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Linking powered by eXtyles

We carried out a theoretical analysis of phloem transport based on Münch hypothesis by developing a coupled xylem-phloem transport model. Results showed that the maximum sugar transport rate of the phloem was limited by solution viscosity and that transport requirements were strongly affected by prevailing xylem water potential. The minimum number of xylem and phloem conduits required to sustain transpiration and assimilation, respectively, were calculated. At its maximum sugar transport rate, the phloem functioned with a high turgor pressure difference between the sugar sources and sinks but the turgor pressure difference was reduced if additional parallel conduits were added or solute relays were introduced. Solute relays were shown to decrease the number of parallel sieve tubes needed for phloem transport, leading to a more uniform turgor pressure and allowing faster information transmission within the phloem. Because xylem water potential affected both xylem and phloem transport, the conductance of the two systems was found to be coupled such that large structural investments in the xylem reduced the need for investment in the phloem and vice versa.

Introduction
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3 Linking powered by eXtyles It is generally acknowledged that the hypothesis for osmotically driven phloem transport as put forth by Münch in the 1930s can explain phloem sugar translocation (e.g., [START_REF] Minchin | New understanding on phloem physiology and possible consequences for modelling long-distance carbon transport[END_REF]Taiz and Zeiger, 1998). According to the hypothesis, the phloem consists of continuous pathways sieve tubes, whereby sugar loading to the source end of the transport structure will osmotically draw in water from surrounding tissue and create a hydrostatic pressure gradient to drive the sap to the sink regions of the tube where sugars are unloaded. The behaviour of sugar transport in single continuous sieve tubes within constant water potential surroundings is very well understood due to numerous modelling studies (e.g. [START_REF] Christy | A mathematical treatment of Münch's pressureflow hypothesis of phloem translocation[END_REF]Philips and Dungan, 1993;[START_REF] Smith | Osmoregulation and the Control of Phloem-Sap Composition in Ricinus communis L[END_REF]Thompson and Holbrook, 2003a), while the functioning of a collection of sieve tubes at the whole plant level or the effects of hydraulic coupling to the xylem have received less attention.

Theoretically, hydraulic coupling to the xylem is significant as phloem is close to water potential equilibrium with the surrounding apoplast (Thompson and Holbrook, 2003b) and also with the surrounding xylem [START_REF] Daudet | Generalized Münch coupling between sugar and water fluxes for modelling carbon allocation as affected by water status[END_REF]Hölttä et al., 2006a). Any changes in xylem water potential will therefore be transmitted to the phloem. Since transpiration from the leaves creates a water potential gradient that drives xylem water transport, net translocation of sugars and other solutes in the phloem must work against this overall gradient. A turgor pressure gradient must be created in the opposite direction by an osmotic pressure gradient to counteract and exceed the water potential gradient created by transpiration and to overcome the viscous pressure losses due to phloem transport itself. For instance, experimental evidence shows decreased phloem exudation rate in connection with more negative xylem water potentials [START_REF] Hall | Phloem transport in Ricinus: its dependence on the water balance of the tissues[END_REF][START_REF] Peel | Studies in sieve-tube exudation through aphid mouth-parts: the effect of light and girdling[END_REF]. It has also been argued that maximisation of mass translocation of sugars is not the only criterion on which phloem transport is based [START_REF] Thompson | Phloem: the long and the short of it[END_REF]. As plants are decentralised organisms, efficient flow regulation through information transmission between sugar sources and sinks becomes important too. Flow regulation is predicted to become difficult especially in tall trees. With the observed flow velocities, the transit time of individual molecules will be of the order of days if not weeks in continuous sieve tubes running all the way from the leaves to the roots in tall trees (Thompson and Holbrook, 2003a). To overcome the problem of slow transit velocities and information transmission in long continuous tubes, a solute relay mechanism has been suggested. According to the formulation by [START_REF] Lang | A relay mechanism for phloem translocation[END_REF], the phloem could consist of various sieve tubes connected in series. Translocation would occur according to the Münch hypothesis within a single sieve tube while solutes would be metabolically transferred from one sieve tube to the next. However, the presence of relays remains hypothetical at the moment as there has been no substantial experimental evidence in favour or against the existence of solute relays, although continuous leakage and reloading of solutes has been observed along the phloem translocation pathway [START_REF] Minchin | Measurement of unloading and reloading of photo-assimilate within the stem of bean[END_REF][START_REF] Mcqueen | Short-term storage of carbohydrate in stem tissue of apple (Malus domestica), a woody perennial: evidence for involvement of the apoplast[END_REF][START_REF] Thorpe | Mechanisms of long and short distance transport from sources to sinks[END_REF]. Nevertheless, a theoretical treatment of the subject of solute relays is still important [START_REF] Minchin | Mechanistic modelling of carbon partitioning[END_REF].

To study the possible range of phloem dimensions, pressures and concentrations we developed a whole-plant steady-state phloem translocation model that is linked to a xylem transport model. From the whole plant point of view, the capacity to distribute the assimilated carbohydrates to other parts of tree is as important as the transport of water and nutrients from the soil to leaves. The transport capacity of the phloem depends on the dimensions of the conducting tissues and the feasible driving pressure gradients within a tree. While the structural scaling of xylem has received a great deal of attention lately (e.g., [START_REF] West | A general model for the structure and allometry of plant vascular systems[END_REF] hardly any consideration has been given to phloem morphology. As the carbohydrate transport in most plants takes place in the form of sugars forming viscous solutions at high concentrations, this poses a real problem for transport (Hölttä et al., 2006a;[START_REF] Lang | A model of Mass Flow in the Phloem[END_REF]. In a way, this task of constraining solution viscosity within physiological limits to allow transport of concentrated sugar concentration, could even be compared to the task of constraining xylem tensions to avoid xylem cavitation. Here, we demonstrate that there is an upper limit to the phloem sugar transport rate which is dependent not only on the photosynthesis rate and on sieve tube diameter and number, but also on the xylem water potential. This upper limit is ultimately set by sap viscosity which is an exponentially rising function of sugar concentration.

We also demonstrate how the transport problem could be alleviated, yet not entirely avoided, by a contribution of other osmolytes, such as potassium, that do not increase viscosity even in high concentrations. Potassium would be the most likely candidate for such an osmolyte as it has been measured in the phloem at quite high concentrations [START_REF] Lang | Turgor-regulated translocation[END_REF]Thompson and Zwieniecki, 2003). We calculate the minimum number of observed dimensions of phloem sieve tubes required to transport a given amount of sugars in steady state according to the Münch pressure flow hypothesis and show how changes in the number of tubes affected the turgor pressure gradient and information transmission. In addition, the effect of solute relays on phloem functioning is demonstrated. 

Materials and Methods

Theoretical considerations on the number of xylem and phloem transport elements needed to sustain transpiration and photosynthesis

A steady state situation whereby xylem water transport equals the transpiration rate and phloem sugar transport equals the time-averaged photosynthesis rate was considered. Additionally, sugar loading and unloading rates must be equal to the photosynthesis rate in steady state. The phloem will be close to water potential equilibrium with the xylem [START_REF] Daudet | Generalized Münch coupling between sugar and water fluxes for modelling carbon allocation as affected by water status[END_REF]Hölttä et al., 2006a), differing in only by the amount needed to exchange water radially with the xylem.

The total axial conductance ( a x k ) [m 3 s -1 Pa -1 ] needed for the xylem to supply the transpired water can be calculated as and source (leaves) ends of the tree, ǻF is the difference in sap concentration between the sugar source and sink ends of the phloem, R is the universal gas constant, and T is tempHUDWXUH 1RWH WKDW LW LV SRVVLEOH IRU WKH WHUP ǻF57 ǻP x ) to obtain negative values, which would indicate that phloem sap flows in the upwards direction, but this situation is not relevant to our analysis. When photosynthesis rates increase while phloem conductance remains constant, a higher turgor pressure differential must be created within opposing ends of a sieve tube and/or phloem sap must become more concentrated to ensure that all the sugars can be transported. As the conductance needed depends on sap concentration, sap flux and viscosity which interact with each other and vary considerably along the phloem pathway, a numerical steady-state phloem translocation model is needed to calculate the relationship between minimum phloem conductance, photosynthesis rate and xylem water potential.

Description of the steady state phloem translocation model

The model tree was divided vertically into N elements for the numerical solution and xylem water pressure, phloem water pressure and concentration were found at each height. Diameter and number of conduits, plant height, photosynthesis rate, transpiration rate, and xylem water potential at leaf and soil were given as inputs to the model. Typical transpiration, photosynthesis rates and xylem water potentials 
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where the subscript x and p refer to xylem and phloem respectively and l i , a i , n i , Ș x Ș p (c), K x,p and K p,p are element length, tube radius, number of parallel tubes, xylem and phloem viscosity [Pa s] and dimensionless factors accounting for the effect of the inter-conduit pits and sieve pore plates on the axial hydraulic conductance of the xylem and phloem, respectively.

The xylem water pressure (P x,i ) at each element was calculated to be the water pressure of the element underneath it (for the bottommost element, i.e. the element at the sugar sink, this was the soil water potential) minus the effects of gravity and pressure losses caused by xylem sap flux, which was set equal to transpiration rate
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where ȡ, g and l i are water density, the gravitational constant and element length, However, the water entering the phloem is a minor proportion of the xylem water flux when transpiration is large compared to phloem sap flux, which was the case in all the situations presented later in this study. This effect was therefore neglected for simplicity. For each vertical phloem element, equations of radial water exchange with the xylem, axial sap flow, water conservation, and sugar conservation were written Sugar loading rate to the uppermost phloem element was equal to the photosynthesis rate as we assumed that over any extended period of time sugars cannot accumulate excessively into leaves. Sugar unloading rate was also equal to the loading rate, but it was necessary to formalize unloading to be a function of sugar concentration in order to have a closed form solution (see [START_REF] Goeschl | Concentration-dependent unloading as a necessary assumption for a closed form mathematical model of osmotically driven pressure flow in phloem[END_REF]Thompson and Holbrook, 2003a). Sugar unloading rate at the bottommost element (j=1) was given the following form
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where A 1 is a constant and the second term inside the parentheses is a "target osmotic concentration" in which P a is a "target turgor pressure". A 1 represents the "vigour" of unloading in relation to a "target osmotic concentration". A 1 was chosen to be very high, which practically led to the sugar concentration at the unloading zone to be equal to -(P In solving the equations for phloem translocation we followed the method described by [START_REF] Goeschl | Concentration-dependent unloading as a necessary assumption for a closed form mathematical model of osmotically driven pressure flow in phloem[END_REF] with the addition of vertically varying xylem water potential and concentration dependent phloem sap viscosity.

The water pressure at each vertical element in the xylem was calculated with Eq. ( 6).

An arbitrary initial value was first given to the sugar concentration at the source end of the phloem. Equations ( 7)-( 12) were solved first for the topmost phloem element (i.e., the element at the source or leaves) and then for the other elements following a procedure described in Appendix A. Then the total water exchange over all the elements between the xylem and phloem was calculated from eq. ( 7). At steady state, the sum of radial water exchange over all the elements must be zero. If not zero, then the sugar concentration at the topmost phloem element was given a new value and the whole procedure for the phloem was repeated until the sum of water exchange over all the elements was zero. If a steady-state solution was not found, then the phloem hydraulic conductance was deemed not to be sufficient, i.e. there were not enough phloem sieve tubes.

The equations for phloem transport lead to a closed form solution to the steady state phloem translocation problem when viscosity is constant, i.e., there is only one concentration, turgor pressure, axial sap flow, radial water exchange vertical profile and provided that phloem unloading at the bottommost element is concentration dependent (see [START_REF] Goeschl | Concentration-dependent unloading as a necessary assumption for a closed form mathematical model of osmotically driven pressure flow in phloem[END_REF]. However, when viscosity is made concentration
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13 Linking powered by eXtyles dependent, there will be two solutions to the equations (of which only one is a stable one), until photosynthesis increases so much in proportion to phloem conductance that no solution can any longer be found. Hence, there is a point where two solutions converge into one. This point therefore identifies the maximum sugar transport rate in the phloem, and hence the maximum photosynthesis rate, for a given set of parameters (e.g., number of available sieve tubes).

Modelling solute relays

To model solute relays, the phloem was assumed to consist of several sieve tubes connected in series on top of each other. The separate sieve tubes were assumed to be hydraulically isolated from each other. The same equations (Eqs. 7 to 12) that described the phloem transport for a continuous sieve tube were in this case solved separately for each sieve tube. The loading rate to one sieve tube was made equal to the unloading rate from the sieve tube above it.

The effect of additional solutes on phloem transport

Additional simulations were carried out, by including another solute, which did not contribute to viscosity increase, but still raised the phloem osmotic concentration. In this case the additional solute, e.g. a potassium ion, was loaded to the phloem at the same sites as sugar loading and was unloaded from the sieve tubes together with the sugar. We will simply refer to the additional solute as potassium in the future.

A c c e p t e d m a n u s c r i p t

14 Linking powered by eXtyles Continuous transport of potassium in the phloem as is proposed here requires that potassium is recycled back to the sugar sources through the xylem and this is indeed what has been found to occur in reality [START_REF] Flowers | Solute transport in plants[END_REF][START_REF] Lang | Turgor-regulated translocation[END_REF]Zwieniecki et al., 2001). It is also necessary for the potassium to be actively loaded and unloaded to and from the phloem against a concentration gradient. The circulation of potassium also influences the xylem water potential through its osmotic effect, but the effect is much smaller compared to the phloem, as potassium concentrations are much more diluted in the larger xylem sap pool and so this is not taken into account in the simulations.

Turgor pressure differentials over the tube, transit and wave propagation times

The only constraint set on phloem translocation with the above approach was that phloem must be able to translocate all sugars from one end of the plant to the other in steady state. However, there might also be other constrictions to the functioning of the phloem, as [START_REF] Thompson | Phloem: the long and the short of it[END_REF] pointed out. It may be that the turgor pressure differential between the opposite ends of the phloem translocation pathway is limited, so all cells maintain a relatively constant turgor pressure for physiological functioning [START_REF] Thompson | Scaling phloem transport: information transmission[END_REF].

Information is transmitted by individual molecules moving at the solution bulk flow velocity and therefore the transit time of the solution (IJ s ) would be the parameter describing this kind of information transmission rate. However, information on local changes in water pressure and sugar concentration may be transmitted faster than
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15 Linking powered by eXtyles individual molecules in the form of pressure and concentration waves, provided that the ratio of solution osmotic concentration to turgor pressure differential is large [START_REF] Thompson | Scaling phloem transport: information transmission[END_REF]. Thompson and Holbrook (2003b) described this dimensionless ratio with the symbol
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where the characteristic sugar concentration (ș) is taken to be the sugar concentration DW WKH XQORDGLQJ HQG RI WKH VLHYH WXEH DQG ǻ3 LV WKH SUHVVXUH GLIIHUHQFH EHWZHHQ source and sink ends of the sieve tube. Also Philips and Dungan (1993) used a similar approach. [START_REF] Thompson | Scaling phloem transport: information transmission[END_REF] estimated the transit time of the pressure and concentration waves (IJ p ) from the transit time of individual molecules (IJ s ) to be
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provided that F is larger than unity. [START_REF] Thompson | Scaling phloem transport: Elasticity and pressureconcentration waves[END_REF] further concluded that sieve tube elasticity is insignificant in evaluating the speed of the pressure and concentration waves. The estimate for transit time of the pressure and concentration waves can also be expressed in another form, which shows the effect of individual parameters more clearly [START_REF] Thompson | Phloem: the long and the short of it[END_REF] where k s is the specific conductivity (hydraulic conductivity per unit functional crosssectional area) of the tube. Also [START_REF] Ferrier | An approximate analytic equation for sugar concentration waves in Münch phloem translocation systems[END_REF] gives a very similar estimate for the concentration wave propagation velocity in the phloem. We used Equations ( 13) to (15) to give qualitative estimates of the transmission of pressure and concentration waves in the phloem. However, it must be remembered that although pressure and concentration waves have a sound theoretical basis they remain a poorly established phenomena experimentally and their formulation is only an approximation, as assumptions of spatially constant osmotic concentration and xylem water potential were made in its derivation
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Model runs and parameters

The number of xylem and phloem tubes of constant diameter that would give the required transport rate at a given xylem water potential was calculated by the model.

Initially, the number of phloem tubes was set high, and the number of tubes was progressively reduced until phloem could not transport all the photosynthesized sugars anymore. The values for transpiration, photosynthesis rates and xylem water potential were chosen to represent a typical 10 m tall tree (Table 1). The diurnal maximum value used for transpiration was 0.9 mmol m -2 s -1 , which equals 0.9 g s -1 for a tree with 50 m 2 leaf area. The diurnal maximum value used for photosynthesis was ȝPRO P -2 s -1 7KLV LV HTXDO WR D VXFURVH ORDGLQJ UDWH RI ȝPRO V -1 for a tree with 50 m 2 of leaf area. In reality however, the phloem is likely not to operate in steady state since transpiration and photosynthesis vary diurnally. There is evidence that the phloem solution flux can remain more or less constant diurnally [START_REF] Windt | MRI of long-distance water transport: a comparison of the phloem and xylem flow characteristics and dynamics in poplar, castor bean, tomato and tobacco[END_REF] A c c e p t e d m a n u s c r i p t 17 Linking powered by eXtyles as sugars from photosynthesis are not necessarily instantly loaded to the sieve tubes and are stored instead in the leaves. Therefore the values for the transpiration and photosynthesis rates required to calculate the amount of phloem tubes needed were chosen as diurnal maximal values divided by two and are referred to as timeaveraged. A value of -2.0 MPa was used for the minimum xylem water potential and soil water potential was set at 0 MPa. The value for radial conductance between the xylem and phloem was set at 2 * 10 -13 m Pa -1 s -1 (e.g., Zwieniecki et al., 2001) and the area of radial water exchange between xylem and phloem is set to be the sum of the surface areas of the phloem sieve tubes. The value of the radial hydraulic conductance and surface-area through which radial water exchange can occur is determined by the hydraulic properties of tissue linking phloem to xylem, i.e. the parenchyma, cambium or ray cells [START_REF] Van Bel | Xylem-Phloem Exchange Via the Rays: The Undervalued Route of Transport[END_REF]. For the numerical solution, the model tree was divided into 40 vertical elements, with sugar loading occurring at the top 0.25 m (top element) of the phloem and sugar unloading occurring at the bottom 0.25 m (bottom element) of the phloem. Unless otherwise noted, the parameter P a in Eq. ( 11) is set at 1 MPa, which in practise means that the sieve tube turgor pressure will be very close to 1 MPa and osmotic pressure very close to -1 MPa at the sink. The factors K x,p and K p,p accounting for the effects of inter-conduit pits and sieve pore plates on the axial conductivities of the xylem and phloem were set to be 0.5, i.e., both accounted for half of the total resistance to sap flow in the xylem and phloem. While the resistance of the xylem inter-conduit pits to water flow is relatively well known (e.g., [START_REF] Choat | Direct measurements of intervessel pit membrane hydraulic resistance in two angiosperm tree species[END_REF][START_REF] Lancashire | Modelling the hydrodynamic resistance of bordered pits[END_REF][START_REF] Wheeler | Inter-vessel pitting and cavitation in woody Rosaceae and other vesselled plants: a basis for a safety versus efficiency trade-off in xylem transport[END_REF], the resistance of the phloem sieve plates remains largely unknown (Thompson and Holbrook, 2003a). 

Results

To demonstrate the character of the steady state solutions for phloem translocation, the sums of the radial water fluxes between xylem and phloem over the length of the stem as a function of the sugar concentration at the source end of the phloem sieve tubes are shown in Figure 1A) for four different cases of number of phloem tubes. A value of zero corresponds to the steady state situation, while positive values indicate net water flux to the phloem and negative values flux from the phloem. For comparison, a net radial water flux of 0.9*10 -6 m 3 s -1 corresponds to the axial xylem water flux. For a large number of pipes there were two solutions, i.e., sum of radial fluxes is zero for two different sugar concentrations in the loading zone. As the number of pipes decreased, the solutions moved closer to each other, until they converged into one and with a further decrease in the number of pipes, no solution could be found any longer which means that not all the photosynthesized sugars could be transported from the leaves. The significance of the two solutions can be understood by considering that a fixed amount of sugars can be transported in steady state either with a smaller sugar concentration (which leads to lower viscosity) coupled to a large turgor pressure gradient, or with a larger sugar concentration and higher viscosity, but lower turgor pressure gradient (cf., Eqn. 4). However, only the solution with the smaller sugar concentration and turgor pressure is a stable one, i.e. a small deviation from this state will make the system return back to it, whereas the solution with the larger sugar concentration and turgor pressure is an unstable one and will not be reached in practice. Clearly, there was a minimum number of sieve tubes needed for phloem transport, which was dependent on the environmental conditions (transpiration and photosynthesis rates and soil water potential) and sieve tube and xylem conduit structure (sieve tube and xylem conduit diameter and the resistance of sieve plates and bordered pits). The minimum number of pipes corresponded to the case where the two solutions converged into one. Similarly, there was an upper limit for the amount of sugars which could be transported in the phloem if the number of tubes was fixed (due to the viscosity effect, not shown). Therefore, if transpiration or photosynthesis is increased or the number of xylem or phloem tubes decreased, there would be no steady state solution and the phloem would not be able to maintain the required sugar transport rate. Figure 1B) shows the vertical distribution of turgor and osmotic pressure for the case of the minimum number of sieve tubes and for the case where there is twice the number of minimum number of tubes. Note that the later has two solutions as explained above. For the case with the minimum number of phloem tubes, the ratio of the number of xylem to phloem tubes needed for transport was 22, given that xylem conduits and phloem sieve tubes had equal diameters. In absolute numbers this is 2200000 tubes for the xylem and 100000 tubes for phloem, each tube EHLQJ ȝP LQ UDGLXV ,I [\OHP FRQGXLWV ZHUH ODUJHU in diameter than phloem sieve tubes, as would be the case at least for typical angiosperm vessels, then less xylem conduits would be needed in relation to phloem sieve tubes, the ratio being decreased by the ratio of the xylem conduit to phloem sieve tube radius elevated to the fourth power. For this, the transit time of individual phloem molecules was approximately 7 hours over a length of 10 m, while parameter F (see eq. 13) fells below unity, and therefore the propagation of pressure and concentration waves was not any faster than the bulk phloem solution velocity. The effect of radial resistance was small. The factor of radial conductance times the contact area between xylem and phloem was so high that the phloem was close to thermodynamic equilibrium with the xylem. A 

Effect of xylem water potential on phloem transport

The number of phloem tubes needed to translocate photosynthesized sugars (or the maximum amount of sugars that could be transported for a given phloem structure) was also strongly dependent on the xylem water potential. When the xylem water potential decreased, there was an increase in the minimum number of phloem tubes needed for sugar translocation (Fig. 2). Note that Fig. 2 shows the daily minimum xylem water potential. The water potential used to calculate phloem translocation was only half as much as for the xylem as phloem transport was thought to occur evenly throughout day and night, i.e. a daily minimum water potential was used for the calculation of xylem transport, but a daily average water potential was used for the calculation of phloem transport. However, when water potential decreased for a given transpiration rate, fewer xylem conduits were needed to supply water to the leaves, because the water potential gradient driving the xylem was larger (Fig. 2). Hence, the total number of tubes simultaneously needed for xylem and phloem transport was minimised at an intermediate value of xylem water potentials. The effects of decreasing xylem water potential can qualitatively be seen from equations ( 1) and ( 4) as an increase in the driving force for the xylem and a decrease in the driving force for 

Solute relays

When solute relays were included in the model, as suggested by [START_REF] Lang | A relay mechanism for phloem translocation[END_REF], the profiles of phloem transport changed considerably. Figure 3 When relays were included, the phloem was capable of transporting sugars with considerably fewer parallel tubes, compared with case of the continuous sieve tube.

Figure 3D shows the number of tubes required to transport a given amount of sugars as a function of number of relays, relative to the number of tubes required when no relays were present. The number of required parallel tubes and also the transit time of individual molecules (not shown), were approximately inversely proportional to number of tubes in series, i.e., number of relays minus one. F remained approximately constant and pressure and concentration wave transit time behaved similarly to mass translocation transit time, i.e., they were inversely related to the number of relays.

However, with relays, radial resistance became more important as there was more water exchange with the surrounding tissue than in the continuous sieve tube case.

The amount of parallel sieve tubes required for mass translocation with relays increases in direct proportion to photosynthesis like as in the case of no relays.

Turgor uniformity, transit time and information transmission

For the simulations where the minimum number of required phloem tubes was calculated, the phloem was always functioning at a very high turgor pressure
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23 Linking powered by eXtyles difference between the loading and unloading zone, as this maximized the amount of sugars that could be transported for a given phloem structure. Therefore the requirement of a more or less uniform turgor throughout the phloem was not met. The high turgor pressure difference also led to low values of F, i.e., low propagation velocity of pressure and concentration waves in relation to solution velocity. If the amount of sugars to be transported remains fixed, then diameter and/or number of the tubes must be increased to decrease the turgor pressure gradient. Also the terminal sink could be simultaneously kept at a higher sugar concentration, by increasing the parameter P a in Eqn. (11), leading to higher turgor pressure at the sink. We simulated how turgor pressure difference, F, transit time of the solution, and the rate of information transmission were affected when more parallel phloem sieve tubes were added with a fixed sugar loading rate (Fig. 4). Results are shown for different (0.1, 1 and 2 MPa) "target" sugar concentrations (see eq. ( 11)) at the sugar unloading zone.

The pressure difference between the two ends of the phloem obviously decreased when more tubes were added (Fig. 4A). Parameter F also increased with added tubes, roughly with an inverse proportionality to the pressure difference. However, the transit time of the solution increased (Fig. 4B). Consequently, there was essentially no effect on the transit time of the pressure and concentration waves, as both F and the transit time increased in nearly the same manner (Fig. 4B). For the case of sugar concentrations of 0.1 MPa at the sugar unloading zone, wave propagation could not be calculated as F was below unity. If the sugar concentration at the sink was increased, then more tubes were needed for bulk sugar translocation. The pressure difference over the tube was not strongly affected by the increase in sugar concentration at the sink, whereas F and transit time increased when sink sugar 

Phloem conduit diameter and tapering

Phloem hydraulic conductance is strongly dependent on sieve tube diameter. It follows readily from the equations that the minimum number of tubes needed is related inversely to the tube diameter raised to the fourth power, while the transit time and wave propagation time is related to the inverse of diameter squared, provided that the fraction of total resistivity determined by the sieve plate remains constant. There is sparse evidence that phloem diameters change vertically within a plant and increase in diameter in taller plants compared to shorter plants (Mencuccini et al., unpublished data). When phloem sieve tube tapering was incorporated into the phloem translocation model, the predictions for osmotic and turgor pressure gradients, mass translocation and information transmission showed greater spatial variation. As an example, we made the phloem sieve tubes taper linearly in diameter from source to sink. The simulations were carried out by keeping the diameter of the top element constant and by progressively increasing the diameters of the bottom element to achieve greater and greater vertical tapering. With greater tapering, fewer sieve tubes were needed, wave propagation time decreased, with the effect of tapering plateauing at high tapering (Fig. 5). The transit time decreased at moderate tapering and then slightly increased at very high tapering, while changes in F were small. However, if the conductace of the sieve pores increased less than proportionally compared to the conductace of the sieve tube lumen, then the significance of the sieve tube tapering on 

Effect of potassium on phloem transport

The loading of potassium to the phloem at the sugar source and unloading at the sink resulted in a decrease in the minimum number of phloem tubes required for sucrose mass transport but nevertheless the viscosity limit was still present (Fig. 6). Potassium increased the driving force for transport, the turgor pressure gradient, by the same amount as was the fraction of potassium in the phloem sap. The resulting gradient in potassium concentration acted in qualitatively the same way as the gradient in sucrose concentration (not shown), which is in accordance with earlier measurement results from the literature (Vreugdenhill, 1985). The absolute levels of potassium concentration and its gradient were naturally dependent on the potassium loading rates. Potassium concentrations have been found to reach values as high as 3/4 of the sucrose concentrations [START_REF] Lang | Turgor-regulated translocation[END_REF] which would correspond to maximum potassium loading rates of 1*10 -5 mol/s in our study. In addition, potassium can have additional important roles in phloem transport by aiding in the osmoregulation of turgor pressure under conditions of restricted solute availability [START_REF] Smith | Osmoregulation and the Control of Phloem-Sap Composition in Ricinus communis L[END_REF]. Also, with lower sucrose concentrations, the role of potassium can be larger [START_REF] Thompson | The role of potassium in long distance transport in plants[END_REF].

Discussion
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26 Linking powered by eXtyles Xylem structural properties have been studied in depth (e.g., [START_REF] Tyree | Xylem Structure and the Ascent of Sap[END_REF] but far less attention has been given to phloem structural requirements. Our study demonstrates that there exist a minimum number of phloem tubes, which is required for the transport of photosynthesized sugars from the leaves. Phloem hydraulic conductance for a given structure was limited because phloem sugar concentration necessarily increased with increasing sugar loading rate, which increased flow resistance exponentially with increasing viscosity [START_REF] Lang | A model of Mass Flow in the Phloem[END_REF]. The viscosity problem may be limited to higher sugar translocation rates by using other solutes such as potassium, but it cannot be completely avoided as sugars need to be transported from the source to the sink in any case. Potassium merely increases the turgor pressure and its gradient by drawing in water to the phloem without increasing the solution viscosity. It is well known that low xylem water potentials cause detrimental effects on plant function by inducing xylem conduit embolism and turgor reduction in living cells (e.g. [START_REF] Tyree | Plant hydraulics: The ascent of water[END_REF][START_REF] Woodruff | Does turgor limit growth in tall trees?[END_REF]. This study suggested that decreasing xylem water potentials also limits sugar transport for a given phloem structure as water is held more tightly in the xylem (see Eq. ( 7)) and higher sugar concentrations are needed in the phloem to draw water in osmotically from the xylem. In a dynamic scenario, short-term changes in xylem water potential could be temporarily buffered (Hölttä et al., 2006a), but in steady state, the effects of [START_REF] Tyree | Do woody plants operate near the point of catastrophic xylem dysfunction caused by dynamic water stress?[END_REF]. This finding may in part help to explain why plants operate within a fairly narrow range of water potentials (e.g., [START_REF] Mencuccini | The ecological significance of long distance water transport: short-term regulation and long-term acclimation across plant growth forms[END_REF], despite very large differences in many other structural properties.

Solute relays

With solute relays, the phloem could transport sugars with fewer conduits, maintained a more uniform turgor pressure throughout the plant and decreased the transit time of individual molecules, pressure and concentration waves. However, solute relays have a metabolic cost associated with the active loading and unloading of sugars. [START_REF] Lang | A relay mechanism for phloem translocation[END_REF] estimated, based on the 1:1 stoichiometry of moles of ATP used per mole of sucrose transported, that approximately 2 percent of sugars would be used up in each relay. Theoretically, this metabolic cost could be compared with the carbon cost of building more and wider continuous phloem sieve tubes without relays to achieve identical sugar translocation rates. The marginal return of adding more and more relays on the number of required conduits tended to decline rapidly and with more than just a few relays, the benefits became very small. In order for the relays to function effectively, the membrane separating the two sides of the relay must be impermeable or semipermeable, i.e., it must not be permeable to solutes. If solutes
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28 Linking powered by eXtyles were to pass freely from one relay to the next, they would flow back along with water from the downstream relay compartment to the upstream one following the turgor pressure gradient. However, if they were separated by a semipermeable membrane, phloem sap would not simply flow to the direction of the turgor pressure gradient, it would flow according to the water potential gradient, which is nearly equal on the opposing sides of the relay. Basically all that is required of the relay mechanism presented here is that solutes cannot pass by mass flow through some points in the translocation pathway. In practice the relays presented in this study could be nothing more than, eg., the occlusion of sieve plates or a release/retrieval mechanism on the phloem translocation pathway.

The phloem has also been shown to play an important role in xylem embolism refilling and phloem girdling has been demonstrated to prevent embolism refilling (e.g. [START_REF] Salleo | New evidence for a role of vessel-associated cells and phloem in the rapid xylem refilling of cavitated stems of Laurus nobilis[END_REF][START_REF] Salleo | Phloem as a possible major determinant of rapid cavitation reversal in stems of Laurus nobilis (laurel)[END_REF]. A theoretical study by Hölttä et al. (2006b) showed that water released by sugar unloading from the phloem may induce xylem embolism refilling in certain conditions. Relay points would be the locations where solutes and water are released from the phloem, and theoretically these would be the places where xylem embolism refilling could occur.

Different phloem construction criteria

Two different phloem construction criteria are proposed: One with more or less constant turgor pressure, i.e., high F [START_REF] Thompson | Phloem: the long and the short of it[END_REF], and one which minimizes the number of phloem tubes but operates at large turgor pressure differentials (the
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29 Linking powered by eXtyles solution of the minimum number of tubes required for translocation). The first ensures that all phloem cells are in the same range of physiological conditions, but it does not per se lead to faster information propagation along the phloem, although it leads to faster information transmission in relation to the mass flux. With high F, information transmission in the form of pressure and concentration waves can be rapid even if the phloem sap is at rest. Adding more tubes increased phloem conductivity, reduced the turgor pressure difference along the phloem axis and raised F, but it did not promote faster information propagation along the phloem. Instead, it led to increased transit time of individual molecules through the phloem, thus having adverse effects on the propagation of possible hormonal signals and increasing the amount of carbon that is invested in the phloem. It can also be argued, that it would be safer for the phloem to be slightly overbuilt rather than to function near critical construction to ensure efficient operation over a wide range of physiological conditions, just as it would be safer for the xylem to be overbuilt to ensure water tranport to the leaves in case of embolism. As can be seen from Equation (15), the parameters that determine the propagation of pressure and concentration waves are the specific conductivity, which is determined by the diameter of individual tubes (and the resistance of the sieve pores), tube length, osmotic concentration and viscosity, which is coupled to osmotic concentration at least in the case where only sucrose is considered. Wider and shorter tubes (relays) will promote faster propagation of pressure and concentration waves, faster propagation of hormonal signals and decrease the turgor pressure differences along the phloem in both of the phloem construction scenarios. The actual flow velocities that have been measured in intact plants fall somewhere between 0.2 to 0.5 mm/s (0.7 -2 m/hour) [START_REF] Köckenberger | A non-invasive measurement of phloem and xylem water flow in castor bean seedlings by nuclear magnetic resonance microimaging[END_REF][START_REF] Peuke | Simultaneous measurement of water flow velocity and solute transport in xylem and phloem of adult plants of Ricinus communis over a daily time course by nuclear magnetic resonance spectrometry[END_REF][START_REF] Windt | MRI of long-distance water transport: a comparison of the phloem and xylem flow characteristics and dynamics in poplar, castor bean, tomato and tobacco[END_REF].

The flow velocity predicted by our model in the base case (Fig. 1) increases moving There probably are significant structural constraints on how large apical sieve tubes diameters may be. For instance, cambial cell ontogeny will dictate the rate at which new sieve tubes can enlarge basally. Apical sieve tube size is also likely to be limited by the allometry of the surrounding cells to optimise sugar loading. Hence, a gradual vertical tapering of the sieve tube elements appears to be a possible solution to achieve a reduction in solution and wave propagation times. This however requires also that changes take place in the conductivities of the tube plates. This vertical tapering and developmental changes may be similar to those already documented for the xylem (e.g. Anfodillo et al., 2004;[START_REF] Mencuccini | Sanio's Laws revisited. Sizedependent changes in the xylem architecture of trees[END_REF][START_REF] Mcculloh | Water transport in plants obeys Murray's law[END_REF][START_REF] West | A general model for the structure and allometry of plant vascular systems[END_REF], at least partially. In the xylem, conduit tapering is predicted to reduce the adverse effects of growing transport distance on the whole xylem pathway conductance [START_REF] West | A general model for the structure and allometry of plant vascular systems[END_REF]. [START_REF] West | A general model for the structure and allometry of plant vascular systems[END_REF] further pointed out that the same theoretical predictions should also apply to the phloem. Yet there is little empirical available evidence at the moment on which to base such a theoretical analysis on.

Tall trees

For tall plants it is also important to account for gravity when considering the amount of phloem and xylem tissue needed for transport. The ratio of required phloem to xylem conduits would be expected to decrease as plant height increases because 15) [START_REF] Thompson | Phloem: the long and the short of it[END_REF], to traverse the length of a long tree as the transit of both is related to transport distance squared, if the specific conductivity of the phloem tubes is low, due to small sieve tube radii and/or high resistance of sieve plates. With a sieve tube radius of 10 ȝP WKH WUDQVLW time of both individual molecules and pressure and concentration waves is expected to be at least of the order of 100 hours in continuous sieve tubes, even if the turgor pressure difference over the opposing ends of the tube is reduced. The transit time of both individual molecules and pressure and concentration waves are also predicted to decrease in approximately inverse relation to the number of solute relays. However, signals on the water status of the transpiration stream will be traversed very rapidly, in the order of hours, in the xylem of even the tallest trees (e.g., [START_REF] Perämäki | Modeling the dynamics of pressure propagation and diameter variation in tree sapwood[END_REF].

As xylem and phloem are predicted to be near thermodynamic equilibrium, phloem should thus be able to sense rapidly any changes in at least transpiration, xylem conductivity and soil water potential through this rapid propagation of pressure in xylem.

Limitations and advantages of the modelling approach presented

In the phloem transport of real plants, feedbacks between sieve tube sugar concentration and loading, unloading and reloading may have an important role. For example strong feedbacks between sugar concentration and sugar loading at the source have been found to exist (e.g. [START_REF] Vaughn | Sucrose-mediated transcriptional regulation of sucrose symporter activity in the phloem[END_REF]. A steady state model approach cannot explicitly incorporate these feedbacks. Instead, our steady state approach implicitly assumes that feedback effects occur in an optimal way so that phloem sugar concentration, turgor pressure and sugar transport can remain at the "optimal" value predicted by the model regardless of transient changes in, e.g., transpiration and photosynthesis rates. The capacitive sugar storage tissue is also implicitly included in the assumption that sugars are transported in steady state. The sugar stores in the leaves have to be at least so high that sugars can be fed to the phloem close to a constant diurnal rate, even though the actual photosynthesis rate varies strongly diurnally. Despite the inherent limitations of a steady state model, the value of our approach is in showing what limiting factors may constrain the maximum sugar transport capacity of the phloem and how much the requirements for this maximum capacity must be relaxed in order to achieve more rapid information transmission.

Carbon costs of the phloem

The amount of carbon required to build the phloem tubes needed to transport the photoassimilates may be considerable, especially if the turgor pressure difference along the plant axis has to be maintained uniform. The introduction of solute relays and tube tapering reduce the number of sieve tubes needed, but the functioning of the relays requires additional energy input and wider conduits probably require structural reinforcement to resist turgor pressure forces on their walls. As mentioned, there is Sugar concentration was given an initial value at the topmost sieve tube element. Phloem turgor pressure, sugar concentration, axial and radial water fluxes were then calculated for each element following the procedure described below.

Sugar source element (i=N):

-Viscosity was calculated from concentration using Eq. ( 12).

-Axial sap flow from the top element (i.e., downstream) was calculated using sugar conservation Eqn. (10) (and the relation 7). The viscous pressure loss in the element due to the sap flow was deducted from the turgor pressure according to Eqn.

(8). The gravitational term was also taken into account.
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Path elements (1<i<N):

The following procedure was repeated iteratively for the element until concentration did not change anymore. This was done because an approximate value for viscosity was used in the first step before concentration was calculated.

-Turgor pressure was calculated from Eqn. ( 8)
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-Concentration was solved from equations ( 7), ( 9) and (10). Combining equations ( 7), ( 9) and (10) results in a quadratic equation, which was solved. -Turgor pressure was solved from Eqn. (8). Radial water fluxes from all the elements were summed. If the sum was zero (actually absolute value smaller than a required precision) then this was a steady state solution. If the sum was non-zero (actually the absolute value larger than a required precision), the sugar concentration at the topmost element was varied and the procedure described above was repeated. This was continued until the sum of the radial water fluxes over all the elements was smaller than the required precision. The required precision was set to be such that the absolute value of the sum of water fluxes was less than one thousandth of the sum of the absolute water fluxes. This is the same criteria and precision as used by [START_REF] Goeschl | Concentration-dependent unloading as a necessary assumption for a closed form mathematical model of osmotically driven pressure flow in phloem[END_REF]. 

  ǻ3 x are transpiration rate [m 3 s -1 ] and xylem water pressure difference between soil and leaf xylem [Pa], respectively. Xylem pressure is here equal to the xylem water potential, as the osmotic concentration in the xylem is assumed to be negligible. , and ǻ3 p are phloem sap flow rate [m 3 s -1 ] and the turgor pressure difference between the loading and unloading end of the phloem[Pa]. As hydraulic conductance is dependent on viscosity, which is dependent on sugar concentration c, phloem hydraulic conductance will be dependent on sugar concentration. Phloem sap is assumed to be pure sucrose solution, except in the simulation where the effects of osmolytes, such as potassium, are explicitly considered. In steady state conditions, the phloem sap flow rate is determined by the time-averaged photosynthesis rate (A [mol s -1 ]) and phloem sap concentration [mol m -3 ] rate and concentration will be dependent on the vertical position.The xylem and phloem were assumed to be in equilibrium, i.e. x is the difference in xylem water potential between the sink (soil or roots),

  the literature. Xylem and phloem axial conduit hydraulic conductance of each vertical element ( a i k ) were calculated from Poiseuille's law to be

  respectively. In reality, xylem water flux does not precisely equal the transpiration fraction of the water flow in the xylem is drawn into the phloem.

  where Ș 0 is viscosity of pure water and I is the volume fraction of sucrose in the phloem sap (calculated from the sugar concentration). This equation describes the sucrose dependency of viscosity accurately up to sucrose concentrations of 7.5 MPa.

  radial conductance lead to larger pressure losses in association with radial exchange of water and more phloem pipes were needed (not shown). The number of phloem tubes required for mass translocation increased in the same proportion as the photosynthesis rate was increased (i.e. if photosynthesis rate doubled then amount of conduits needed doubled also, not shown).

  the phloem. The transit time of individual molecules increased at the same rate as the number of phloem tubes (not shown), while parameter F remained below unity. The number of phloem tubes required for the transport of photosynthates cannot be explicitly expressed in terms of water use efficiency, since it is not the transpiration rate per se which determines the requirements for phloem construction, but the xylem water potential.

  illustrates turgor pressure, osmotic pressure and water potential gradients for the phloem when either one (3A) or four relays (3B) were added. Other parameters, including the transpiration and photosynthesis rate were the same as in the previous case without relays. Axial and radial phloem flows are shown in fig.3C) for the case of two relays. The distance between the relays is evenly spaced throughout the tree. Water was pushed out of the phloem to the xylem at the unloading site of each relay and entered back to the phloem from the xylem at the loading site of the relay. Turgor pressure, sugar concentration and axial and radial water fluxes remained similar in different relays throughout the phloem. Within each relay, the local turgor gradient did not change much compared with the case of a continuous tube, as the same amount of sugars was still transported with similar sugar concentrations. However, with the relays, a more uniform turgor was achieved throughout the phloem as the turgor pressure difference between the source and sink dropped considerably. The transit time of individual shown) decreased when relays were added (although less than linearly as a function of number of relays). F increased slightly and therefore wave propagation time decreased faster than transit time as a function of number of relays (Eqn. 14).

  . The effect on the estimated wave propagation time was mixed and not very strong.

  smaller. Interestingly, the parameter most affected by tube tapering (about a factor of 10) was wave propagation time.

  continuous differences in xylem water potential could be clearly seen on phloem translocation. Large investment in xylem conductance to maintain high xylem water potential for a given transpiration rate reduced the need for phloem conductance for a given assimilation rate. Our modelling of the combined number of xylem and phloem tubes required for simultaneous transfer of xylem water and phloem sugars suggested

  of water potentials may provide the best range to minimise structural investments by the plant. It is also interesting that the intermediate values of xylem water potential where the relative numbers of both xylem and phloem conduits are relatively low, corresponds to the xylem water potentials where cavitation starts to reduce hydraulic conductivity of the xylem

  to the bottom of the phloem being on average 2.4 m/hour. When the number of phloem tubes was increased, the flow velocity decreased reaching physiologically more common values (compare with transit times in Fig.4b).

  transport while xylem works against gravity. Taking a tall 100 m tree as an example, the driving force for xylem translocation drops by 1 MPa in relation to a very small tree while the driving force for phloem simultaneously increases by 1 MPa. It will take a long time for individual molecules, as well as pressure and concentration waves according to Eq. (

  Fig 1A) Sum of the radial water fluxes between xylem and phloem as a function of the
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Fig 3C )

 3C Fig 3C) Radial and axial water fluxes for the case of two relays.
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  of solving the phloem flow equations.

  flow from the xylem was equated to the axial flow according to Eq. (9) was now solved from Eq. (

--

  Axial flow was solved from the sugar conservation Eqn. (10) (and the relation Viscosity was calculated from concentration (Eqn. (12)) Sugar sink element (i=1):-Concentration was solved from eq. (11).

-

  Viscosity was calculated from Eqn. (12).

-

  Radial water flux was solved from (7).

  photosynthetic rate per tree

  Fig 2.

  Fig 4.
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