movement of carbon into and out of the sieve tubes would change the
activity of the carbon in transit and hence the amount of carbon arriving at a given point.
In addition, different speeds of translocation within the pulse of tracer moving in the
phloem would have contributed to the increase in half-width. It was pointed out by Evans
et al. (1963) that the different speeds are more likely to reflect variations in the resistance
to transport through different sieve tubes, than from expected parabolic gradients in speed
due to laminar flow across single sieve tubes. Any variations in the cross-sectional area of
sieve tubes, or their number, would alter the resistance to transport and hence might be
expected to produce a range of speeds. On the other hand, different speeds are also
plausible due to different turgor pressure gradients in adjacent sieve tubes in larger plant
species with wider stem cross sections, such as in tree species (Hammel, 1968). A range
of speeds emphasizes the limitations of the concept of a single translocation speed value
and the necessity of defining the methods used in the estimation. Any measurement of the
bulk flow speed based on the amount of labelled material moving through a given part of
the plant will be underestimated, giving a speed value smaller than the real bulk flow as
more tracer leaks out. Tracer will seem to arrive more slowly as a lesser amount will be
detected at a given point after some time interval. For this reason and when workings with
isotopes, authors prefer to define tracer translocation speed. While this will give an idea
of the order of magnitude of the phloem flow rate, it is not the same in concept. So, in
order to best determine the tracer translocation speed that approximates to the real phloem
flow speed, minimizing the effects of leakage of the ''C, the time of half-maximum
activity at each position has been used (Ferrieri et al., 2005; Moorby et al., 1974
Troughton & Currie, 1977; Troughton et al, 1974). At this point tracer leakage will be
least in the period soon after arrival of the pulse at any one position at that time; the vast
majority of labelled material arriving at that location will surpass the fraction of tracer
that is leaking out because the phloem translocation rate is much higher than the lateral
efflux rate. An alternative estimate of a mean value is to use the time of maximum rate of
change in half life corrected activity (Fig. 5.6) as an indication of a position within the ''C
pulse. This corresponds to the point of inflection for the half life corrected data (Fig. 5.5)
and the front of the pulse is almost symmetrical about the point of inflexion (Troughton et

al., 1974). Therefore, this method provides a reasonable estimate of a typical speed. In all
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cases, a transit time depends on two detection points from which we get the representative
tracer translocation speed value.

The values of tracer translocation speed for species studied in this work, wheat
and squash, (Figs. 5.7 and 5.8) are similar and fall well within the order of magnitude
observed for translocation in sieve tubes. Also, we conclude that transfer function
analysis is also a good method for estimating translocation speed, as the estimated values
agree very well with estimates from half-life corrected data (compare data from Figs.
5.7B, and 5.8B with data from Figs. 5.7A and 5.8A). Both wheat (Fig. 5.7) and squash
(Fig. 5.8), whether being perfused or not, showed tracer translocation speed values
ranging from 0.6 to 1.8 cm.min’', being faster in wheat than in squash. The tracer
translocation speed for wheat presented in this study agrees well with previous works of

" using "*C labeling. From

Wardlaw (1965) who observed values from 0.65 to 1.8 cm.min
'1C labeling on wheat plants, values of 0.65 cm.min” (Roeb & Fisher, 1991) and 1.0 to
1.3 cmmin™ (Roeb & Britz, 1991) were observed. ''C labeling has also been used
previously on cucurbitaceae, namely on Cucumis melo for which a rate of transport of
0.96 cm.min™ was measured (Schaffer et al., 1996) which is within the range of the
values reported in this work as well as in the range of 0.66 to 2.14 cm.min™' of the first
transport rate measurements obtained from phloem exudation rates done by Crafts (1931,
1932) on Cucurbita pepo and Cucumis sativus L. In vivo studies using ''C labeling
showed values ranging from 2.8 to 4.9 cm.min' in Zea mays leaves (Throughton et al.,
1974; Throughton & Currie, 1977) and from 1.3 to 3.5 cm.min” in rice (Oryza sativa L.)
(Troughton et al., 1974). Pickard et al. (1978a, b) measured values up to 3 cm.min” in
moonflower (Ipomoea alba L.). Moorby et al. (1974) observed values between 0.9 and
1.1 cm.min™" in tomato (Lycopersicon esculentum). Jahnke et al. (1998) have determined
translocation to occur in young tree stems of Fraxinus excelsior and Sorbus aucuparia
from 0.4 to 1.0 and from 0.5 to 0.9 cm.min™' respectively, also using ''C labelling. More
recently, Peuke et al. (2001) used NMR flow imaging to determine phloem flow
velocities of 1.5 cm.min™ in castor bean (Ricinus comunis). In the same way as the
species studied in the present work (Fig. 5.7 and 5.8) Peuke et al. (2001) observed that the
flow speed did not change much during the day, which suggests that phloem transport
occurs almost steadily. Windt et al. (2006) obtained values ranging between 1.5 and 2.6
cm.min” for grey poplar (Populus tremula x Populus alba), Ricinus comunis,
Lycopersicon esculentum and tobacco (Nicotiana tabacum). Using the same technique,

Mullendore, Windt & Knoblauch (2010) have measured an average phloem flow speed in
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Cucurbita maxima of 1.2 cm.min™ in very good agreement with the values reported in

this work for the same species (Fig. 5.8).

7.6 Perfusion by ABS Does Not Affect Phloem Transport

Perfusion of the stem as a way of modifying the stem apoplast is not usually done
while studying phloem transport and as a treatment one could think as affecting phloem
transport. However, perfusion of the stem by an apoplastic bathing solution, ABS,
showed that the plant remains stable in both water uptake and phloem transport. Thus,
perfusion by ABS can serve as a reference state to compare with when other solutes are
also perfused. Under the radial water potential equilibrium assumption (7.4), we can write

the sieve tube average axial velocity (7.1) as:

V—(Z)~_,BR2(d‘Pout+de (7.5)
AT 8 U dz dz '

Perfusion of a stem internode with ABS will make that part of the plant a secondary
source of water for the whole plant, as the results in wheat (§ 5.8) and squash (§ 5.9)
suggest. Thus, we will have a local increase in the apoplastic water potential ¥, of that
perfused region (becoming less negative and closer to Wags = ¥ of pure water), due to the

low resistance (high hydraulic conductivity) of plant cell walls to water movement
. . . dw .
(Nobel, 1999). Consequently, the apoplastic water potential gradient d—"“t in the
z

perfused region becomes practically null as the whole apoplast in that region will be at
the same water potential.

However, as the steady state model results show, changes in the apoplastic water
potential gradient affect mainly the radial water exchange (Fig. 3.11B). The effects seen
in the axial velocity are very small (Fig. 3.11A) and even less in the sieve tube pressure
(Fig. 3.10). Hence, according to these steady state model predictions, no significant
differences in the axial velocity should be expected in the perfused region between ABS
perfused and non-perfused plants. Our experimental results confirm this prediction as
there is no significant differences in the translocation of tracer in the perfused region on

both perfused and non-perfused plants (Figs. 5.7, 5.8).

228



Discussion

As in the perfused internode, there was also no difference in the translocation
speed in the immediate downstream internode between perfused and non-perfused plants
(Fig. 5.8). There are two possible reasons for no difference. First, due to its close
proximity it is likely that the apoplast water potential of the downstream internode is not
that different from the perfused internode in non-perfused plants. This is even more so as
all the leaves located downstream of the load node were removed (§ 4.4), leaving very
few small young leaves at the apex as a sink for xylem flow to supply transpiration and
tissue growth, that could maintain a strong apoplastic water potential gradient along the
growing stem (Cavalieri & Boyer, 1982). Hence, the apoplast water potential gradient in
the downstream internode is likely to be similar in magnitude to the perfused internode in
non-perfused plants. Perfusion by ABS increases the apoplast water potential in the
perfused internode and by that it may locally increase the apoplast water potential
gradient in the downstream internode. However, according to our steady state model
results even doubling the apoplast water potential gradient does not affect sieve tube
turgor pressure (Fig 3.10) and consequently axial average speed (Fig. 3.11A), although it
increases water radial flow (Fig. 3.11B). As described before, the small radial water flow
reflects the water potential difference across the sieve tube membrane, AY, which is also
small. Thus the changes in radial water flow (Fig. 3.11B) are still small and insufficient to
change sieve tube turgor pressure and average velocity (Fig. 3.10, 3.11A). It is quite
likely that perfusion by ABS caused smaller changes in the apoplast water potential
gradient of downstream internode to the case shown in Figs. 3.10 and 3.11, thus its effects
are even smaller. Second, based on the turgor pressure regulating mechanism suggested
by Lang (1983), Thorpe et al. (1983) and Thompson & Holbrook (2003b), the turgor
pressure gradient will not be affected. The very small changes seen in the sieve tube
pressure, in our steady state model, due to changes in the apoplastic water potential agree
with a turgor pressure regulating mechanism existing in sieve tubes (Fig. 3.10).

Therefore, any increase in the perfused internode sieve tubes water potential, and
consequently in sieve tubes turgor pressure, due to perfusion by ABS, will be readily
transmitted to all adjacent sieve tubes, not changing the flow in the immediate adjacent
downstream internode. The plant had adapted, converging to a similar steady state after
perfusion started. That is the typical response to a perturbation, and it may include
responses in many places (e.g. loading). Had we measured speed further and closer to the

apex, probably some more significant effect on translocation speed would have been
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noticeable due to perfusion by ABS. However, most likely these differences would not be
large, due to specific experimental setup conditions, namely the removing of all the
leaves between the load node and the apex.

Once perfused with ABS, and due to the consequent local increase in W, in the
perfused internode, the apoplastic water potential difference between the upstream
regions and the perfused region will decrease when compared to non-perfused plants,
according to the negative axial water potential gradient along the stem (Cavalieri &

Boyer, 1982). Thus, according to equation (7.5), a smaller apoplastic water potential

out

gradient between the perfused internode and the upstream regions due to ABS

perfusion will cause a decrease in the translocation flow rate compared with non-perfused

plants in the load node region as shown in Fig. 5.8.

out

Note that the changes in in the load node internode are probably more

severe than the examples shown in the steady state model (§ 3.7.3) as there are mature
leaves transpiring close to this region. The differences in translocation speed between the
load node region and its downstream internodes are most probably a result of the special
experimental setup conditions rather than an indication of a supposedly normal situation
in real plants. Since all the internodes located downstream of load node were made
leafless therefore no big differences in ¥, would have occurred once the plant had
adapted to defoliation (e.g. one day after leaves removal). On the other hand, upstream

the load node leaves were kept, allowing transpiration to be a process of maintaining

out out

dz

the source regions and the perfused region than within the perfused internode and

in those regions. Accordingly, it is reasonable to expect bigger between

between this and its immediate downstream internodes. Hence translocation speed will be
higher in the upstream regions than in the downstream regions according to equation

(7.5), and shown in Fig. 5.8 for non perfused plants (squash in this case).
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7.7 Tracer Loss

The importance of radial solute exchange in phloem transport along the pathways
between source and sink regions can be evaluated by measuring the loss of tracer.
Cosgrove & Cleland (1983) observed that the concentration of osmotically active solutes
in the cell wall free space of young and growing stem tissues in pea (Pisum sativum L.),
soybean (Glycine max L.) and cucumber (Cucumis sativus L.) range from 20 to 70
mOsmolal. It increases from base to apical regions of those tissues and about 75 % of
those solutes are organic non-electrolytes. Minchin & Thorpe (1984) found sucrose
concentration in the apoplast of bean (Phaseolus vulgaris L.) stem ranging from 25 to 60
mM with a negative concentration gradient from basal to apical ends of stems, confirming
carlier suggestion (Minchin et al., 1983). Thus, in the case of bean the apoplast sucrose
concentration gradient lies parallel with the sieve tube sucrose concentration gradient, in
the direction of phloem flow. The apparent increase in tracer loss towards the end of the
day, most notably in the perfused and downstream internodes is consistent with the
existence of sucrose storage processes in the stem of cucurbitaceae and can be expected
for growth that also occurs in internodes (Schaffer et al., 1996). As already discussed,
perfusion by ABS is expected to increase W, and the effects on pressure, concentration
and axial velocity in the sieve tubes of the perfused internode are negligible. Therefore,
we have a very similar phloem translocation state before and during perfusion with ABS.
This suggests that phloem unloading should be very similar in both perfused and non-
perfused plants in agreement wih the experimental results (Figs. 5.10 and 5.11).

There have been a few quantitative measurements of phloem leakage from the
transport pathway. It has been shown that photoassimilates are continuously unloaded
from the sieve tubes into the apoplast in leaf petioles of sugar beet (Beta vulgaris L.)
(Geiger et al., 1969), in the stem of soybean (Glycine max) (Fisher, 1970), in squash
hypocotyl tissue (Hancock, 1977), in the stem of Vicia faba (Wolswinkel, 1974, 1978),
and in the stem of bean (Phaseolus vulgaris L.) (Minchin & Thorpe, 1984; Minchin et al,
1984). In addition, sucrose reloading of the sieve tubes occurs from the apoplast of stem
and petiole tissues (Hayden et al., 1980; Maynard & Lucas, 1982; Minchin & Thorpe,
1984; Minchin et al., 1984). Using ''C labelling Minchin & Thorpe (1984) and Minchin

et al. (1984) showed that, at least in the stems of bean, phloem unloading is a passive and
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reloading an active process. Moorby et al (1963) estimated a net phloem leakage in
soybean stem of about 1 % cm™ based on previous in vivo measurement using ''C
labelling (Evans et al., 1963). Minchin (1978, 1979) and Minchin & Troughton (1980)
confirmed theoretically this estimate. Minchin & Thorpe (1987) firstly measured phloem
net unloading rate in the immature stem of bean up to 4 % cm™' using ''C labelling. These
studies have contributed to the current picture of the phloem pathway between source and
sinks regions as a leaky system with passive unloading of sugars into the apoplast being
linearly related with sieve tubes sugar concentration (Patrick, 1990). Both wheat and
squash also show tracer unloading, most likely in the form of sugar. Particularly in squash
the values of tracer unloading, from 3 to 5 %.cm™, agree with the values presented by
Minchin & Thorpe (1987) for bean. The low tracer loss, about 0.3 %.cm™, observed in the
wheat peduncle is most likely related not only with the almost mature state of the
peduncle but also with the grain filling stage in the ear that makes it a strong sink at the
time of experiments. The leakage of tracer from the phloem pathway is also shown by the
detection of tracer in the perfusion solution (Table 5.2, Fig. 5.34), albeit a very small
amount that was about 10" times smaller than the loss of tracer into the tissue surrounding
the phloem pathway (Fig. 5.11). The existence of tracer unloading is further supported by
observing that the experimental tracer activity profiles could be very well simulated by
the compartmental model that included radial exchange of both water and solutes (Figs.

6.6 and 6.12).

7.8 Effects of Phloem/Apoplast Water Exchange on

Phloem Translocation

The importance of tissue water status and specifically water exchange alone for
phloem translocation is illustrated by the effects of squash internode perfusion by PEG.
Polyethyelene glycol (PEG) is commonly used as osmoticum for plant water studies
because it is not taken up by plant tissues (Carpita et al., 1979; Oertli, 1986). Thus only
water flux is involved in response to water potential differences between the perfused
tissue and the PEG solution. The water potential of the PEG solutions used is lower than
the ABS water potential of the normally perfused internode. Therefore more concentrated
PEG solutions will have lower water potentials than the tissue water potential and less

water will be taken by the plant than from ABS alone. As confirmed experimentally, the
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plant water uptake rate decreased as PEG concentration increased from 100 to 500
mOsmol (Figs. 5.28 to 5.30). Consequently due a decrease in plant water uptake as ABS
pefursion is replaced by PEG perfusion the water potential of the perfused internode will
be more negative than in its previous ABS perfusion status (Pags = 0.01 MPa). As PEG is
impermeant to cell membranes it seems likely that PEG did not invade the squash
internode tissues and therefore had its major effect on the pressure, pout, rather than on the
osmotic component of Wy, So it can be expected that the reduction in the apoplastic
water potential surrounding the perfused internode sieve tubes causes a reduction in
pressure within those sieve tubes, with a concomitant water efflux from them into the
surrounding apoplast. The more negative the apoplastic water potential the more water is
removed from sieve tubes. This is very well illustrated in the compartmental model
simulations of the squash perfused internode (Fig. 6.19).

Due to the decrease in pressure in compartment 1 (sieve tubes), as a result of
perfusion with PEG the turgor pressure gradient between that compartment and upstream
regions increases (Fig. 6.17B). Hence, according to equation (7.2) this increase in the
turgor pressure gradient results in a greater translocation flow rate and an increased influx
of photoassimilates into the perfused region (Fig. 6.19). The decrease in tracer loss in the
load node region (upstream of the perfused internode) is a consequence, with more tracer
leaving this region (Figs. 5.14, 5.17 and 5.19). Therefore the tracer loss changes in the
load node region are not the consequence of changes in sugar concentration in that region,
as seen in the perfused internode, but rather they are due to changes on flow speed. The
increase in translocation flow rate into sink regions, with lowered water potential, was
observed before using PEG as an osmoticum for bathing bean root (Phaseolus vulgaris
L.) (Lang & Thorpe, 1987). Also, Minchin & Thorpe (1987b) observed reduction in the
translocation flow into a sink (upper shoot of young Phaseolus vulgaris L. plants)
subjected to an increased local atmospheric pressure. The same phenomenon was
observed by Schurr & Jahnke (1991) upon increasing the pressure on the roots of ''C
labelled castor bean plants (Ricinus communis), while the reverse situation, an increase in
tracer flux, was observed when the roots were submitted to a decrease in pressure, when
their water potential was also decreased. Previously, Swanson et al. (1976) found, in
Phaseolus plants, coupling between the translocation rate into a sink and its transpiration

rate.
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The increased photoassimilate influx into the perfused internode observed at
higher PEG concentrations (Fig. 6.19), contributes to increased rate of influx of ''C (Figs.
5.18 and 5.22). In this way, a local increase of solutes (Fig. 6.18A) and labelled
photosynthate within the perfused internode sieve tubes and a higher concentration
gradient of sucrose across the sieve tube plasmalemma are thus enhanced. As a result
there will be an increase in tracer leakage across the sieve tube membrane, simultaneously
increasing the accumulation of tracer in the stem apoplast (Minchin et al, 1984; Minchin
& Thorpe, 1987). This can be easily seen in the compartmental model simulations of PEG
perfusion (Fig. 6.18B). Also, this accumulation of tracer in the stem apoplast is reflected
by the increase observed in tracer loss in the perfused internode as shown in Figs. 5.14,
5.17 and 5.19. Therefore the combined effects of increased translocation speed into the
perfused internode, and increased sieve tube concentration, explain both the increased
tracer influx rates into the perfused internode (Figs. 5.18, 5.22), and the increased tracer
loss in that same region, when perfused by PEG (Figs. 5.14, 5.17 and 5.19).

In the downstream internode, beyond the perfused internode, there will be a sum
of the simultaneous changes occurring upstream. First, there will be a decrease in turgor
pressure gradient between the perfused internode and the downstream internode. This is
caused by lowering the sieve tubes turgor pressure as a result of PEG perfusion, which
will result in a decrease in transport speed (7.2) into the downstream internode as
compared with ABS perfusion only. Second and simultaneously occurring due to an
increased photoassimlate influx into the perfused internode and to an increase in sugar
concentration in the perfused internode sieve tubes, there will be also an increase in sieve
tube concentration in the downstream internode. This in turn will lead to an increase in
tracer leakage similar to what occurs at the same time in the perfused internode as shown
by Figs. 5.14, 5.17 and 5.19. Due to this combination of effects we see an increase in
tracer influx in the downstream internode, a consequence of changes on the axial sieve
tube concentration gradient (Figs. 5.18 and 5.22). These results confirm the importance of

water status upon phloem translocation and show the relevance of transient changes in the

out

apoplastic water potential gradient on phloem transport, which is often assumed

o : : . . . dIl
as negligible in comparison with the sieve tubes osmotic gradient o
z
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7.9 Raffinose is Not Loaded Into the Phloem

Raffinose is one of the main sugars transported in the phloem of cucurbitaceae
(Richardson & Baker, 1982, 1984; Schaffer et al., 1996) and specifically in the model
plant species of this work Cucurbita maxima (Fiehn, 2003). However, cell membrane
transporters of raffinose have only been identified in chloroplasts so far (Schneider &
Keller, 2009). We wanted to test the likelihood of raffinose uptake into the phloem in the
stem of squash. But due to its limited solubility in water solutions, up to 15 % (m/v) at 22
°C — the temperature of the experiments in this work — raffinose could only be used up to
a maximum of approximately 200 mM concentration. Raffinose, stachyose and
verbascose and all the oligosaccharides detected so far exist in the sieve tubes and
associated intermediary cells and companion cells mainly (Beebe & Turgeon, 1996;
Haritatos et al., 1996, 2000; Holthaus & Schmitz, 1991; Madore & Webb, 1981a; Oparka
& Turgeon, 1999; Webb & Gorham, 1964). This shows that, while never leaving the
phloem, serving only as way of transporting carbon, oligosaccharides at the same time
provide a very efficient way of preventing passive leakage from sieve tubes.

Hence, due to their relative larger size than sucrose and mannitol molecules, as a
treatment raffinose will behave as an osmoticum in the same way as PEG and not enter
plant cells although it may penetrate into the perfused internode tissue. This is consistent
with the similar effects in tracer loss (Figs. 5.14) and in tracer flux (Fig. 5.15) of
perfusion by 100 mM raffinose and of an osmotically equivalent PEG solution. In the
same way, the reduction in water uptake in the perfused internode when perfused with
raffinose 100 mM is not significantly different from when it was perfused with an
osmotically equivalent PEG solution, being less severe than the decrease cuased by both
sucrose and mannitol at the same concentration (Fig. 5.28). These results suggest that
raffinose is not loaded into the phloem and most likely if penetrating the tissue it will be

not far apart from the pith cavity bordering cells.

7.10 Sucrose Uptake into the SECC in Squash Internodes

Sucrose is the most common sugar species transported in the phloem, being

almost universal (Zimmerman & Ziegler, 1975), and is also one of the main sugars
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transported in the phloem of cucurbitaceae (Richardson & Baker, 1982, 1984; Schaffer et
al., 1996). These facts suggested the hypothesis that sucrose could also be loaded in
squash internodes. Perfusing the squash internode pith cavity with a sucrose solution both
the increased tracer loss (Figs. 5.14, 5.17 and 5.19) and the axial tracer influx rate into the
perfused internode (Figs. 5.15, 5.18, and 5.22) were dependent on the sucrose
concentration of the perfusion solution. At the same time, water uptake into the perfused
internode decreased with the increasing sucrose concentration in the internode pith cavity
bathing solution (Figs. 5.28 to 5.30), and was even reversed for sucrose concentration of
500 mM (Fig. 5.30). Qualitatively these results are similar to those when PEG was the
osmoticum, but sucrose had the much more dramatic effect on ''C transport, yet during
perfusion by PEG plant water uptake was never reversed. This suggests that water
exchanges between the sieve tubes and the surrounding apoplast did also occur in sucrose
perfusion treatments, similar to the previously described mechanism when PEG was the
osmoticum. However, the higher tracer loss and tracer influx rate observed, together with
the more severe decreases in water uptake caused when sucrose was used compared with
PEG, suggest that, unlike PEG, sucrose is taken up by the perfused internodes sieve tubes.
As mentioned before, sucrose is found in the apoplast and is one of the sugars transported
in the phloem of squash (Fiehn, 2003; Hendrix, 1982; Richardson & Baker, 1982, 1984).
Hence, in perfusing the squash internode pith cavity with a sucrose solution it is possible
that not only due to its smaller molecular size but also due to its role and nature in plants,
sucrose will be taken up by the sieve tube elements. This is also supported by the fit to
experimental tracer activity profile obtained with our compartmental model if there was
sucrose uptake into sieve tubes (Fig. 6.21). As the sucrose concentrations used as
treatments were most likely higher than apoplastic sucrose (Minchin & Thorpe, 1984),
sucrose concentration in the apoplast in the perfused internode would have been
increased. Consequently less labelled sucrose will be reloaded actively into sieve tubes
after leakage (as more binding sites are being occupied by unlabelled sucrose). In this
way, the ''C labelled sucrose will increase in the perfused internode apoplast, i.e. tracer
loss will increase. Indeed, this “trapping” of labelled sucrose occurred for more
concentrated sucrose perfusion solutions (Figs. 5.14, 5.17 and 5.19). Axial flow would
have been promoted by the combined effects of 1) tracer accumulation in the apoplast due
to sucrose trapping mechanism and ii) the increase in flow into the perfused internode.
The latter is caused by the lowered apoplastic water potential gradient between the

upstream regions and the perfused internode, as described before for PEG perfusion.
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These combined effects explain the increase on the influx of tracer into the perfused
internode, more evident for higher sucrose concentrations (Figs. 5.18 and 5.22).
Simultaneously, since sucrose levels are raised in the apoplast when compared with PEG
effects, sucrose perfusion will cause more dramatic changes in apoplastic water potential,
lowering it more than an osmotically equivalent PEG perfusion. Both components of the
apoplastic water potential will be affected. Combined with the water exchange occurring
simultaneously between sieve tubes and the apoplast, a more dramatic change in sieve
tube pressure and sieve tube concentration would have occurred leading to the observed
differences, in tracer loss and in rate of tracer influx, between sucrose and PEG
perfusions. The combined effect of solute and water exchanges between the perfusion
solution and the perfused internode tissue would lead to higher reductions in plant water
uptake, and even their reversal, when perfused at higher sucrose concentrations.

The effect of further lowering the apoplastic water potential in the perfused region
by the sucrose treatment would have caused an increase in the axial apoplastic water
potential gradient between the upstream regions and the pertfused internode, which led to
an increase in flow into the perfused internode. Although, the sieve tube osmotic gradient
between upstream regions and the perfused internode might have been decreased due to
water removal and consequent increase in sieve tube concentration in the perfused
internode and possibly also to sucrose uptake from the perfused internode apoplast.
However, since the effects in tracer loss in the load node region for both sucrose and PEG
perfusions (Figs. 5.17 and 5.19) were similar, it is likely that the concentration gradient
changes caused by perfusion of both solutes, which do not contribute to an influx increase
into the perfused internode, are not enough to compensate for the more severe decrease in
apoplastic water potential gradient between upstream regions and the perfused internode.
Thus, as with PEG perfusion, the reduced tracer loss in the load node region, when the
perfused internode is treated with sucrose (Figs. 5.17 and 5.19), is mostly explained by
the changes in translocation flow occurring upstream of the perfused internode and not by
changes in tracer loss. In the downstream internode we have the same situation occurring
as with PEG treatment, but with sucrose the effect can be expected to be higher than with
PEG. The increased influx rate into the perfused region, combined with the increase in
concentration due to water removal and uptake of unlabelled sucrose, contributes to an
increase in the influx rate and concentration gradient in the downstream regions. This

promotes a consequent increase in tracer loss as shown (Figs. 5.17 and 5.19).
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The conclusion that sucrose is loaded into phloem in the stem of squash is
supported by the knowledge that sucrose is one of the main sugars transported in
cucurbitaceae (Hendrix, 1973, 1977, 1982; Richardson & Baker, 1982, 1984). In
addition, radial movement of sucrose after phloem unloading has also been observed in
the stem of Cucurbita pepo L. (Webb & Gorham, 1964). Our results of enhanced tracer
unloading during sucrose perfusion also agree well with previous observations from
Weatherley et al. (1959) who observed increased sucrose levels in phloem and xylem
effluents while perfusing bark strips from osier (Salix viminalis) with sucrose solutions.
Weatherley et al. (1959) also observed decreased rates of phloem exudation (from aphid
stylets) during sucrose perfusion of the bark strips. This decrease agrees with equation
(7.3), when the concentration gradient is decreased, provided that all of the sieve tubes
are submitted to the similar increased sucrose uptake due to the perfusion treatments
imposed. Heyser et al. (1976) showed evidence of sucrose uptake and consequent phloem
loading in maize leaf strips, observing changes in phloem transport direction when
perfusing leaf strips with sucrose solutions using '*C-sucrose which was taken up and
loaded into the phloem. Using ''C labelling, Pickard et al. (1978b) have also observed an
increase of tracer influx rate into downstream regions of a stem segment of moonflower
(Ipomoea alba L.) perfused with sucrose similar to the results presented in this work, but
using much higher sucrose concentrations. Minchin & Thorpe (1984), investigating
phloem unloading in the stem of ''C labelled bean plants, perfused peeled stem segments
with unlabelled sucrose and observed an increase in labelled material in the bathing
solution. They suggested that buffering of changes in sieve tube sucrose concentration
probably involves the apoplast. They propose that phloem unloading in bean stem is an
unloading of sucrose into the apoplast in which a fairly constant sucrose concentration is
maintained by a balance of sucrose uptake into cells. Sucrose is used for growth,
maintenance or storage, and reloading into the phloem. Not only is this a generalization of
the sucrose retrieval system suggested by Maynard & Lucas (1982), but also the
identification of sucrose transporters, in both sieve elements and companion cells within
stems and petioles of many species, indicates the existence of retrieval systems for
apoplastic sucrose. We conclude that the concurrent unloading and reloading processes
along the transport phloem are widespread if not universal in plants (Oparka & Turgeon,

1999; van Bel, 2003b).
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7.11 Sucrose Uptake into the SECC of Squash Internodes
May Involve an Apoplastic Step

PCMBS is a water-soluble non-permeating sulphydryl-specific reagent which is
thought to inhibit sucrose transport across membranes by modifying the carrier proteins
(Giaquinta, 1976). The promotion of tracer loss in the presence of PCMBS and its
maintenance after treatment removal (Fig. 5.32), suggests there is an apoplastic step in the
reloading of tracer that was unloaded in the squash phloem (Minchin et al., 1984;
Minchin & Thorpe, 1984, 1987). Thus the increase in tracer loss in the perfused internode
in the presence of 2 mM PCMBS would be explained by inhibition of an active uptake of
tracer. This inhibition would then decrease reloading, and promote tracer loss into the
stem apoplast, as observed (Fig. 5.32). From the sucrose trapping mechanism described
before and the promotion of tracer loss in the presence of sucrose together with PCMBS
(Fig. 32), we conclude that that there is a sucrose-specific system for uptake from the
apoplast in the stem of squash (Cucurbita maxima), a new observation for this species.
The inhibiting of reloading of tracer and of sucrose, caused by PCMBS, and the increased
in flow of tracer into the perfused internode during sucrose perfusion both contribute to
tracer loss increase (Fig. 5.32). Such evidence of active uptake of sucrose is of interest,
since squash, as a member of cucurbitaceae, is considered a symplastic phloem loader
(Fiehn, 2003; Turgeon & Beebe, 1991). In fact, PCMBS has been tested in cucurbitaceae.
Thorpe & Minchin (1988) found that phloem loading in abraded Cucurbita pepo L. leaves
showed a variability of results in response to PCMBS, from no response to a dramatic
reduction of transport of labelled photoassimilates from the load region. A possible
explanation is that the different PCMBS effects can be explained by the distinctive minor
vein structure in that plant family, which suggests that both apoplastic and symplastic
loading mechanisms may be present (Turgeon et al, 1975). However, their relative
contribution to the overall phloem loading is not known. Hence the reduction of transport
of labelled photoassimilates from the load region observed in the presence of PCMBS in
Cucurbita pepo L. leaves would be explained by the inhibiting of the apolastic loading by
PCMBS. When there was no response it may be that PCMBS did not penetrate the tissue
or that the plant responded by increasing the symplastic loading.
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In the stem, there are possibly three sucrose transport systems of interest to the
PCMBS-response. First, there is the loss of sucrose from the translocation pathway,
where the sucrose concentration will be high, into the stem apoplast. Second, there is the
uptake of sucrose from the apoplast into the transport pathway. Third, there is sucrose
uptake from the apoplast into other cells of the stem tissue. Uptake of sucrose into slices
of Beta vulgaris petiole has been shown to obey the same kinetics as phloem loading
(Maynard & Lucas, 1982), and to be similarly sensitive to PCMBS. This suggests that
phloem loading from the petiole apoplast may be occurring. The same process is thought
to happen in plant stems as the results of squash suggest. Comparing the phloem tracer
losses in the perfused internode before and during treatments we see that gross unloading
of 4.1% cm™ increases to 4.8 %.cm™ (Fig. 5.32) when perfused with 2 mM PCMBS,
suggesting a reloading of tracer per unit length of 0.7 %.cm™. Also, by comparison of the
effects caused by perfusion of 100 mM sucrose with and without PCMBS on the perfused
internode gross unloading of tracer goes from 4.8 to 5.3 %.cm™, respectively (Fig. 5.32).
In this case, it gives an apoplastic reloading of tracer per unit length of 0.5 %.cm™. These
values result in retrieval of labelled photoassimilates into the phloem varying from 12 to
17 % of the gross loss of tracer. These results are very similar, and they also agree
remarkably with the measurements of reloading and unloading rates in the stem of bean,
suggesting that a similar process may be present in both species. Bean is considered an
apoplastic loader species, with apoplastic reloading of tracer in the stem (Minchin &
Thorpe, 1987; Thorpe & Minchin, 1988).

Tracer loss increase in the downstream internode during perfusion with PCMBS
as well as its absent effects in the load node region may be explained in two ways. First,
PCMBS is well known to inhibit aquaporins, and thus water transport, in animal cells
(Baye & Lazanvecchia, 2000; Naccache & Sha’afi, 1974). However, its effects in plant
cells are much more diverse. Wayne & Tazawa (1990) showed that the osmotic water
permeability of Nitellopsis obtusa was inhibited by the organomercurial sulphydryl-
reactive reagent PCMBS, which is also well known to bind to critical cysteine residues of
water channels. But PCMBS can also show no blockage of water transport as Schiitz &
Tyerman (1997) showed on Chara coralline. Bowen (1972) observed that PCMBS
decreased boron uptake by roots differently in different cultivars of sugarcane, causing
inhibition up to 50% in some cultivars, while Wilkinson et al. (1994) observed no effect
in sorghum root uptake. Boron is taken up by plant roots as undissociated boric acid,

which is a non-electrolyte, thus capable of being taken up through aquaporins. Dordas &
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Brown (2001) suggest two possible mechanisms of boron uptake: passive diffusion
through membrane lipid bilayers and through channel-mediated transport. Dordas &
Brown (2001) observed that boron uptake by Cucurbita pepo L. roots was strongly
reduced by HgCl, suggesting its sensitivity to mercury similar to what happens in
aquaporins. Hence, from Dordas & Brown (2001) results, and noting that in our case we
have indeed a reduced water uptake by the plant when perfused with PCMBS with or
without sucrose, as shown in Fig. 5.33, we can consider that PCMBS will also affect
water exchange, consequently decreasing the tissue water potential. This way, the rate of
tracer influx into the perfused internode will increase (Fig. 5.33) by increasing the
apoplastic water potential gradient between the upstream regions and the perfused
internode, which will lead to an increased flow rate to both the perfusded internode and
its downstream internode. The increase in tracer influx into the downstream internode
will promote unloading of tracer in that region during PCMBS perfusion. Interestingly,
this PCMBS effect is not more pronounced when sucrose is present (Fig. 5.33) as it
would be expected if water uptake into the perfused region was strongly reduced.

When PCMBS penetrates into the perfused internode tissue it can also move
easily through the xylem and travel to distances far from the perfused internode itself,
thus spreading its effects in more regions into the plant (Minchin & Thorpe, 1984, 1987;
Thorpe & Minchin, 1988). It can therefore be expected that tracer loss would be increased
in regions other than the perfused internode, as indeed occurred downstream (Fig. 5.32).
On the other hand, it may well be that such movement would also change the water
exchange between sieve tubes and the apoplast in those regions, thus affecting the
apoplastic water potential gradient and altering phloem flow into those regions (Fig.
5.33). Although it might be expected that PCMBS in the transpiration stream would affect
the load node and the load leaf. But no significant effects were seen in the load node
region (Fig. 5.32). This not only suggests the possible dispersion of a very small amount
of PCMBS into that region, hence incapable of having visible effects, but also its possible
long distribution to regions far from detection. It may well be a more plausible
explanation that all these effects will occur simultaneously, making it more difficult to
separate their contribution to the results here presented. Or, there was no transport into the

xylem at all.
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7.12 Mannitol Uptake into the SECC in Squash Internodes

Mannitol, a six carbon polyol, is the most widely distributed sugar alcohol in
nature and has been reported in more than 100 species of 70 families of vascular plants
(Loescher, 1987; Loescher et al., 1991; Stoop et al., 1996). It is also one of the main
sugars transported in the phloem, comprising 10 to 60 % of the soluble carbohydrates in
the phloem of apiaceae, some species of combretaceae, scrophulariaceae and rubiaceae
(Bieleski, 1982). It is also typical in the oleaceae family along with oligosaccharides
(Flora & Madore, 1993). Curiously, sorbitol, which is an epimer of mannitol, is one of the
main sugars translocated in prunoideae, maloideae' and some species of spiraeoideae
(Zimmermann & Ziegler, 1975), and yet they do not transport mannitol. Mannitol is
known as a “compatible solute” because its accumulation does not interfere with normal
metabolism and at high concentrations can prevent loss of water and compensate for salt
accumulation (Conde et al., 2007). It has been suggested that sugar alcohols, because of
their water-like hydroxyl groups, may mimic the structure of water and maintain an
artificial sphere of hydration around macromolecules (Yancey et al., 1982). Sugar
alcohols have also been postulated as scavengers of activated oxygen species preventing
peroxidation of lipids and resulting cell damage, thus conferring more resistance against
oxidative stress (Smirnoff & Cumbers, 1989, Williamson et al., 1995, Jennings et al.,
1998). Mannitol synthesis occurs simultaneously with either sucrose synthesis (Rumpho
et al., 1983) or with oligosaccharide synthesis (Flora & Madore, 1993). To date, no plants
have been found that produce mannitol only. Noiraud et al. (2001) identified first a
mannitol transporter in celery (Apium graveolens) phloem and more recently more polyol
transporters were also found and characterized in Prunus cerasus (Gao et al., 2003),
Plantago major (Ramsperger-Gleixner et al., 2004), Malus domestica (Watari et al.,
2004), Arabidopsis thaliana (Klepek et al., 2005; Schneider et al., 2006) and Oleae
europaea (Conde et al, 2007); not surprisingly these results are all for species that
transport sugar alcohols through the phloem. In cucurbitaceae no evidence exists of any
physiological role of mannitol, as it is not present in the phloem sap (Fiehn, 2003;

Richardson & Baker, 1982, 1984) and no mannitol carrier has been identified so far, but it

"in fact, the name sorbitol comes from the genus Sorbus from this family
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has been found in the fruits of watermelon (Citrullus vulgaris) and squash (Cucurbita
pepo) (Barker, 1955).

Mannitol is frequently used as osmoticum in transport studies in animal cells as it
does not cross animal cell membranes. Based on that and for the same reasons, it has also
been used to plasmolyse sieve tubes and parenchyma cells in Cucurbita pepo L. callus
(Lackney & Sjolund, 1991). Weatherley et al. (1959) used mannitol as an osmotic agent
to treat isolated bark strips of osier (Salix viminalis), and Minchin et al. (1984) used
sorbitol in osmotic experiments on peeled bean stems. The first intention in this work, on
choosing mannitol, was for its role as an osmotic agent. But soon after first experiments
were carried out and by comparison with the tracer loss results observed with sucrose and
PEG perfusions (Figs. 5.14 to 5.19 and 5.22), together with water uptake rates from the
perfused internode (Figs. 5.28 to 5.30), it indicated that there was mannitol uptake into
the phloem. Basically, sucrose and mannitol effects only differ for solute concentrations
of 500 mM, and most likely higher than that. While, at 100 and 300 mM sucrose and
mannitol effects were similar in both tracer loss and water uptake rates during treatments,
although the increase in tracer influx into the perfused region and into the downstream
internode seemed more prolonged than the increase caused by perfusion of 300 mM
sucrose (Fig. 5.18). Comparison of the identical water uptake rates observed during
sucrose and mannitol perfusions with the lesser rates observed with PEG perfusion (Fig.
5.28 to 5.30), suggests that penetration of mannitol into the perfused internode tissue was
similar to sucrose. This penetration would be favoured by the smaller size of mannitol
molecules (about half the size of sucrose molecules) and their non-electrolytic nature,
which benefits from the acidic pH of the apoplast and the perfusion solution®. In this
manner, phloem uptake of mannitol by a similar mechanism to sucrose explains the
similarity of their effects (§ 7.10 and 7.11). Whether it is through a specific and different
membrane transporter or through the same carrier is not possible to conclude from these

results.

2 o .
mannitol is a weak acid
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7.13 Changes in the Pathway Resistance Explain Phloem
Stoppage Caused by Mannitol Perfusion

Mannitol effects can also be interpreted by proposing that it is not taken up by the
phloem, but does penetrate the plant tissue, unlike PEG. Heyser et al. (1976) showed '*C-
mannitol uptake in maize leaf strips, it accumulated in the apoplast but was not loaded
into the phloem. In this case, the osmotic barrier would be much closer to sieve tubes than
with PEG perfusion. Mannitol perfusion would thus affect apoplastic water potential and
phloem transport faster than PEG (§ 7.8). Weatherley et al. (1959) used mannitol as an
osmoticum to perfuse strips of bark of osier (Salix viminalis) and they show a
simultaneous decrease of phloem exudation rate with increasing sucrose concentration
during mannitol perfusion. Their results were explained by water removal from the
phloem, raising phloem sugar concentration and viscosity, as inferred for sorbitol
perfused bean stems (Minchin et al 1984). Minchin et al (1984) observed tracer
accumulation in both the perfused stem and in the perfusing solution to increase whith
sugar concentration in the phloem. The same scenario explained the effects of PEG
perfusion (§ 7.8). It is therefore possible that the effects of perfusion by 500 mM mannitol
have the same explanation. Thus the temporary phloem stoppage (Figs. 5.20 and 5.22)
may be explained by an immediate water removal from sieve tubes, causing rapid local
increase in sap viscosity sufficient to temporarily stop flow. In the same way a blockage
in a pipe would stop flow everywhere downstream, as we see in Fig. 5.20. The recovery
from stoppage with an enhanced influx rate into the perfused region and downstream
would come from changes in the sieve tube water relations in order to compensate the
decrease in the apoplastic water potential. Since we are not measuring directly sieve tube
water uptake it is impossible to tell if this new physiological state of the tissue affected is
as stable as the total water uptake suggests (Fig. 5.30). But, transient changes in
phloem/apoplast water exchange can be expected to have counterbalanced the decrease in
apoplastic water potential, although not measurable by the experiments reported here.
Under the turgor pressure gradients expected to drive phloem flow, flow is stopped when
the viscous forces outcome the pressure forces necessary to drive flow. The idea of
viscosity influence on phloem transport is not new, but the sugar concentration

dependence of phloem sap viscosity has been differently treated by different authors
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(Ferrier & Christy, 1975, 1977; Goesch et al., 1976; Lang, 1978; Murphy, 1989a;
Passioura, 1976; Thompson & Holbrook; 2003a). Holtta et al. (2005) have shown
theoretically that viscosity changes due to increased sugar concentration in the phloem
sap could stop phloem flow. However, comparing the effects of perfusion by mannitol
and sucrose at 500 mM we see that they both caused the same water uptake reversal and
phloem stoppage was only observed during mannitol perfusion. Considering the sucrose
uptake into sieve tubes it is hard to think that mannitol could be an enhanced version of
the effect caused by perfusion by an equivalent osmotic PEG solution as sucrose would
be as close to sieve tubes as mannitol is. The water uptake due to perfusion by 500 mM
sucrose or mannitol is similar. Hence the same water removal and consequent viscosity
and pressures changes postulated to happen during perfusion by 500 mM mannitol would
be expected to occur during perfusion by 500 mM sucrose. Thus phloem stoppage would
also be occurring due to perfusion by 500 mM sucrose and probably it would be more
severe due to sucrose uptake being an extra factor to increase solute concentration and
thus viscosity. But there was no phloem stoppage during perfusion by 500 mM sucrose
(Figs. 5.21 and 5.22). Hence we conclude that increase in viscosity due to increased sugar
concentration in sieve tubes was not the cause of transient phloem stoppage observed
during mannitol perfusion.

The transient phloem stoppage and its subsequent recovery both observed during
perfusion by 500 mM mannitol (Fig. 5.20) closely resemble the responses of the same
species when 1 cm of the perfused internode was chilled (Fig. 5.36). Both transport
stoppages lasted approximately the same time, the plant recovered while still being
treated, and with initially higher tracer transport than before treatment in both the
perfused internode and the downstream internode during perfusion by 500 mM mannitol.
It has long been known that phloem transport stops due sudden decrease in tissue
temperature in cucurbitaceae, and its behaviour is quite similar to other dicotyledons as
being a reversible status (Lang & Minchin, 1986). Also, phloem stoppage in
cucurbitaceae, as a response to chilling, similar to what has been observed in other
species, has been attributed to conformational changes of phloem protein (P-protein),
typically found in this family, which changes sap viscosity, by increasing it, and
eventually blocks flow (Giaquinta & Geiger, 1973). Protein plugging in cucurbitaceae is
know to occur upon production of insoluble aggregates of phloem protein 1 (PP1) in
response to oxidation (Kleinig et al., 1975) or in response to calcium, Ca*’, release into

sieve tubes (Furch et al., 2010; McEuen et al. 1981). From the similarity of the phloem
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transport stoppage results in squash observed during perfusion by 500 mM mannitol or
chilling treatments and from the fact the different results observed during perfusion by
500 mM mannitol or sucrose we conclude that the cause of the transient flow stoppage
may be in attributed to conformational changes of phloem proteins which may be

triggered by the presence of mannitol.

7.13.1 Mannitol Catabolism

Alosi et al. (1988) suggested that P-proteins undergo conformational changes and
gel after titratable groups and sulthydryl residues are exposed; oxidation of the residues
forms the intermolecular disulfide bridges of the gel. Alosi et al. (1988) observed that the
gelation of diluted phloem exudate from Cucurbita pepo fruit is regulated by factors (e.g.
oxygen, pH, nicotinamide adenine dinucleotide phosphate (NADPH)) which affect the
maintenance of reduced sultfydryl residues. However, they observed that the effects of
NADPH on phloem sap gelation were complex as the gelation was only observed for
diluted exudates when depleted of NADPH. But, they observed that gelation was also
promoted when NADPH concentrations were higher. Mannitol synthesis in higher plants
involves a NADPH-dependent mannose-6-phosphate reductase that catalyzes the
conversion of mannose-6-phosphate to  mannitol-1-phosphate, followed by
dephosphorylation by a phosphatase (Fig.7.2) (Loescher et al., 1992; Stoop et al. 1996).
In the non-photosynthetic sink tissue of species that transport mannitol, the conversion of
mannitol to mannose is made through a NAD -dependent mannitol dehydrogenase (Fig.
7.2). We suggest that upon mannitol uptake into sieve tubes and its subsequent
catabolism, possibly involving the reverse reaction where NADPH-dependent mannose-
6-phosphate reductase participates (Fig. 7.2), there is an increase in NADPH cytosolic
concentration. Note that because mannitol is a weak acid its uptake would be favoured by
the alkaline pH of sieve tube sap so that mannitol dissociation is promoted. Hence,
accumulation of mannitol in SE/CC could lead to high concentrations of NADPH, which
in its turn could trigger P-protein gelation, and stop phloem transport. This situation could
be transient as the plant adapts to this new condition of dealing with mannitol catabolism.
This fact would explain the absence of phloem transport stoppage during perfusion by
sucrose 500 mM, as sucrose is not involved directly in any reaction that would increase

NADPH levels in the sieve tubes cytosol. The same scenario is possible if mannitol
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conversion to mannose, as it happens in sink tissues, involves a NADP'-dependent
mannitol dehydrogenase, thus producing NADPH upon mannitol oxidation. One way of
testing this hypothesis would be to analyze phloem sap exudates when phloem stoppage
occurs during perfusion by mannitol, for changes in the protein content and NADPH
levels. Also some microscopy would be necessary to observe protein plugging during

high concentration mannitol perfusion.
7.13.2 Ca%?*-dependent P-protein Gelation
Furch et al. (2010) observed proteinaceous occlusion in Cucurbita maxima sieve

tubes after damage. They observed a dramatic drop in soluble sieve element proteins

levels and a simultaneous coagulation of sieve element proteins shortly after the burning
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Figure 7.2 —Synthesis, transport and catabolism of mannitol in plants. Enzymes involved are: (M-
6-PR) mannose-6-phosphate reductase; (MTD) mannitol dehydrogenase; (1) phosphomannose
isomerase; (2) mannose-1-phosphate phosphatase; (3) hexokinase; (4) sucrose-6-phosphate
synthase; (5) sucrose-6-phosphate phosphatase; and (6) non-reversible triose-phosphate
dehydrogenase. The chloroplast outer membrane is represented (adapted from in Stoop et al.,

1996).

stimulus which stopped phloem transport. They suggested stop of mass flow by Ca*'-

dependent occlusion mechanisms attributed to Ca*" influx into the sieve tubes during the
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passage of damage-induced electropotential waves (EPW) and the reversibility of the
occlusion was explained by removal of Ca®* ions. Given the potential Ca*"-biding sites on
the phloem protein (PP1) (McEuen et al., 1981) Furch et al. (2010) suggest PP1 as the
main candidate for proteinaceous occlusion prior to callose occlusion after sieve tube
damage in Cucurbita maxima. The expansion of forisomes (protein bodies) in sieve tube
element protoplasts of broad bean (Vicia faba) in response to osmotic shock or suction
and the absence of forisome expansion when Ca’" influx was inhibited, by Gd®" or
EGTA, suggested the presence of mechano-sensitive Ca”" channels in the sieve tube
element plasma membrane (Hafke et al., 2007). Mechano-sensitive Ca®" channels have
been identified in plant cells (Kaneko et al., 2009). With this in mind, and as an
alternative to mannitol catabolism induced gelation hypothesis, it is possible that water
efflux from sieve tubes and concomitant pressure decrease causes a Ca’’ release into
sieve tubes that triggers PP1 polymerization in response to a sudden turgor pressure
change. Its transient nature would then be explained as an adaptation by the plant to its
new local water status. However, against this second hypothesis we note that sucrose
perfusion always caused similar water uptake changes to mannitol perfusion (Figs. 5.28,
5.29 and 5.30), and its effects on tracer loss and tracer influx were only different from
mannitol perfusion at 500 mM (Fig. 5.22). Hence, it is unlikely that mannitol and sucrose
perfusion, and at higher concentrations in particular, would cause different pressure
changes due to changes in water uptake. Yet phloem stoppage never occurred with
perfusion by 500 mM sucrose. Thus, with similar pressure changes in sieve tubes, it is
hard to explain why only with mannitol such a mechano-sensitive mechanism was
operating. We emphasize that both these hypothesis are not possible to confirm based in
the data we present. However, given the circumstantial evidence presented the first
hypothesis seems the more likely. Protein polymerization triggered by mechano-sensitive
Ca®" channels may well occur in the sieve tube element plasma membrane of squash
(Cucurbita maxima), but it seems unlikely to have occurred in the experimental
conditions of this study. Protein polymerization triggered by mechano-sensitive Ca’"
channels could be tested by observing the effects of Gd** and EGTA on phloem stoppage
during high concentration mannitol perfusion and compared with the evidence for the

mannitol catabolism hypothesis.
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7.14 Differences in the Physiological State in Wheat

Explain Phloem Transport Results Diversity

Wheat was initially chosen as the model plant due to the apparent ease of access
to its vascular system by perfusing its peduncle’s pith cavity (Fig. 5.1). Soon after the first
experiments were performed and perfusion treatments were done, it showed a remarkable
diversity of responses as shown in Figs. 5.12, 5.13 and 5.31, which makes interpretation
difficult. The reason for these multiple responses from similarly grown plants might be in
the particular physiological development typical of this species. In wheat plants grown
under our experimental conditions, ear emergence, i.e. when the ear fully appears at the
flag leaf ligule, occurs between 5 to 6 weeks after sowing (Roeb & Britz, 1991; Roeb &
Dautzenberg, unpublished data), after which the plant is in full reproductive stage of
development. At that age the wheat peduncle continues to develop and extend, reaching
its full length at about 7 to 8 weeks of age. Before the first week after ear emergence, the
amount of ''C-labelled photoassimilates being accumulated in the ear is very small
compared to the amount of labelled photoassimlates accumulated in the roots and lower
internodes below the flag leaf node (Roeb & Jahnke, 2007). However, the partition of
labelled carbon between the ear and the rest of the plant, specifically the roots, changes
dramatically within 2 to 3 weeks after ear emergence, thus 7 to 9 weeks after sowing.
During this period the ear shows an increased accumulation of assimilates at the expense
of the rest of the plant and grain filling initiates. Simultaneously, there is a dramatic
decrease in the carbon accumulation in the vegetative part of the wheat plant (lower
internodes and roots).

During this grain filing period there are diel fluctuations in the movement of
labelled assimilates towards the ear and towards lower internodes and roots below the
flag leaf node (Roeb et al., 1986; Roeb & Britz, 1991; Roeb & Jahnke, 2007). Both
oscillations patterns of the ear and of the lower vegetative part of the plant are
approximately 180° out of phase, and the oscillations of carbon transport towards the ear
occur with periods of 65 to 82 min. The grain filling stage continues as indicated by
increasing in tracer accumulation in the ear, but after 3 weeks after ear emergence, or 9
weeks of age, the oscillations stop or become more spaced in time and a second shift in

carbon partition happens. After this time, at about 4 weeks after ear emergence, the

249



Discussion

labelled assimilate accumulation in the ear decreases dramatically while it increases again
in the vegetative part (Roeb et al., 1986; Roeb & Britz, 1991; Roeb & Jahnke, 2007). At
about this time the ear and peduncle start to dry as the flag leaf shows its signs of aging.
Most of the ear carbon supply comes from the flag leaf while the lower leaves supply
mainly the roots and lower internodes (Roeb & Jahnke, 2007). Thus during reproductive
growth the wheat ear becomes the dominating sink organ with very little carbon being
accumulated in the peduncle, as '*C labelling results showed (Roeb & Jahnke, 2007). This
is also suggested by the big differences in ''C partition between the ear and the rest of the
plant (Fig. 5.9) and the small tracer loss values observed in the wheat peduncle (Fig.
5.10), less than 0.5 % cm™', smaller than the values for squash (Fig. 5.11) and the 4 % cm’
! for bean (Minchin & Thorpe, 1987a). The smaller tracer partition of recent assimilate
observed in the vegetative part of wheat as shown in Fig. 5.9 agrees well with the
observations of Roeb & Jahnke (2007) of the strong dominance of the ear as a sink and
that the main export from the flag leaf goes predominantly to the ear. Roeb & Jahnke
(2007) were also able to show that the majority of recent assimilate exported from
labelling one of the lower leaves would go towards the roots, but in the long term the ear
would be revealed as the main sink in the reproductive stage of plant development in
wheat, accumulating the majority of the available carbon supply. Thus, the ear and the
roots are the main sink organs in wheat while the peduncle seems to be just a pathway
organ in which there is very little accumulation of recent fixed assimilates, specifically in
the reproductive stage of plant development.

All these findings together with the small tracer loss results shown in Fig. 5.10
show that despite the good access to the vascular system and the apoplast surrounding it,
the wheat peduncle is not a good system to use if one wants to study phloem/apoplast
interactions. First, the small tracer loss observed shows that the majority of recently fixed
labelled assimilates is in transit and almost nothing is unloaded in the peduncle. Second,
as the sucrose and mannitol perfusions show (Figs. 5.12 and 5.13), tracer loss changes
very little in both the peduncle and the vegetative part, even at very high sugar
concentrations and with different responses from similarly treated plants. This agrees with
the strong dominance of the ear as a very strong sink which might limit the unloading of
assimilates in the peduncle, namely when these come from its main source of supply — the
flag leaf. On the other hand, the oscillations in carbon transport to both the ear and the
vegetative part, in a less developed plant, could explain the different responses observed

from sucrose and mannitol perfusions namely between having an effect and not having
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any effect at all. When the transport to the ear was reduced and shifted to the vegetative
part, in the down part of the ear oscillation, allowing for some possible solute exchange in
the peduncle, changes in tracer loss can be expected to occur. The diversity of PCMBS
results could be explained in the same way.

With only daily three pulse application of ''C it was impossible to establish
whether the plants are in the daily oscillations cycle, and to relate that information with
the treatment applications. The observed daily carbon transport oscillations cycle in the
grain filling period are only possible using continuous ''C labelling (Roeb et al., 1986,
Roeb & Britz, 1991; Roeb & Jahnke, 2007). The diverse responses to solute perfusion
could also result from limited solute penetration into the plant tissue. However, the
microscopy showing penetration of fluorescein (Fig. 5.1) and the peduncle water uptake
(Figs. 5.25 and 5.26) show that there was solute uptake into the wheat tissue. This is also
supported by the hydraulic coupling observed between root water uptake and peduncle
water uptake (Figs. 5.26 and 5.27), which shows an increase in root water uptake as a
result of a decreased apoplastic water potential in the peduncle due to solute and water
exchange caused by perfusions of 700 mM mannitol and sucrose.

Due its particular development, we conclude that the wheat plant it is not a good
model species if one wants to study phloem/apoplast interactions through perfusion
treatments together with ''C labelling. As these results show, there is very little tracer loss
compared with other species which somehow limits the likelihood of changing it in a
detectable way. This is even more limited by the strong dominance of the ear as a sink. In
addition, the wheat peduncle can only be perfused after ear emergence when is extending.
Before that it is enclosed in flag leaf sheath with the ear and it is a very young and soft
tissue making impossible to perfuse successfully it the way showed here in these
experiments (§ 4.4). At that particular time, as shown by Roeb & Britz (1991), very little
recently fixed labelled assimilates goes to the peduncle and to the ear which complicates
its usefulness in ''C labelling studies at that period. Unfortunately when the peduncle is
suitable to be perfused, in the way presented in this study, it is also the time that the ear
reveals its strong dominance and possibly causes all the diverse results reported here.
Finally, when grain filling ends so does the carbon movement towards the ear and
through the peduncle, making it again unsuitable for short-lived tracer studies, apart from
the fact that it also starts to dry and aging effects manifest strongly. Basically, the use of
the wheat is very limited not only by time but also by the peculiar physiological state of

the plant. Perfusion of the lower internodes could be an alternative possibility and
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anatomically they are not very different from the ear peduncle (Patrick, 1972). However,
this study has not addressed that possibility. Not only they are much shorter than the
peduncle, being mostly enclosed by the lower leaves, but also most of carbon
accumulation happens in the roots and at the ear. The recently published findings on
fructan metabolism and the accumulation known to happen in the peduncle suggests that
it could be a good system to use instead (Gebbing, 2003). Castor bean (Ricinus
communis) was tested as an alternative model plant to wheat as it also has a hollow stem.
However, it was not possible to assure a good sealing between the needles and stem
epidermis thus compromising the perfusion of solutions. Although it could be maintained

for some time, eventually solution leakage was observed to occur.

7.15 Compartmental Model Analysis of Phloem Transport

The dynamics of ''C labelled photoassimilates observed within squash internodes
could be explained by the compartmental model of the perfused squash internode, in
which there was radial exchange of water and solutes between the sieve tubes and the
surrounding tissue that was described by transfer coefficients. The proposed
compartmental model suggests that phloem transport in squash stem occurs with very
small changes in the turgor pressure gradient (Figs. 6.8, 6.13) that drives sieve tubes sap
flow and consequently in its speed (Figs. 6.10, 6.15). This same result is suggested by the
measurements of translocation speed, which also varies very little, although the
translocation speed was only indirectly determined on the three daily pulse applications
(Fig. 5.8). The same behaviour was seen on wheat (Fig. 5.7), where the translocation
speed changes very little throughout the day. The model showed that net loss was almost
constant, as with translocation speed and turgor pressure gradient. As observed
experimentally, tracer loss into the internode pith cavity perfusion solution (= 4x10™
%.cm™) was very small compared with tracer loss from the pathway (3 to 5 %.cm™)
(Table 5.2, Fig. 5.11). Consistent with this ratio, and very well illustrated in all model
simulations, the endogenous solute concentration in the pith cavity, Cs, was about 10 of
the sieve tube concentration, C; (e.g. Fig. 6.9).

Due to sucrose uptake from the perfusion solution into the perfused squash
internode tissue as indicated by its non-zero transfer coefficients, there is phloem loading

of sucrose (Fig. 6.24). However, due to the relative insensitivity of the model to changes
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in the other tracer transfer coefficients, we must assume they are constant. But, as net loss
of tracer is a combination of both unloading and reloading processes, which experimental
evidence suggests as occurring through different mechanisms, any change in the passive
unloading of tracer, simulated as being a consequence of sucrose uptake from the
apoplast, will certainly change the net loss of tracer.

As Figs. 6.33 shows, the effects of mannitol perfusion on phloem transport of
tracer are beyond the model capabilities of simulation. The model does not distinguish
between chemically different solutes. The transfer of tracer and solutes between
compartments is empirically described by coefficients not explicitly related to the
chemical or structural nature of the solutes in question. Therefore, it is not that surprising
that both simulations for sucrose and mannitol revealed good fitting with experimental
data using similar transfer coefficients. The transfer coefficients values estimated for the
two solute treatments are not significantly different, and they fall within the range of the
values found for the transfer coefficients of endogenous solutes. We can conclude that
both solutes entered the tissue and the sieve tube elements. That was of course already
suggested by the similarity of experimental results. However, mannitol had a very
different effect from sucrose at concentrations of 500 mM, stopping phloem transport,
which of course is not predicted with this model (Fig. 6.33). Clearly there were changes
in the pathway resistance to flow, not considered in this model. Viscosity is one factor
that does cause resistance to change, and in this compartmental model viscosity is a
function of sugar concentration only (6.38). But, as is very well known, cucurbitaceae
phloem sap has a high protein content, which must influence viscosity not only due to
concentration changes, but also due to structural changes related to protein molecular
configuration. This affects phloem flow, which behaves physically closer to a colloidal
suspension flow. No dependence of phloem sap viscosity on protein concentration or
molecular structure was considered in this compartmental model. In addition, no sub
cellular structures which also affect sieve tube resistance are considered in this model.
Specifically, the sieve tube axial conductivity, k, in the compartmental model is taken as
function of cell geometry and structural factors only. However, sieve tube axial
conductivity might change if any blockage occurs due for example to callose
accumulation in sieve plate pores, which is typically considered as a defence mechanism
against mechanical damage. As the nature of the phloem stoppage observed during
perfusion by 500 mM mannitol is not known, we cannot distinguish between the possible

contributions that change the sieve tube axial conductivity, k, which was taken as constant
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for every simulation but being different for different plants, and in the phloem sap
viscosity.

Another model limitation is the fixing of both input and output turgor pressures, of
which their difference defines phloem sap flow. Any natural changes on sieve tube turgor
pressure, both upstream and downstream of the perfused internode, that result from
changes in water exchange within compartment 1 are not represented in the model. The
same applies within the perfused internode. Consequently the model does not simulate
changes in speed or in tracer influx and efflux as the experimental results suggest. On the
other hand and in the absence of any treatment a constant turgor pressure gradient across
compartment 1 gave good model simulations, suggesting that any turgor pressure changes
outside compartment 1 were not important, and the turgor pressure gradient was not
affected.

Finally, considering xylem flow would increase the number of variables and
model parameters to fit. However, it would make the model more accurate and closer to
reality. Although structurally both xylem and phloem systems in squash are physically
very close (Figs. 5.2 and 5.3), which suggest their interaction is likely, in fact very little is
known at that level. Basically the inclusion of xylem stream, using Darcy’s equation
(2.15), would require adding more compartments in which radial loading and unloading
of water and solutes would be described again by empirical transfer coefficients, but also
the conductivity of xylem vessels, similar to what was done with the phloem.
Alternatively, although there are no measurements done on transpiration, making it
difficult to analyse any model simulations of that process, its inclusion would possibly
help to better understand and even simulate water exchanges between the plant and
perfusion solution (§ 5.9). Thus, unrealistic simulations giving negative pressures in
compartment 2 would be avoided. This absence of xylem flow also complicates the
interpretation of the model predictions regarding compartment 2, as it assumes very good
mixing and solute uniform distribution within a compartment that in reality represents

very different types of cells.
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7.16 Future Work

On the theoretical level, a time-dependent model based on Navier—Stokes and
convection-diffusion equations to simulate the transient phenomenon observed during
perfusion treatments would give a very important contribution to a better understanding
of phloem transport, namely changes in water and solute exchange and phloem stoppage,
and their implications on pressure and speed profiles. This could be supplemented by
testing other solute exchange mechanisms (e.g. active solute loading) and the dependence
of phloem sap viscosity on phloem protein polymerization could be studied as the cause
of phloem stoppage. In addition, and dealing with a time dependent model tracer
conservation equations could also be incorporated.

On the experimental level further clarification is needed regarding the nature of
phloem stoppage in squash sieve tubes due to osmotic shock, as observed during
perfusion by 500 mM mannitol. Testing the effects of PCMBS could thus help to better
support mannitol uptake and elucidate about an apoplastic step involvement. On the other
hand, testing Ca®" channels inhibitors (e.g. Gd*") or calcium chelators (e.g. EGTA) would
clarify not only the existence of Ca*"-dependent phloem protein polymerization behind

phloem stoppage observed during mannitol perfusion but also its nature.
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8. Conclusions

A steady state model of phloem transport, developed using Navier-Stokes
equation and convection-diffusion equation with allowance for water and solute exchange
along the pathway, showed that radial water exchange affects the pressure gradient.
Passive solute exchange, dependent on the sieve tube membrane permeability to solutes,
Ps, also affects the pressure gradient by modifying water exchange. This result is
significantly different from Hagen-Poiseuille flow which has been used so far in most
mechanistic descriptions of phloem transport, not considering solute radial exchange. The
predicted values for the solute sieve tube membrane permeability, Ps, are well bellow the
range expected for plant cells and reflect the efficient specialization of sieve tubes for

long-distance transport on minimizing solute passive loss.

The simultaneous use of 'C labelling and solution perfusion of plant stem
internodes proved to be a successful and useful method to study the dynamics and rapid
changes in phloem transport in squash and wheat that occurred upon manipulation of the
local plant apoplastic environment surrounding the vascular systems. It has been
established that the **C method is non-invasive and physiologically harmless due to the
short half-life of the tracer. Complementing this technique with perfusion of the stem

internodes makes it suitable for repeated measurements of the same plant specimen.

It was shown that there is an apoplastic step involved in phloem reloading in
squash stem internodes. Sucrose is one of the main sugar species involved, which not
only confirms the more general idea that it may be an almost universal condition in plants
but also is a new finding regarding cucurbitaceae species. No work as been published so

far showing sucrose retrieval processes in the stem internodes of cucurbitaceae species.

It was shown that solute and water exchange between the phloem and the apoplast
can induce pathway resistance changes, due to changes in phloem sap viscosity. This
explains transient phloem stoppage observed during perfusion at high mannitol
concentrations. From this study it is not possible to conclude if those changes in viscosity

are due solely to water removal from sieve tubes or due to changes in protein
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configuration triggered by changes in sieve tube turgor pressure caused by water removal.
It is not possible to conclude if mannitol is taken up by the phloem as happens with
sucrose. Future work is needed concerning mannitol uptake, involvement of proteins in
changes on the phloem pathway resistance. These facts could throw light on phloem
stoppage caused by osmotic treatments and chilling. Neither aspect has yet been properly
studied in cucubitaceae species. The use of 'C labelling and perfusion of stem internodes

offers a good way of doing so.

We found that wheat is not a good species for combined studies of **C labelling
and stem perfusion for studying phloem transport in the peduncle. Its particular seasonal
physiological state revealed that by the time the peduncle is suitable for perfusion, the ear
is the dominant sink organ in the plant. Therefore very little unloading occurs in the stem,
leaving very few chances for a successful manipulation of that same process in the
perfused peduncle. Possibly younger plants could be used when only vegetative growth
occurs. However, at that stage stem internodes are small, soft and are mostly enclosed by

the leaves, complicating a successful perfusion.

The dynamics of **C labelled photoassimilates within the perfused squash
internode can be explained by compartmental model analysis. The proposed
compartmental model suggests that phloem transport in squash stem occurs in a quasi
steady state situation with passive unloading of photoassimilates. There are very small
changes in the tracer loss, in the turgor pressure gradient that drives sieve tubes sap flow,
and consequently its speed. Solute and water exchanges are also very well simulated by
the proposed compartmental model. Xylem flow as sub-cellular structures and protein
content could be considered on future developments of the compartmental model. Both
the experimental work and the theoretical models presented in this monograph illustrate
the importance of considering solute and water exchanges in pathway regions between
sources and sinks. It offers a way of using mathematical modelling of phloem transport as

a very useful tool for studying phloem physiology.
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A

A(t)
Amaximum
ABS
ADP

o

11 CO,

14CO2

14
C-sucrose

1370

°C

Ca*"

Ca(N03)2

cmp

CPJ

CuSOq4

Area

Carbon 11 activity at time t

Carbon 11 maximum activity

Apoplastic bathing solution

Adenosine diphosphate

Fractional area occupied by sieve plate pores relative to sieve
tube lumen cross sectional area

Fractional net loss of tracer per unit length
Adenosine triphosphate

Sieve plate impedance factor

Positron

Boron 11

Sieve tube solute concentration

Sieve tube solute concentration at z =0
Input solute concentration

Solute concentration in the sieve tube membrane
Apoplast solute concentration

Carbon 11

Carbon 14

Carbon 11 labelled carbon dioxide
Carbon 14 labelled carbon dioxide

Carbon 14 labelled sucrose

Cesium 137

Celsius degrees

Calcium

Calcium nitrate

Counts per minute
Concentration-pressure-flux

Copper sulphate
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D
Ap

AY
EGTA
EPW

exp

&

fs
Fe-EDTA

4
D

g
G

296

Sieve tube sap solute diffusion coefficient
Turgor pressure difference

Water potential difference

Ethylene glycol tetraacetic acid
Electropotential waves

Exponential, e

Sieve tube radius/length ratio

Force per unit volume developed by metabolic processes
Iron ethylenediaminetetraacetate
Azimuth

Resistance to a pressure driven flow
Gravity acceleration

System’s gain

Gadolinium

Resistance to a concentration driven flow
Height

Boric acid

Volume flux

Input solution flux

Output solution flux

Lateral solute flux

Solute flux

Radial solute flux

Axial solute flux

Water flux

Solution flow rate

Input Solution flow rate

Output Solution flow rate

Solute flow rate

Kelvin degrees

Bulk modulus

Sieve tube axial conductivity (dependent on sieve tube

structure only)



Abbreviations & Definitions

Kim Solute transfer coefficient between compartments / and m

2K Potassium 42

K" Potassium

KCl Potassium chloride

KH,PO4 Potassium dihydrogen phosphate

K Michaelis—Menten constant

KNO; Potassium nitrate

[ Sieve tube element length

Ly Sieve plate pore length

L Sieve tube length

L, Sieve tube membrane hydraulic conductivity

L, Sieve tube axial conductivity

A Radioactive decay constant

In Natural logarithm

m Molality

M Molar

MES 2-(N-morpholino)ethanesulfonic acid

Mev Mega electronvolt

MgSO4 Magnesium sulphate

MnSO4 Manganese sulphate

min Minutes

1) Viscosity

n Number of samples

N Number of particles

N, Number o sieve plate pores

v Kinematic viscosity

% Gradient operator

V_)z Laplacian operator

NAD" Nicotinamide adenine dinucleotide (oxidized form)

NADH Nicotinamide adenine dinucleotide (reduced form)

NADP" Nicotinamide adenine dinucleotide phosphate (oxidized
form)

297



Abbreviations & Definitions

NADPH Nicotinamide adenine dinucleotide phosphate (reduced form)
NaMoOy Sodium molybdate

Nal(Tl) Sodium iodide activated with thallium
P Perimeter

P(x) Amount of photoassimilate

32p Phosphorus 32

p Turgor pressure

Pin Input turgor pressure

Pin Output turgor pressure

Pout Apoplast pressure

Pe, Radial flow Péclet number

Pe, Axial flow Péclet number

P Sieve tube membrane solute permeability
P3 Turgor pressure within compartment 3
PCMBS 4-(Chloromercuri)benzenesulfonic acid
PEG Polyethylene glycol

IT Osmotic pressure

oyt Apoplast osmotic pressure

v Water potential

Wout Apoplast water potential

Q Amount of tracer

& Sieve tube resistance

r Radial coordinate

R Sieve tube radius

Re Reynolds number

R, Universal gas constant

p Sieve plate pore radius

p Phloem sap density

pw Water density

Is Sieve plate pore radius

RFO Raffinose oligosaccharide family of sugars
SE Standard error

SE/CC Sieve element companion cell complex
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o Sieve tube membrane reflection coefficient
c Sieve tube resistivity

t Time

T Absolute temperature

Systems time delay

THO Tritiated water

U Average translocation speed
Uk Input activity at time k

v Velocity

Ve Electron neutrino

Vimax Maximum rate of solute flux
Vi Radial velocity

\Z Axial velocity

v Volume

\_/S Sucrose specific volume

X Spatial coordinate

X Mole fraction

X Perfused internode length

Yk Output activity at time k

Y Model predicted output activity
z Axial coordinate

ZnSOy, Zinc sulphate
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Appendix

From equation (3.130):

i (5) 2o {60(2)—%(o)_ME—aﬁ(éo(E)—éom(o)— 4Cu zﬂ

dz dz dz

we have that:

B, ;) 265 {dﬁo ()20 2C2(3)- £ ﬂ -

and

60(2)=60ut(0)+d60m2_ B d2ﬁ0(2)+ 1,\ (60(2)_60ut(0)_m2]

dz 16Jﬁ[p diz oH dz
(A.2)
Thus:
~ ~ 4 n R
dCio(Z)defut_ ﬂ/\/\ d Pso(z)+ 1/\ dpAo(Z)_dpgut (A.3)
dz dz 160HL, ¢z oH\ dz dz
i
Substituting d PSO given by (A.1) and C, (1, z) given by (3.136) into equation (3.95) we
dz

obtain:
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B 47’ dz | g3

d%p,  3Rep?| d%p, dp, [dp, )
L=— + +
dz 064

(A.4)

~ ~ N () 0 ~ " () 0 ~
+ELp pl(z)+30ﬂJerH dCio dpAOJFSGJerH dCio(O)
B 64  dz dz 24 dz

That is

N N A~ A~ N N A~ A~ 2
d’p, _ 3Rep® | 16L, dpio(i)_dpgm_aﬁ dcio(i)_olcfut olpA0+ d’p, .
diz 64 | dz dz dz dz dz dﬁz

~ ~ ~ o 0 ~ o () 0 ~
16 l(z)+3aﬂJerH dCio dpAO+50JerH d(io (0)
64 dz dz 24 dz

(A.5)

or

~ N A 2 N A A ~A A A~ ~
d%p, __3pely(dp, |  3pRels by APy  30PReAL, AP, (dCo_dCu | _
d7° 4 dz 4 dz dz 4 dz | dz dz

2 2,\ 2 ~ A ~ o 0 ~ A o O ~
3R’ (d'py ) 167 pl(z)+30ﬂJerH dCo dp, , So7e,H dCs
64 dz 64 dz dz 24 dz

(A.6)

which gives

~ ~ ~ 2 A~ ~ ~ ~ ~ 2
d’p, _ 3BReL, [ dp, L 3BRels dpy [ Py _5dCum _3Rep’ [ d’p, N
d5° 4 dz 4 dz| dz dz 64 | 45°
3oHL, dp, dCo +10<;ﬁEprer dCo
4 dz dz 38 dz

+%£pﬁl+(ﬂflk+ﬂ’er) (0)
(A7)
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where, considering the boundary conditions (3.49), (3.51), (3.52) and equation (3.66),

ddCEo (0) is given by equation (3.129):
z

aCo (0)=—L, [;1 =P (0) = H (1 Con (o))}[—1—a+(1—a)60ut (0)]

dz

(A.8)
—2|35 (l— aout (0))

Thus the coupled equations we need to solve are (3.128), (3.130) and (A.7), now

renumbered as:

>

16 dz dz 2

B dCo dp, _ {U(Z){(l+a)6o(2)+(lJ)(éout(O)erant 2]}

(A.9)

#, (c (5) - Gua (0)- 2C z}

dz

dZA[AJZo (2) _ 16(2(2) _ 16,‘5P [60(2)—60ut (0)—%2—0ﬁ[60(2)_6m (0)- d((j/iiout Eﬂ

(A.10)

~ A~ ~ 2 A~ ~ ~ ~ ~ 2
dzpl(g):_&ﬁﬁzeLp on +3ﬁﬁzeLp d|oA0 dpEUt_o-ﬁdCSUt _ 3Rep’ | d°p, .
43’ 4 dz 4 dz | dz dz 64 | 47

3oHL, dp, dCo +10<;ﬁ£p5>er dCo
4 dz dz 38 dz

+%£pﬁ1+(ﬁﬁe+f/’er)

(0)

(A.11)

from which we obtain the dependent variables Co, E)O and |51. Taking:
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Y,=Co, Y,=p,, Y,=p,, Y3=d—'[¥’=d\fl and Y4=d'[11=d—\(2 (A.12)
dz dz dz dz

The three coupled equations above can be written as a system of first order differential
equations that is easier to solve than the original system of coupled equations (A.9) to

(A.11):

dYAo _ 8Lp Yl_E)OUt(O)_dpEut E_O_ﬁ Yo_aout(O)—dCSUt 2 %
dz ﬂYS dz dz

dz dz
(A.13)
‘jj: :1%*[ " —Pan (0)- ;’gutE—JQ(YO—éom(o)—dCi’“t J (A.14)

dY, __3pRely . 3PRel, [dﬁom _o59Ca ]_ 3Re 5’ (dvg T .
3 3 ~

dz 4 4 dz dz 64 \ dz
+E£pY2 +(ﬂflle+ﬂ’er)36HLp Y, d\io -
B 4 dz

+%{£p [& - E)out (O)_O_ﬁ (1_60‘“ (O))} [_1_O_+(1_0)60m (0)} *

+2|Ss (l— aout (O))}

(A.15)
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