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5 Vascular integration and resource storage 
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... what quantities of moisture trees do daily imbibe and per-
spire: now the celerity of the sap must be very great, if that 
quantity of moisture must, most of it, ascend to the top of the 
tree, then descend, and ascend again, before it is carried o.ffby 
perspiration. 
(S. Hdlts, J.lrgetttblt Sta1itl1S, 1121) 

Surface view of deattd whole 
mount of a wheat leaf showing 
large and small parallel vein$ 
(mauve). Lines of stomata (orange 
guard ceUs) lie along the danb of 
these veins. Water evaporates liom 
the wet walls of mesophyll cells 
below rhe atomata, clnwlng water 
from the veins through sheath 
cells. Bar represents too pm (see 
Colour Pla1e xx) 
(Plwtogroph "''"'"'Y M•rlflttl MtCully) 
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Introduction 

Evolutionary changes were necessary for planes to inhabit 
land. All resources reach aquatic plants from the surrounding 
water whereas terrestrial plants are nourished both from soil 
and directly from the atmosphere. Roots growing into soil 
absorb water and nutrients, while leaves, supported by a stem 
superstructure in the aerial environment, intercept sunlight 
and C02 for photosynthesis. This division oflabour results in 
assimilatory organs of land planes being nutritionally inter-
dependent; roots depend on a supply of photoassimilates from 
leaves, while shoots (leaves, stems, flowers and fruits) depend 
on roots to supply water and mineral nutrients. Long-distance 
transport is therefore a special property of land planes. In 
extreme cases like the Australian mountain ash (Eucalyptus reg· 
nans), sap must move up to 100 m and overcome gravity to 
rise to tree tops. 

Specialised vascular tissues have evolved to support the 
rates at which resources assimilated from the environment 
need to be transported within land plants. Mature xylem ves-
sds conduct water and nutrient<; upwards by mass flow 
through a complex of non-living cells, energised during the 
day by evaporative water loss from leaves (Section 5.1). Fine 
vascular networks in leaves control distribution of this sap to 
recipient cells (Section 5.2}. Phloem is responsible for redis-
tributing nutrients, water and photoassimilates through plants 
along a living pathway (Section 5.3). The balance between 
supply and demand is integrated in phloem transport through 
sensitivity of conducting cells (Section 5.4), assimilate loading 
processes (Section 5.5) and unloading processes (Section 5.6) 
to developmental events and environmental constraints. Fine 
tuning of resoun:e delivery to various organs is achieved 
through interchange of xylem and phloem contents, a process 
that has been quantified using lupin as a model plant. 

5 .1 Long-distance transport of 
water and nutrients 

5.1.1 Introduction 

Water loss by plants accompanies photosynthesis and nutrient 
acquisition. In most plants, this water loss reaches a maximum 
during daylight hours, as gas exchange peaks. Leaves are the 
primary evaporating surfaces of shoots but stems, fruits and 
flowers can be important sites of water loss too. Roots must 
therefore extract large amounts of soil water and deliver it to 
heights of up to 100 m in a transpiration stream. This trans-
piration stream carries with it nutrients into the shoot canopy 
(Section 5.1.5; see Case study 5.1). 

Water is difficult to extract from plants in any quantity, but 
as Australian Aborigines found, long tree roots can be detect-
ed as raised soil contours and can be dug up fairly easily to 
yield water (White 1994). If such a root is cut or broken into 
short lengths and held vertically, watery sap runs from the 
lower end where it can be collected to drink. The tenacious 
hold of plant tissues on entrained water has been broken by 
wounding, allowing air to enter and displace the captive sap. 

Such release implies water-filled conduits, but does not 
reveal the mechanism for long-distance movement of sap in 
plants. Xylem flow has been the subject of endless debate for 
experimentalists trying to identify forces involved. A sununa-
ry below of the early history of experiments dealing with ver-
tical lift of sap into shoots shows that some accord has been 
reached but deutlls of the mechanism of sap transport are still 
being debated. 

5.1.2 Experimental history: how 
the Cohesion Theory came to be 
accepted 

Around 1905 great plans were made to resolve the mystery of 
the ascent of sap in trees by Professor EJ. Ewart in Melbourne, 
using eucalypts as a model plant. At that time, Austr.ilian 
mountain ashes (Eucalyptus regans) vied with American dawn 
redwoods (Sequoia gigantea) as the tallest trees in the world, 
being well over 100 m tall.Ewart climbed eucalypt trees using 
special scaffolding, removed lengths of branch and measured 
the pressures required to push water through these stems. 
These investigations led him to conclude 'The ascent of water 
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is, therefore, a vital problem in so far as it depends upon con-
ditions which hitherto can only be maintained in living 
wood'. If water transport required living cells, it could not be 
supported by discovery of a pump akin to that in animals. 
Even roots, which sometimes could pump water by root pres-
sure (Section 3.6), lacked the necessary positive pressures to 
push water so far aloft, especially around midday when water 
was most needed. 

Suction from the shoots was an alternative explanation but 
manrnade suction pumps could not fulfil the task without 
inducing formation of air bubbles (embolisms) in the xylem 
and blocking flow. One clue to the solution came from Dixon 
and Joly (1894) who claimed that very pure water molecules 
would be held together by powerful cohesional forces pro-
vided the water was especially clean (much cleaner than in 
manmade pumps). 

Ewart did not agree with the unorthodox proposal that 
the suction of pure water through xylem vessels underpinned 
transpiration. However, Dixon (1914) ultimately postulated 
the Cohesion Theory, based on those properties of water 
which distinguish it as an ideal biological solvent - cohesion, 
adhesion to walls of the vessels and surface tension being 
central features. In shon, in the absence of microscopic gas 
bubbles water could withstand quite enormous tensions. 

figure S.t (•)Mercury sucked into tracl1eids of pine (Pin111 r•41111•) by tnn• 
apintional pull pnented in 1hc shoots. The water-mercury interface is pow-
emu enough co hold this vertical column of mercury in stems. The height to 
which the dark column of mercury rises is used to calculate suctions creat-
ed in xylem vessels. Note the generally small heights, reflecting the high 
specific pavir:y of mercury. About 2 MPa suction is produced in these xylem 
\'USels. (b) Mercury enters bordered pits but remains connected to the verti-
cal column ofmen:ury in xylem vessels. While mercury can pus through the 
pit apertures, it cannot pass !lie linely porous 'pit membranes' because It is 
much more cohesive than water. Se-im laterally, the balf-aspinted bordered 
pits appear u disks (? su Colour Plates xx and xx) 

figure S.2 (a) Scann!ng electron mlcrognph (SEM) of the finely aculpcored 
acalariform pcrfoNtlon plole1 In poplar (PoJlf'l111 ltollco) xylem. 'Water pauea eas-
ily &om one xylem veuel to another by this route. (b) SEM Wusttadng bor-
dered pits connecting two veueb in Eru:olypt111. The pits can be nen In sur-
face view (top right) and the bo~en of Pita can be seen when this surface 
Is broken •-Y (bottom lefi). The borden appear u cup-shaped depressions. 
(c) SEM of poplu wood ill11sttating the close connections between ny cells 
(note three adjacent cells) and xylem conduits (xylem wall with pits lie 
buide these ny cells). Simple pita can occur in fields allowing tnnafu of ions 
from xylem sap into ray cells or release of pbotosynthates into the xylem 
stream. Magnifications apJ>*ar on the micrognph1 (see Colour Plate n} 



Through the evaporative power of rhe atmosphere, a con-
tinuous 'chain' or 'catena' of water, well below atmospheric 
pressure, could be drawn up to a leaf canopy.The tensions cre-
ated in this way could even suck water from the surrounding 
soil. We now recognise that the evaporative energy is supplied 
as the latent heat of vaporisation ultimately derived from solar 
power. This cohesive property of water gave rise to the 
'Cohesion Theory for the Ascent of Sap'. 

Two other properties of warer are also essential for long-
d.i.st:ance water transport: surface tension, and the adhesion of 
water to solid surfaces such as the xylem vessels within trees. 
Dixon claimed that if water could 'hang together', the enor-
mous evaporative energy of the air (the same power which 
dries the washing hanging on a line) could be harnessed to lift 
sap, which is mainly water, vertically. This would entail no 
metabolic energy on the part of the plant. This theory of sap 
Bow accorded with earlier experiment.s by Strasburger (1893) 
showing that a tall oak tree trunk, severed at the base, could 
draw poisons and dyes up to the leaves by some wick-like 
action. If metabolism energised sap flow, poison should have 
inhibited it. This was well illustrated in later experiments 
(Figure 5. la) in which mercury was drawn through fme tra-
cheids of pine stems purely through the suction created by 
transpirational water loss from the shoot above. The tension 
required to achieve this is about 2 MPa. 

However, the physical properties of plants had to be more 
complex than those of simple pipes conducting water. As 
mentioned. manmade pumps failed through embolisms if 
used to suck water higher than 10 m, whereas hundreds of 
litres of water reaches the canopies of tall trees daily. Even 
overlapping sawcuts in tree trunks, which should allow a mas-
sive quantity of air to fiow into xylem vessels when under 
suction and cause trees to die from embolisms, did not stop all 
\vater fiow to leaves. If water was under such suction, how 
could trees keep air bubbles out of the sap when the trunk 
was cut? This additional problem was not resolved until the 
very complex anatomical structures of trunks were much bet-
ter understood. Xylem (Figure 5.2) is not composed merely of 
pipes: it is made up of partially scaled units (technically vessels, 
tracheids, and fibres, called collectively conduits) which most 
effectively limit the spread of introduced gases and thus main-
tain water Bow in some conduits despite very severe disrup-
tion ti:om embolisms in others. 

5.1.3 
for sap 

Xylem as an effective conduit 

For xylem sap to sustain tensions required in tall trees, there 
must be n<> gas bubbles in the system. Cohesion breaks down if 
there is a single 'nucleation site' on which bubbles can form 
and enlarge. On the other hand, sap normally contains dis-
solved gases which, surprisingly, do not disrupt the system pro-
vided there are no nucleation sites available. Even the rigid 
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walls of xylem vessels are compatible with high xylem ten-
sions, attracting water by adhesion, which is essential for trans-
port. 

Surface tension acts as an interfacial water-air stopper, pre-
venting air fiom being sucked into the many millions of tiny 
pores present in all plant cell walls. For example, water deliv-
ered to leaf cells by xylem vessels passes through these tiny 
menisci, which act effectively as non-return valves, so pre-
venting air from being sucked into the xylem (Section 5.2). 
Surface tension also explains how water in leaves remains 
under strain within an essentially porous system through 
which water flows. 

Xylem anatomy seems to be highly significant. Vascular 
transport systems have evolved to become amazingly reliable 
despite the metastable condition of the sap. From primitive, 
thickened, hollow cells, increasing specialisation has produced 
greater elongation and thickening of the tubes. Xylem walls 
contain pits, in which zones of the primary wall known as 'pit 
membranes' allow water to be transmitted between vessels 
efficiently, while preventing a gas phase spreading through the 
interconnected system of vessels and blocking traruport 
tluough embolisation (the blockage of a fluid channel with a 
bubble of gas). No living membrane is present in these wall 
structures. However, the efficiency with which 'pit mem-
branes' isolate adjacent vessels is shown in Figure 5.1 (b) where 
mercury, a highly cohesive liquid, is drawn into specialised 
bordered pits of pine tracheids without being able to exit into 
neighbouring tracheids. 

¥.iscular systems have evolved from plant species possess-
ing only fibres and tracheids, for example the more primitive 
Ta.smannia, to more advanced plants possessing vessels which 
resemble the unicellular tracheids in structure but are much 
wider and longer and originate ti:om a number of cell initials 
fused together. Lignin thickening patterns have also evolved. 
Some thickening designs, such as annular and spiral, allow the 
tubes to extend longitudinally while supplying growing 
organs. When growth has ceased, an organ can be provided 
with more efficient pipes of larger bore and with stronger 
thickenings, in rcheulate and scalariform patterns (Figure 5.2a). 
Pit fields which allow water transport across vessel walls can 
also be simple, unreinforced structures (simple pits) or more 
elaborate bordered pits in which secondary cell walls 
mechanically support the pit membrane. Pits prevent air in an 
air-filled conduit from spreading to adjacent conduits which 
are conducting water under strong suction. Reinforcement of 
the walls around pits (Figure 5.2b) allows 'pit membranes' to 
be as large as possible and thereby maximise w:rter exchange 
between vessels. 

5.1.4 Speed of sap flow 

A number of methods have been used to determine the speed 
of sap flow. This task is not easy because xylem is not a 
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uniform conduit supporting a single flow rate. Some of the 
main approaches are outlined below. 

(a) Dyes 
Dyes have been used to detect water flow for centuries. Such 
methods developed a poor reputation until dyes were select-
ed for their ability to move freely in the xylem: dyes which 
associate with the negatively charged vessel walls move much 
more slowly than the sap in which they were dissolved. 
Modern dyes, generally negatively charged ions, have been 
especially useful to illustrate pathways of water Bow (Section 
5.2). However, if dyes are to be used to interpret flow rates, 
caution must be exercised. Applying a dye solution, at at-
mospheric pressure, to plant tissue with vessels under tension 
can lead to the dye being sucked into vessels artefactually.This 
will be most acute in water-deficient tissues. Interpreting the 
direction and rate of sap flow in th.is case will tell little about 
the steady-state condition. Also, when dyes are used to assess 
mass transfer, the capacity of a vessel (related to its width) will 
influence the amount of dye passing through that vessel. So, 
fine capillariesJnight transport only a small amount of dye but 
at a rapid rate. 

(b) Radioisotopes 
Radioisotopes are useful tracers of water flow, but they suffer 
from the same problems as dyes. Cationic isotopes, especially 
divalent cations, tend to bind to the xylem walls. Radioactive 
phosphorus makes a good tracer because it is anionic and a 
strong emitter. 

(c) Heat flow methods 
Heat-flow and heat-pulse methods are widely used for the 
non-invasive measurement of water flow in stems and tree 
trunks. One ideal approach introduces a steady source ofheat-
ing to the stem or trunk. This is surrounded by temperature 
detectors (thermistors or them1ocouples). If there is virtually 
no sap flow, say, late at night, temperatures around the heater 
adopt a symmetrical 'zero-flow' profile. When water flow 
occurs, the thermal profile is dragged upwards, providing a 
temperature shift which can be converted by appropriate 
computer circuitry into a continuous measurement of flow. 
Automatic devices of this kind are now being used widely for 
irrigation scheduling. 

5.1.5 Solute transport via transpiration 
Xylem sap is very dilute when compared to both phloem sap 
and the contents of cells lining the transport pathway and for 
this reason it is often regarded as virtually pure water. Indeed, 
the osmotic pressure of xylem sap rarely exceeds 0.1 MPa 
(about 40 mOsmol 1-1}. This dilute sap effectively transports 
large amounu of inorganic nutrients by mass flow (see Case 
study 5.1), providing the supply of water and nutrients to 
roots can be maintained. In a rapidly growing plant such as an 
annual herb, powerful mechanisms for concentrating essential 
ions in the roots (see Case study 4.1) combine with transpi-

ration of water from leaves to sustain nutrient supply to 
shoots. 

(a) Composition of xylem sap 
While most solutes in xylem sap are inorganic ions (e.g. 
nitrate, potassium, magnesium and calcium), other important 
solutes are also present (Table 5.1). Organic molecules in 
xylem sap can be present in substantial concentrations, sugars 
reaching 5 mM in maize xylem sap (Canny and McCully 
1989). Many trees including eucalypts are host to boring 
insects at particular ti.mes of the year when sugar and nitrogen 
content of the sap is nutritionally valuable. Even though sugar 
concentrations in xylem sap are much lower than in phloem 
sap, the high nitrogen to sugar ratios and low osmotic pressures 
make it a good substrate for many predators. More extreme 
examples of the carbohydrate content of xylem sap are tem-
perate deciduous trees such as maple which have traditional-
ly been tapped to yield a sugary solution in the period prior 
to budburst. This indicates that xylem can be a conduit for 
carbon remobilisation in addition to its central role as a path-
way for water and nutrient transpon. In secondary tissues, 
rapid transfer of solutes into and out of the xylem is partly 
achieved through close association of living ray cells and 
xylem vessels (Figure 5.2c). 

Table 5. 1 Concrntratfons of major solutes (111M) in mid-stem pl1locm 
and stt'lll base xylem (tracl1cal) sap of Banksia prionotes sampled in 
natural l1abitat in Yand1tp, J#stern Australia 

Solute mM Xylem sap 

Sucrose absent 
Total amino acids 0.53 
Mala re 0.42 
Potassium 2.39 
Sodium 1.84 
Magnesium 0.55 
Calcium 0.48 
Phosplute 0.111 
Nirrare 0.01 
Chloride 2. 92 
Sulpluic 0.25 

(After Pate and Jeschke 1993) 

Phloem sap 

493 
2.35 
4.28 
15.2 
24.1 
6.36 
5.96 
0.60 
0.38 
26.5 
1.06 

Other organic molecules act to transport inorganic nutri-
ents to the shoots. Nitrate and ammonium are assimilated into 
organic forms, such as amino acids, in the toots of many 
plants. In legumes, nodules deliver an even wider selection of 
nitrogenous compounds to the xylem, including ureides and 
amides (Figure 3.22). These often constitute the dominant 
form of nitrogen reaching shoou and are therefore a major 
component of the sap. Other examples of complexed forms of 
inorganic nutrients in xylem sap are metal ions such as zinc, 
copper and iron which are almost exclusively chelated to 
organic acids. 

Phytohormones are also found in xylem sap but often in 
concentrations several otders of magnitude lower than those 
considered necessary to elicit a physiological response. This 



does not preclude xylem sap as a critical source of these sub-
stances because delivery of solutes .in the xylem must also take 
into account rates of sap Bow; mass transfer of phycohormones 
such as abscisic acid (Jokhan ct al. 1996) and cycokiniris 
(Nooden et al. 1990) might be significant even if it is deliv-
ered in a dilute solution. 

(b) Modification of xylem contents 
Xylem sap composition is highly variable, and modified 
according to requirements of shoot tissues. Toxic ions can be 
removed from sap and essential nutrients recycled intensively 
as described in Case study 5.1 . U nidirectional .Bow of sap in 
the xylem stream (although not invariably in the same direc-
tion) contnsts with bidirectional flow in the phloem and the 
two consort to deliver resources to where they are most need-
ed. In particular, transfer from xylem to phloem provides a 
means of diverting essential elements from the main transpir-
ing surfaces, the older leaves, to growing tissues where they 
are required (see Case study 5.1). 

Discovery of transfer cells (Pate and Gunning 1972) 
showed how these specialised cells differentiate in order to 
effect a rapid transfer of solutes, in this case into and out of the 
xylem stream (see Case study 4.2).Transfer cells lie adjacent to 
xylem vessels and are highly modified to carry out rapid ion 
exchange of xylem and phloem elements. While exchange 
can occur in both directions, concentrations of most nutrients 
and organic solutes are much lower in the dilute xylem sap 
than in adjacent phloem elements, requiring active transport 
mechanisms for xylem to phloem tramfer (fable 5.1). Such 
energetically 'uphill' transport is thought to be energised by 
proton pumps in the membranes of tr<1nsfer cells. Solutes such 
as potassium in cereals and amino acids in soybeans are known 
to be ttansferred to the phloem by this route, particularly 
through nodes in the stem. 

Xylem parenchyma cells, which are believed to participate 
in loading of ions into xylem vessels in roots (Figure 3.31), 
also contribute to modification of ion levels along the xylem 
pathway. Amino acids, potassium, calcium, magnesium and 
even rnicronutrients such as molybdenum are exchanged 
between xylem vessels and the accompanying parenchyma 
cells to achieve a xylem sap composition appropriate to shoots. 
This process is species dependent. For example, molybdenum 
is sequestered in the roots of beans and participates in nodule 
function, whereas tomato has less capacity to withdraw 
molybdenum from xylem sap (Hecht-Buchholz 1973). In 
secondary tissues, rapid transfer of solutes into and out of the 
xylem is partly achieved through close association of living ray 
cells and xylem vessels (Figure 5.2c). 

Even weaker associations between ions and cell walls of 
both xylem vessels and surrounding cells can retard the up-
ward movement of inorganic ions like cadmium, copper, zinc 
and calcium. For ions such as copper, rhis is not desirable un-
less toxic quantities are likely to reach the shoqt during brief 
periods of oversupply. Retarded translocation of cadmium 
and other heavy metils, on the other hand, might be ad-
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vantageous to a plant by preventing a rapid supply that can-
not be diluted by growth. 

5 .2 Vein endings and export 
pathways 

5.2.1 Introduction 

Evaporation from wet cell walls of substomatal cavities in 
leaves creates a large tension (negative pressure; suction) which 
is transmitted via xylem conduits, pulling more sap from roots 
to leaves. Fine pores in cell walls provide sufficient suction to 
draw water to the crown of even a lofty tree: a curved inter-
face in a 10 nm pore can store a pressure of -30 MPa. 

A rapidly trarupiring leaf can cvaponte its own fresh 
weight of water in 10 to 20 min, though many plants such as 
cacti, mangroves and plants in deep shade have much smaller 
rates of water turnover. Leaf veins must carry this water to all 
parts of a leaf to replace evaporated water, and maintain cell 
hydration and turgor. When water supply fails to meet this 
demand, shoots wilt. 

5.2.2 The pipeline: leaf vein 
architecture 

The simplest vein architecture is found in conifer needles 
where a single unbranched strand of xylem and phloem is sur-
rounded by mesophyll (Figure 5.3). Vascular strands are en-
closed by an endodennis that separates them from the meso-
phyll, and are embedded in a mixture of parenchyma cells and 
ttacheids called transfusion tissue. Water from the xylem per-
meates radially outward through transfusion tissue, endoder-
rnis and mesophyll to evaporate below lines of stomata in the 
epidermis. 

Leaves of angiospenns have much more complicated 
venation than conifer needles. Look at a grass leaf with your 
hand lens. Parallel veins run the length of the leaf, but they are 
not all the same size.A few large veins have sevenl small veins 
lying between them (see Chapter 5 frontispiece). On closer 
inspection with a light microscope, all these parallel veins are 
connected at intervals by very small transverse veins (Figure 
5.4). There are in fact two vein systems with different func-
tions: large veins supply water rapidly to the whole length of 
a leafblade while small veins and their transverse connections 
distribute water locally, drawing it from the large veins. "Water 
in large veins flows only towards the tip, but in small veins it 
can flow either forwards or backwards along the Jeafblade or 
transversely between adjacent parallel veins. The distinction of 
flow patterns in large and small veins arises as a result of dif-
ferent vessel sizes. Large veins have wide vessels (c. 30 µm 
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Figure S.3 Transverse section of a pine needle. Notc the simplicicy of its 
venadon in comparison to that of a .grass (Figures S.<I and S.5) and a 
dicotyledon (Figur• S.7).A single. central vein bas rwo strands of phloem (p) 
and xylem (x), embedded in rramfusiOn tissue (t). T hese vasculat: tluues are 
aeparated &om chlorophyllous mesophyll (red) by an endodermls (e) with 
CUparian 11rip1 and suberised lamellac, through which water must pus out~ 
wards &om the xylem and sugnr must pass irlw3rJs t(> the phloem. Stomata 
In. the epidttml$ appear bluish. Rhodaminc ll stain , fluorescence optic.. Bar 
represents 100 J1111 
(Courtesy M . McCully) 

Figure S.4 The same leaf as in the f"1nl"I""'" for Ch.opt« 5, showing a luge 
and Wt:e small longitudinal veins and transverse veins connecting them. 
'Water moves along the leaf only in large (supply) veins, and enters small (dis-
iribucion) veins through transverse veins. In sinall wins it can movo in either 
diffccion in response to local pressure gradicnls. Small veins could carry up 
to two-thirds of the evaporared water. Scmi-dark-lid•I optks, blue .filter. Bar 
represents tOO f*n1 (see Colour Plai. xx) · 
(Courtesy of M. Mccully) 

diameter), while small veins have narrow vessels (c. 10 µm 
diameter). Applying Poiseuille's Law (Section 5.4.S(a)) for a 
faxed pressure gradient, volume flow in a large vessel will be 
304/104 = 810 times the flow in a small vessel. Put another 
way, pressure gradients along the leaf in large vessels will be 
very slight, but steep pressure gradients can develop locally in 
the mesophyll that will direct local flows in narrow vessels. 
Large veins supply water rapidly over the whole lamina while 
small veins distribute it locally and slowly. 

You do not see the vessels with your hand lens, you see the 
sheaths that surround xylem and phloem, much as an endo-
dermis surrounds vascular strands of a conifer needle. Grass 
leaf veins have one (maize) or two (wheat) sheaths of 
parenchyma cells enclosing the parallel veins and containing 
the xylem and phloem tissues, and all materials passing out of 
or into the transport tissues must go through these parenchy-
matous sheaths (Figure 5.5). 

Figure S.S TramvetJe hand·secdon of a &esh wheat leaf showing a single 
large (sapply) vein comprising three large vessels (v). The vein is surround-
ed by two sheaths ofllvlag cells, the intter mestome sheath (urowheads), and 
outer parenchyma sheath (*).The mestome sheath of these nins is imper-
meable to water. There is no apoplasmic path for water through the mestome 
sheath of large wlsss, except thmugh a connecting ttansvene vein. In small 
veini, by contnst, two or three mestome sheath cells next to the xylem per• 
mit llow of waler and solutes through the cell wall apoplMm. Water enters 
the symplasm at the Inner boundary of the pareochyma shHth (Cumy 1990). 
Phloem (p). Toluidine blue stain, bright field optics. Bar r~resents tOO f*n1 
(see Colour Plate D) 

A dicotyledonous leaf contains the same two vein systems 
as a grass leaf, but these are differently arranged. Large supply 
veins are prominent, comprising a midrib and two orders of 
branches off it, often standing out from the surface of the lam-
ina. These contain wide vessels and carry water rapidly to the 
leaf margins. Between them lie distribution veins, another two 
branch orders of small veins dividing the mesophyll up into 
islets about 1-2 nun across, and within these islets a fifth and 
final order of branches of the finest veins (Figure 5.6). The 
fourth- and fifth-onier branches have only narrow vessels.&;, 
in grass leaves, these vascular tissues are enclosed by bundle 
sheath cells through which materials must pass when leaving 
the xylem or entering the phloem (Figures 5.7 and 5.22). 



Figure 5.6 Whole mount of a cleared Jonf of E11calypt11s trou1/dl1t showing the 
more compile.red arrangement of .supply anJ distribution veins characlel"-
ialic of a d.icoryledonous Inf. Islands m•rkc<I out by large veins wi1h large 
veuels, I.a which water lo moved rapidly all o\'er die lamina, surround isleb 
of small veins with small vencl.s in wbich warer is slowly distributed locally 
to the mesophyll. Tbe ratio of small to l:ori:• vein$ in a dicotyledonous leaf 
i.s mach larger lhan in • gran leaf (se• Fi!:ure 5.4). A factor of 10 is nor 
uncommon, 1uggesting that c. 90"/. of e\•:oporated water comes from the 
small velm. Partial phase-contrast optic~. Jlar represents I mm (see Colou.r 
Plate a) 

Figw"e 5.7 'Ikanswrsa1ecdon ofa lcafof•oyh•an showing two of the 5mall-
est veins 1ur.rounded by bundle shcatl1 cells. Veins of this size arc at the end 
of che branching network 1hown in figure 5.~. auJ supply rnou water that 
ia evaporated. Befor10 proceuing, this lollf had been transpiring in a solution 
oflluorucenr dye for -40 minutes. The small vencls in each vein cont:i[n d>"' 
oolnlion which has become concentralc<I h~· water loss to 1he symplasm and 
out through the bundle I.heath. Oyu has st:1r1 ~d to diffuse aw.iy from small 
vessel& in the cell wall apoplas111 of bu11<!11· sheath cells. l\nh)·drous fr<?c~.,_ 
substirulion and SK·lioning, fluorosccncc optics. llar represents 50 flm (see 
Colour Pbre a) 

Any distribution network such as the branching vessels of 
decreasing size in leaves is found to obey Murray's Law. This 
states that the cube of the radius of a parent vessel is equal to 
the sum of cubes of the radii of the daughter vessels (e.g. a 
50 µm vessel would branch into five 30 µm vessels). Such a 
pattern of branching produces optimal flow in several senses: 
minimwn energy cost of driving that flow, minimum energy 
cost of maintaining the pipeline, constant shear stress at the 
walls of pipes, and rapid flow in supply pipes with slow flow 
in distributing pipes to permit exchange through the pipe 
walls (LaBarbera 1990). 

Vl\SCUlill\ !NTEGl\ATION At-IP l\£SOUll.CE STOMG£ 

5.2.3 Damage control 

Transpiration operates by suction, but leaves arc especially 
liable to damage by grazing and mechanical forces. Leaf ves-
sels therefore need special protection against air embolisms 
spreading in the vessel network that would block liquid Bow 
(Section 5.1).This is achieved at all points in the leaf distal to 
the node (i.e. petiole, large veins, small veins) by the vessels 
being very short. That is, files of vessel elements joined to 
make a single pipe with a terminal end-wall are much short-
er in the leaf than in the rest of the plant.Water Bows through 
vessel end-walls with little extra resistance, but an air-water 
interface cannot be pulled through an end-wall or pit mem-
brane (Section 5.1). The force needed to curve the interface 
into a meniscus small enough to pass through the end-wall is 
the same force as is generated by evaporation fiom wet cell 
walls (Section 5.2.1). To pull the interface through a hole of 
diameter Dµm requires a pressure of0.3/D MPa.While only 
0.1 MPa can pull an interface through a 3 µm hole, 6MPa is 
required to pull air through a 0.05 µm hole: cell walls have 
pores much smaller than 0.05 nun. So an embolism formed 
fiom cavitating water fills one vessel but does not spread 
beyond it. 

Short vessels are easily demonstrated by allowing a leaf to 
transpire in a fine colloidal suspension th.at cannot pass end-
walls. Latex paint, diluted 100 times with water and allowed 
to settle for a week or two, provides such a suspension. Leaves 
that have drawn up this suspension for an hour or so during 
transpiration can be cleared by dissolving out the chlorophyll 
and soaking in lactic acid. Progress of the paint is then readi-
ly seen (Figure 5.8).Very few vessels exceed 1 cm in length. 

figure 5.8 Cleared whole mount of• wheat leaf demomcradag lhe Jftqumt 
occurrence of end- walls in lellfveuels. The lemfwu fed an emulsion of peen 
latell paint in dte transpiration 11.uid &om a cur 1urface 6.5 nun lo the righc 
of the picture.At the right aide of the picture, two veuela in the cmtral large 
win (He fig.iN 5.5) are carrying paint. Halfway acro.s the picture (at anow-
head) the upper vettcl u blocked by ao end-wall through which lhe p.W.t 
puticleJ could not pua, although water continued to ftow. The paint in the 
lower vessel condnued for another 3 mm beyond the left of die picture, 
where an end-wall in that vfflel limited ill further progresa. Note that paint 
hu not pu1ed out of the large vein into transvene vein' where waler flowed 
hecawe pit membranH (Section 5.1) filtered out paint particles. Bdght-.field 
optics. Bu r10pr10aent1 100 µm (1ee Colour Place xx) 
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5.2.4 Unit pipe: generalised vein 
structure 

Amidst the great variety of plant leaf structures, pipelines car-
rying a transpiration stream have certain constant features. 
They consist typically of tightly packed xylem and phloem 
tissues surrounded by a parenchymatous or fibrous sheath. 
Both xylem and the phloem contain living parenchyma cells 
as well as their characteristic transporting conduits, vessels 
and/ or tracheids, plus sieve tubes. There are no intercellular air 
spaces, or only very small ones. The sheath acts both as a 
mechanical barrier that may confine pressure within the vein, 
and a permeability barrier that can control rates and places of 
entry and exit of materials. Exceptions are to be found at the 
ultimate ends of some dicotyledonous fine veins where tra-
cheids or sieve elements may be unaccompanied by other 
cells, in the transverse veins of grasses which have no sheath, 
and in some special veins at leaf margins where the sheath is 
absent on the xylem side {see below). 

5.2.5 Water extraction from the 
pipeline 

Vessels are not just pipes co carry water, they are pipes with 
holes in them (pits) through which water can leak out, ful-
fill.ing a principal leaf function of water distribution through 
the transpiration stream to places where it will evaporate. The 
branching network of vessels is beautifully adapted co achieve 
this. 

Think about fiow in a leaky vessel. The volume of forward 
flow varies as the fourth power of the radius (Poiseuille's 
Law). The frequency ofleaks through vessel walls varies with 
sutface area of the walls, that is, as the first power of the radius 
(21tr). So if the vessel is wide, forwa rd flow is much larger than 
leakage. The wide vessels in large veins supply water all over 
the leaf without losing much on the way. As the width of a 
vessel becomes smaller, the forward flow (a function of r4) is 
reduced much more strongly than the Leaks (a function of r). 
The proportion of extracted water increases in relation to for-
ward Bow. Indeed, for a fixed pressure gradient there is a crit-
ical radius ac which all water entering the vessels supplies 
leaks, and there is no forward flow at all. The finest veins of 
leaves have vessels of a diameter that is close to this critical 
value. As sap disperses into the fine ramifications of the net-
work, it moves more and more slowly forward, and leaks 
increasingly outwards through the sheath to the mesophyll. 
This is the rationale of the distributing networks of the small 
branched veins of both dicotyledons and grasses. 

Extraction of water from fine veins can be readily demon-
strated. Stand a cut leaf in an aqueous solution of dye, such as 
0.1% sulphorhodamine G and allow it to transpire for an 
hour. The solution moves rapidly through large veins all over 

the leaf in a few minutes. Then it moves increasingly slowly 
into the network of distributing small veins. By the end of an 
hour it has reached the ends of the finest veins and, as water 
is extracted from them, the dye becomes more and more con-
centrated (Figure 5.8). Sparingly soluble dyes crystillise out as 
solids in these small vessels.You may see these dye deposits by 
cutting hand-sections ofleaves under paraffin oil and mount-
ing these sections in oil (O'Dowd and Canny 1993). Solid dye 
is confined to the smallest veins, often in localised deposits 
{Figure 5.9). Whether dye movements give a reliable picture 
of the movement of natural solutes will be taken up below. 

This experiment reveals something else fundamentally 
important about water movement. Separation of dye from 
water is evidence of ultrafiltration. Water passes out of the pits 
in vessel walls and enters the pbsma membrane of bundle 
sheath cells; dye is excluded from these cells. This experiment 
shows that water was extracted from vessels into living cells. 

5.2.6 Solutes in the transpiration 
stream 

Much information available on the rate of solute transport 
through cell walls comes from studies of dye movement. Dye 
molecules are rather Large compared to inorganic solutes 
which make up xylem sap and therefore only give an approxi-
mate idea of diffusivity of nutrient ions through a cell wall. 
Movement of dyes from the finest veins to leaf surfaces 
100 mm away takes about 30 min, suggesting that diffusion 
rather than mass flow is responsible for solute distribution to 
cells. "Water turns over in a whole leaf each 10-20 min, 
demonstrating that solute movement through the cell wall 
apoplasm is one or more orders of magnitude slower than 
water movement. 

Figure 5. 9 Fnsh p•radernul hand-section ol a leaf of E14uly1t111 nr111tl,.t• 
whi<:h had been transpiring for 80 min In • aolutiou of sulphorbodamine G. 
The dye 1olution It present at low concm1r11tion in the wadi of the larger 
veins, but u not viaible at that concentration. In the anaUest wlm the dye 
bas become so concentrated by Joa of water to w rympl•sm th•t dye cryJ-
tab haw formed inside vessels (cf. Figun 5.8). S.ctionecl i11 oU, brlgh&-field 
optics. Bu repnsmb tao llt11 (1ee Colour Plue xx) 



To what extent do the conclusions about solute move-
ment reached from these experiments apply to the natural 
solutes? The most abundant cation of the transpiration stream 
is potassium (K.+), and its behaviour in the vessel nenvork has 
been worked out in some detail although diffusivities of such 
small inorganic ions through cell walls have not yet been mea-
sured. Potassium does not concentrate in the narrowest vessels 
as the dyes do, because the xylem parenchyma and bundle 
sheath cells have carrier systems in their cell membranes 
which rransport K+ to the symplasm. The tendency for 
apoplasmic K+ to become concentrated by water loss is thus 
counterbalanced by absorption into surrounding cells. High 
K+ concentrations recorded in leaf vessels {100-200 mM) 
probably reflect an abundance of K+ in living xylem vessels 
prior to maturation and release of cell contents (Canny 1995). 

5.2.7 
export 

Solute recycling: phloem 

All solutes in the transpiration stream will be subject to the 
general rules worked out for dyes or K+: a tendency to 
become concentrated as water passes rapidly through the 
symplasm prior to transpirational loss, entry of some solutes 
into the symplasm from a slow-moving exchange bed of fine 
veins, or, for ions not accepted by any living cells, a slow dif-
fusive spread in the cell wall apoplasm. Details for all solutes 
except K+ are still largely unknown. 

Potassium is known to be re-exported via the phloem 
(Section 5.1). In leaves, the concentrated sap flowing through 
the narrow xylem vessels of fine veins (Figures 5.4 and 5.6) is 
separated fiom sieve cubes of the phloem by only two or three 
parenchyma cells (e.g. Figure 5.5). Exchange from xylem to 
phloem is probably made by this direct path. Solutes travel jn 

the phloem back to stems, either distally to younger develop-
ing leaves and the stem apex or proximally towards roots. In 
clicoryledonous stems, solutes can re-enter the xylem by cross-
ing the cambium and being used on the way as an osmotic 
engine to swell the young secondary vessel elements. These 
solutes re-enter the transpiration strean1 when vessel elements 
mature and die to form functional xylem vessels (Canny 
1995). 

5.2.8 
cells 

Solute recycling: scavenging 

Recycling of solutes out ofleaves can also be fed by a variety 
of special structures adapted for processing rather larger vol-
umes of sap, and so suited for collecting solutes present in the 
stream at quite low concentrations. The transfusion tissue of 
conifer needles is one of these structures. As sap leaves the 
xylem of a vascular strand it moves through a bed of trachei-

VASCULAR INTEGRATION ANI> RESOURCE STORAGE 

Figure 5.10 Higher teaoludon view of the pine needle in Figure S.l show-
ing 1uberin/lignln deposits in radial walll of the endode.rmia (arrowheads) 
dt•t block difrudve movements through the cell wall apoplasm and con.line 
.lluxu 10 the sympwm. Tran1fu1ion tissue within doe endodermls comists of 
two cell type&, dud transfusion tracheids (dark). which contain !he transpi-
ration stream, and living transfu•ion puenchyma (dull red), which scavenge 
llO!ute1 f.roni the sttam •nd forwMd them through the endodermal 1ymplum 
10 the mesophyll celU.The complica1ed cmlies of the recessed stomal& mtt 

.lluore1cing bluc-whi[e. Rhodamine D stain. fluorescence optics. Bar .repr&-. 
unu SO ,..m. (see Colour Plue xx) 
(Coun•-sy of M . M cCully) 

ds mixed intimately with transfusion parenchyma cells (Figure 
5.10).The endodermis acts as the ukrafiltration barrier, allow-
ing water to pass through while leaving dilute solutes to accu-
mulate in transfusion tracheids. Transfusion parenchyma cells 
have very active H+ -ATPases in their cell membranes which 
accumulate selected solutes (certainly some amino acids} back 
into the symplasm for return to the phloem and re-export. 
Such actively accumulating cells are called scavenging cells. 

A tissue that acts in the same way is a special layer of cells 
in the central plane of many legume leaves (extended bundle 
sheath system or paraveinal mesophyll). It consists of scaveng-
ing cells with active H+ -ATPases and accumulates amino 
acids, stores them and forwards them to developing seeds via 
the phloem. 

Jagged 'teeth' on the margins of many leaves also contain 
scavenging cells.Veins carry large volumes of the xylem sap to 
these points, where evaporation is especially rapid. Within a 
' tooth', xylem strands end in a spray of small vessels among a 
bed of scavenging cells. Scavenging cells can thereby collect 
amino acids and load them into the phloem 

5.2.9 Solute excretion 

Not all the solutes of the transpiration stream are welcome 
back in the plant body. Some, such as calcium, are inunobilised 
in insoluble compounds (calcium oxalate crystals) and shed 
when leaves fall. Ochers are excreted through the surface of 
living leaves. A striking excretion system is found along the 
margin of maize leaves. Here the outennost vein has a single 
very wide vessel. Rapid evaporation from the exposed leaf 

u 

J 

0 



n 

158 

c 
f1 
t 

0 
n 

0 

0 
n 

I 

n 

D 

r 

PLANTS IN ACTION 

edge cooperates with this Low-resistance vessel to draw to the 
leaf margin all residual solutes that have not been taken out of 
the stream by other veins. Thus foreign material (like dyes) 
accumulates in this outermost vessd. The vein sheath is miss-
ing from the outer part of this vein so that vessels abut direct-
ly the air space at leaf margins (Canny 1990). Solutes are 
excreted from this marginal vein, dissolved out by rain and 
dew, and, more actively, at night time by guttation fluid when 
there is positive pressure in the xylem.A similar accumulation 
of dye from the transpiration stream is shown along the mar-
gin of a eucalyptus leaf in Figure 5 .11. 

figure S.11 Who!" mount of the living margin of the ~calypt Inf seccioned 
in figure 5.9 prepared after dye bad been fed to the cut petiole for 80 min. 
Dye hat tpread to the leaf margin in lat~ veins where it accumulates al high 
concentntiom. By analogy with maize leaves (Canny 1990) this is Jilcely to 
be a $)'Stem Cot excreting unW3nted solutes. Bright-field opdcs. Bar represents 
1 mm (see Colour Plate xx) 

5.3 Distribution of 
photoassimilates within plants 

5.3.1 Introduction 

Xylem conduits are responsible for delivery of water, inorgan-
ic nutrients and organic forms of nitrogen and phosphate to 
transpiring leaves (Section 5.2). Phloem conduits are sub-
sequently responsible for redistribution of such resources to 
organs such as apices and reproductive structures (including 
devdoping .fruit). These organs have inherently low rates of 
transpiration and thus sap import via xylem vessels. 

5.3.2 Source-path-sink concept 

Assimilation of carbon and nutrient resources and subsequent 
distribution are closely linked events. Resource distribution is 
analysed by considering a plant as a coordinated network of 
assimilatory regions (sources) linked to regions of resource 

utilisation (sinks). The vascular system provides a path for 
assimilate transport from source to sink. 

5.3.3 Source-path-sink transport 
processes 
Activities of the following key transport processes contribute 
to overall flow of photoassimilates through a source-path-
sink system (Figure 5.13). 

(a) Source processes 
Net export of photoassimilates occurs from fully expanded 
leaves (Figure 5.12) and long-term storage pools located 
along the axial transport pathway. Chloroplasts of C3 plants 
(Section 2.5) partition photoassimilates between the photo-
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Figure S.12 Time coone of sucrose and phoipbo.t11s (P) net import and 
export .&om • lw during its development. As a cucumber leaf expands. net 
sucrose export coincides with the rise in net leaf photosynthetic rare (0) to 
meet photoassimllate dem.andi ofyouag leaves. Once a leaf bas reached some 
30% of its final area, net photosynthesis by the whole leaf exceeds photo-
assimilace demand by growth procesns and so e~ceu sucrose CaJI be exporl-
ed. Thereafter, the rate of sucrose export closely follows photosynthetic race, 
reaching a maximum when the leaf reaches its final size and gndually 
declining thereafter. Import of P (and other mineral autrienCJ) concinues 
cluougbout leaf expansion and P export only starts once the leaf is fully 
expanded. Sucrose import and export were calculated from the clifferenco 
between rates of whole leaf photosyathe$is and dry maner gain 
ln$ed on Hopkinson 1964 
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cytoplasm through the post-sieve-element transport pathway 
(see Section 5.6), assimilates are either metabolised to satisfy 
the energy, maintenance and growth requirements of sink 
cells or are compartmented into polymer or vacuolar storage. 
Collectively, metabolism and compartmentation create a 
demand for assimilates which is ultimately responsible for dri-
ving phloem import. 

5.3.4 Photoassimilate transport and 
biomass production 

(a) Whole-plant growth 

Sink and source strength must be in balance at a whole-plant 
level Thus, an increase in whole-plant sink strength must be 
matched by an equal increase in source strength, either 
through increases in source activity or source size. Prior to 
canopy closure in a crop, much of the increase in source 
strength comes from increased source size, source activity 
remaining relatively constant. Significantly, until a leaf has 
reached some 30% of its final size, photoassimilates for leaf 
production are exclusively imported through the phloem 
fiom fully expanded leaves (Figure 5.12). 

On canopy closure, self-shading and senescence of the 
lower leaves result in whole-plant photosynthesis being 
restricted to the uppermost leaves exposed to direct sunlight. 
Under these conditions, either genetic or envirorunentally 
imposed differences in source activity can influence biomass 
production. 

(b) Photoassimilate transport and crop yield 
During domestication of crop planes, plant breeders selected 
for crop yield via maximum investment into harvested organs 
(mostly seeds). Total plant biomass production of advanced 
wheat is the same as its wild progenitors yet grain yield has 
increased some 30-fold through breeding (Table 5.2). That is, 
whole-plant source and sink strength have not changed. 

Table 5. 2 E11olu1ion of grain yield i11 1vlm1t a11d tlir contribution of 
photoassimilate partitioning. 171rougli do11t<'st icatio11, l11m1a11ki11d /1as devel-
oped wlieat by se/eaive breedingfrom ti dipltiid (2n) wild plant to tl1e 
modern lu:xaploid ( 6n) crop plant we kmnv rn1iay. With tltis development, 
grain yield per spike (car) /1as increased mon· tliat1 30:fold. A sign!frcant 
jador contributing to 1/ie incrcased grain yiclrl is a greater diversion of plio-
toassimilates to tlit etJr as shown by 1/11: re/at ive distribution pattern of '"C 
pl1otoassi111ilates exported from tltc flag h4 blndc. 

% "C in ear after 
Total grain yield "C02 exposure 

PJoidy level (mg per spike) of flag leaf 

Wild 2n 53 4 
Primitive 4n 882 29 
Advanced 611 1764 52 
(After Evans and Dunstone 1970) 

u 
Increases in wheat yield (Table 5.2) are associated with a 1 
diversion of photoassimilates fiom vegetative organs to the '-" 
developing grain, as illustrated by the relative accumulation of 
14C photoassimilates exported from the flag leaf (Table 5.2). J 

Final grain yield is not only detennined by partitioning of 
current photoassimilates, but also depends upon remobilis-
ation of non-structural carbohydrates stored in stems, particu- J 
larly under conditions where environmental stress impairs leaf 
photosynthesis (Wardlaw 1990). In fact, remobilisation of 
reserves affects yield in many food plants. For example, decid- J 
uous fruit trees depend entirely on remobilised photo-
assimilates to support flowering and fruit set as do early stages 
of pasture regrowth following grazing. 

5.3.5 Whole-plant distribution of 
photoassimilate 

J 
u 

Photoassimilate transport to harvestable organs plays a central J 
role in crop yield brought about by greater harvest indices. 
This raises questions about transport and transfer processes 
that collectively influence photoassimilate partitioning 1 l 
between competing sinks. .J 

Historically, these questions were elucidated by observing 
partitioning patterns of photoassimilates exported from J 
specified source leaves labelled with 14C supplied as a pulse of 
14C02• Following a chase period, in which 14C photo-
assim.ilates are transported to and accumulated by recipient J sink organs, the plant is harvested. The pattern of photo-
assimilate partitioning operating during the pulse is deduced 
from 14C activity accumulated by sinks (Figure 5.14). 

Photoassimilates are partitioned fiom source leaves to sinks 
in characteristic and reproducible patterns. For instance, in a 

Figure S.14 Photoauimilate disaibution in a rooted cuniag ofW.shmgton 
Navel orange. (Mounted specimen shown on left; matching autoncliograph 
on righr.) "CO, was supplied to source leaves (boxed atta top left) for a day, 

J 

J 
J 
J 
J 

and movement of t4C.Jabelled •Stlmll.ue followed by autotadiograph7 of J 
harvested plant material. "C photosynthates were distribused widely via ftl-

cwar conduits to sinks Including some roou and a fruit 011 an adjac•nt shoot 
(note stem labelling between sourcet and sinks). Neuby mahlte leaves fail.d 
to import; they wen additional sources of photosynthate. Vertical bar = 2 cm 
(Unpublished materi:al courtesy P.E. Kricden1ann (fornmly CSJRO, Honkultun: 
M<Tbcin)) 
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Leaf 
(Source) 

Sum 
(Axial pathway) 

Sesd fruit 
(Sink) 

Xylem Apoplumie stonp 

Figure S.13 Schematic d.i•gram of trarufer and cruuport processes con-
tributing to tho tlow of Hsimilates acquind from aerial or soil ienvironmenu, 
through the source-path-sink system. CO, 6.xed by phorosyntbesls in chloro-
plasts hu several possible fates (Chapter 2). lt either enrers phororespitation 
or sbrch biosynrhesiJ or crosses to the cytosol H 1rio1e phosphate (triose P), 
giving rise to sucroae. Somo sucroH can be stored in vacuoles of mesophyll 
cdls. Bom $WCh and vacuolar auuoso serve as temporary MOrage pooh from 
which the cyroplumic 1ucro1e pool ii replenished. Amino adds can be syn-
dte1ised from reduced carbon and nitrogen delivered in the transpiration 
stream. Sucrose, amino acids and mineral nutrients are loaded into sieve 

synthetic oxidative cycle and starch biosynthesis or release 
them immediately to the cytosol as triose phosphate for 
sucrose synthesis. In non-starch-forming leaves, high con-
centrations of suga~ can be accumulated in the vacuoles of 
mesophyll cells or made available for immediate loading into 
the phloem and export. Leaves also serve as secondary sources 
for nutrients and amino acids previously delivered in the tran-
spiration stream. Nutrients and amino acids can be exported 
in the phloem inunediately, or after accumulation in short-
term storage pools. 

An additional source of photoassim.ilates is located along 
the axial phloem path (petioles, stems, peduncles, pedicels and 
roots) as a result of leakage from the vascular tissues. Leaked 
photoassimilates accumulate in short- or long-term storage 
pools which serve as secondary sources to buffer pboto-
assimilate supplies to the sinks against shifts in export rates 
from the primary photoassimilate sources. 

(b) Path processes 
Assimilates including sucrose, amino acids and nutrients are 
transferred into sieve elements of fully expanded leaves against 

l'IJ.,. ........... .u..., 
Sucrooc 
Amlao acids 
Mincnls 
W.t•:r 

( ) y-e __ }\_ 
element~ompanlon cell (&e-<:c) complexes of leaf phloem for long-distance 
tran$pOrt to non-phorosyntheric sinks. These solures are exchanged reversibly 
between se-.;c complexes and short- and long-term arorage pools along the 
axial pathw.y. Short-term storage pools include phloem apoplasm, whereu 
the protoplasm of aon-tramport celh provides a long-tenn storage pool. 
nu.sport of solu tH Crom se-cc complexes to either storage pools or princi-
pal sinks is called phloem unloading. On reachlng the cytoplasm of princi-
pal sialt cells, photouslmilates and mineral nutrlentS support rospiralion and 
growth or ue ttored as solutes in vacuoles or polymers in amyloplasts 
(starch) or protein bodies (protein). 

significant concentration and electrochemical gradients. This 
process is referred to as phloem loading. The cellular pathways 
of phloem loading, and hence transport mechanisms and con-
trols, vary between plant species (Section 5.5). Longitudinal 
tranSport of assimilates through sieve elements is achieved by 
mass ftow and is termed phloem translocation. Mass flow is 
driven by a pressure gradient generated osmotically at either 
end of the phloem pathway, with a high concentration of 
solutes at the source end and a lower concentration at the sink 
end (Section 5.4). At the sink, assimilates exit .the sieve ele-
ments and move into recipient sink cells where they are used 
in growth or storage processes. Movement from sieve ele-
ments to recipient sink cells is called phloem unloading. The 
cellular pathway of phloem unloading, and hence transport 
mechanisms and controls, vary depending upon sink function 
(Section 5.6). 

(c) Sink processes 
Many sink organs are characterised by low rates of transpira-
tion (an exception is a developing leaf) so that most assimi-
lates are delivered by the phloem. Having reached the sink cell 



'Plant camposition in respect of: carbon an8 
nitrogen 
Dry matter of a typical gteen plant contains a large and rela-
tivdy const:mt.proportibn of carbon (35-500"'), virtually all of 
which is derived from photosynthetic fixation of C02 by 
leaves or other green parts. Comparable values f~r nitrogen in 
dty matter tenii to be more variable, with lowes~ levels in 
roots and sterns . (6.S-:1.5%) and considerably lligll.e~ levds ,in 
leav~ (~5%) W:lere mµeh nitrogen j~ asso.~at~~d with 
enzymes i,nvolvea ih pliotosynthesis. Higher levels ate <en--
countered in seeds (6--{7%) and other stor::age organs in· which 
large quantities of protein are being stored. 

Most plants rely. on nitrate (N03) or ammonium~(NH.t) 

in the soil as their prime sources of nitrogen but certain legu-
minow plants gain nitrogen directly from the atmo~herc by 
engaging in symbiosis with N2--fixing bactern in nodules on 
their roots (Figure 1A and B). White lupin is one such legu--

minous plan~. Accompanying photographs show a, Bowering 
shoot (Figure lB), nodules (Figure 1q and poC:ls (f:igure 10) 
of white lupin (Lupi nus a/bus L.). Subcellular details of a nod-
ule, with ba~erial symbionts clemy visible, are seen in a trans-
mission micrograph (Figure lA). 

Requirements of plant parts for carbon and 
nitrogen 
Corajder luP.in plants which are effectively nodulated ·and 
growi~g in a rooJ:ing medium t9. which all 1lll~ients except 
nitrogen have been supplied. Allocation . of carbo!l and nitro-
gen within the plant can then be eX2Jllined in tenns of the 
interrelatiorWilJ>S of two mutually dependent; self-supporting 
(autotrophic) processes - photosynthesis and .N2 fixation. 
Within such a system, nodules supply further .fued nitrogen 
only so l_ong as shoots export photosynthetically produced 
sugars. Shoots provide energy for nitrogen fixation, as weJl as 
carbon skeletons for synthesis of amino acids and other 
nicrogenou:s sohi~es. (Figure 3.22) which carcy fixed rtitrogen 
from nodilles to other plant parts. Conveciely, increasing 
demands for photosynthetic products as plants progtess 
through their life cycles can be met only if nitrogen from 
nodules continues to be available for expansion and function-
ing of new photosynthetic surfaces. 

One complication which pervades experimental study on 
a plant such as lupin is that the carbon and nit:I9gen status of 
differently aged parts of the plant change continuously over a 
growth cycle.Tiiis .,!s principally because new, actively grow-
ing tissues .continuously come .. on stream as use?S of carbon 
and nitrogen wpereas older plant parts pro~ssively lose dry 
matter and ~cWly nitrogen as they appro_ach senescence. 
Because of their high protein content and -relatively un-
thickened waIIS, young tissues require ni~n rather than 
catbon. At the same time, nitrogen can be mobilised most 
effectively back into the plant from older orgaqs prior to their 
senescence, since this nitrogen is attach·ed mostly to de-
gradable mQJerul~ such as protein. Conversely, car.boo in dry 
matter is.:aSs:O.c:i~ed mostly with the no~degradable fabric of 
cell wallscanCl is aecordingiy retrieved to a v~~ limited ·extent 
prior to oman and ~ue dc:ath. Thus, large :PIQp,<jrtlbns of the 
already accumlllafetl resources of nitrogen within a plant arc 
continuously recytled from old stem and leaf tissue to new 
leaves and eventually to fruits. Such recycling occurs to a 
much smaller extent with respect to catbon. 

Before one can understand how carbon anc} nitrogen are 
alocated to difr~rer:it organs over a pres~~d .interval of 
growth of a plintsuch as lupin, guantitativcl}I al>curate infor-
mation is req'1i~aon. the following: 

1. Changes in, camon and nitrogen contents of dry matter 
in eae>h plant ·part; 

....,I 
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2~ assessmen~ o'~et gaseous exchan~ of carbon as € 0 2 
occurrj~ m ;photosynthesis or .. ~iration of' each plant 
part; 

3. estimates of toeL nitrogen g:Hn of plants iby. Nvfucarion, 
as detemlihed bY,:'':s\unmation off.net increments or losses 
of~~ in plant parts over. the study period; 

4. estimates ·of net daytime photosynthetic gain of carbon 
by wholet:plants, as determined :trom measurements of 
increments or losses of caibon in organ dry matter, res-
piratol\}' losses Of carbon 15y .root,and f-odules~and night-
tim'~ resFinto~J.osses of Carbon(by tlie shoot s~tem. 

It then oecomes possible to,corifuuct simple motiels illus-
trating patterns or'consumption of carbon and nitrogen by 
various plant P.atts.Whese ate shown jn •Figure 2 for>a .specifi9 
we~ 'in the life of our lupin plant. ~cli"model visualises die 
proportional amounts of carbon or~trO~ bein~processed, 

using appropriately shaped 'cartoons'%for each chss of organ 
dl:awntoian area proportional to '!Jje ~p.ectiv.e amounts they 
gain {positi~'fwlue~f,Shapes·in full lines)tor'lo~ei(negati.ve val-
ues, sha,ees;ip :Oroken'lines) during the interval 'under exami-
nation. The model 1ror carbon (FJgure 2a). depicting propor-' 
tional :;!Ilpeation of tl:le 1961 mg carbon produced as net pho-
tosynthate, includes a stippled · halo around each plant part to 
represent the .respiratory losses accompanying a.specified gain 
or'loss of carbon by that part. Overall, we~.fina that S§e nodu-
Jated root (NR) consumes a ;very la)'g¢proportion (45%) of 
carbon ~nerated b-y the plant in net photosynthesis, and most 
ofthe carbon soiµsed is lost as respired C02 ratli~r'than·incor­
porated into dry matter. TJie two upper strata of leaflets CL.; 
and Jl.'4;, Figu~ 2b) consume the next gn:atest proportion 
(24%) followed by, the various leve~·o'fstem axis .plus petiOles 
(SP1-SP..) (22%), shoot-apex {A) (8%) and olderleaves ·(L1 and 
Li)1(4%). 

1.he ~UMllent allocition •cartoon' for the 194.~ nitro-
gen fixed in the study period (Fi~ 2b) .is Shaped!,V~ dif-
ferently. IA .is the dominant sink for nitrogen (38%) · rollowed 
by the~podulated root (NR) (29%), slipot apex '(A) (t 9%} and 
Li (9%); extremelyt modest gains by stem an'ii petiole tissue 
(SP) and net losses of nitrogen from the lower strata ofleaves 
(1-i and LJ ate observed. 

'Exchanges of car~on a,pd nitrogen in phloem and 
xylem 
So far we have not consideted the role o~Jong-diswtce tr.ms-
port conduits of ~lem and• phloem when caiboruand nitro-
gen are partitioneO. to fUlfil the requirements of p1ant parts 
(Fjgure 2).White lupin ?bleeds xyl~ fluid from the to'P,' of ii:s 
root after the shoot has been<CUt off; thus enabfing,.an inven-
tory to be made of organic so,.lutes passing up uom roots and 
nodules to shoots through i;lle xylem. 'lJmportandy, white 
lupin also bleeds from die sieve tubes ol its phloem, j£ shaµow 
cut:S are made !into stem, petiole or fi::u4 (Figure lD shows 
phloem sap bleeding from podS oflupin).Data from these sap 
samples are use&i:o assess what catbon and nitroj~tm.solutes are 
moving in the various streams of tmnslocate being ttansp.ort-
ed from any of the age groups of leaves to each of a number 
of possible consuming (sink) organs within the system. 
-Another legume, cowpea (Vigna unguilula!,a), also bleeds from 
phloem and has been used for studies similar to those 
described iliete for 1upin. Cowpea, however, bleeds only from 
its fruits and' onlyJf these are ccyopunctUred (Figure lE and 
F).To determine which soun:e leaves serve which sink ~gions 
widlln ::plants. 14C-'.feeding studies need to be conducted in 
single source leaves :wjtlch are 'fed Hto2 and the fate ofl14C-
'.J.abdled sucrose and other assimilates which they export are 
subsequently tracea!.'wlthin the plant. 
inned·~tfi tlie"ab.ov.e:~n£<mi;~a~q~~ ~ott1profile; can 



-and nodules~h.is substantial demafid b,y nodules for photo-
~te is most striking» During irhid-vegetative growth, '24% 
of the carbon of net photosyn'~e is translocated to nodules, 
over half of whi~h :is respired. and the remain4,er incorporat-
ed into nodiile dry· matter or returned to '.ili'e plant attached 
~fixation products. 

The complementary model for partitioning 1-000 units ot 
1iXed nitrogen revolves ~~undJ>ullf' expoq of newly £Ud 
nitrogen fiom noaules. As expeete.d, transpiriqg leaves act as 
principal ·initial destinations for such nitrogen. ~owever, a 
proportion of nitr.Qgen is transferred fi:om xylem to phloem 
within veins of lower le;ives, becoming available to roots.· 
Similar xylem to phloem. transfer in uiwer leaves> provides 
nitrogen for::·shoot. apices. 

Note tha,~ the three lowe,M tratl ofleaves ~-~,are, in 
effect, short changed ifor ,ni_trogen.. through withdrawal of 
nitrogen from xylem traces supplying these lower leaves.After 
withdrawal, this nitrogen passes back into xylem traces, mov:-
ing ·furth~r up di~ stem. 

:As a result, xYtem sap in the body of the stem becomes 
progressively enriched with nitrogen, and upper leaves thus 
receive considerably more nitrogen per urq_t oftranspirational 
actMty than nitrogen-deprived older leaves-'filrther down 'the 
canopy. Tills subtle shuttle system within a stem results in over 
40% of currently fixed nitrogen being targeted toward$ upper, 
still expanding leaves - the very site of greatest demand for 
nitrogen at. this stage in ·plant growth. 

Two other features of this model fqr nitrogen deserve 
mention: 

1. In a legume'totally dependent on its nodules for nitro-
gen,~parts 6frthe root system extending below or late.ral-
ly outwards beyond the nodules cimnot ~eive nitrogen 
directly from xylem since . tl;ie sap in chis tissue moves 
upwafds. Instead1they, gain nitrogen in!'lirectly. as phloem 
tr.mslocatesu11plied .from the shoot (Section 3.6). 
Consequently, xoots growing in soils deficiem":ininitro-
gen .V;;iJl be tight1y controlled by nitrogen ttom shoots. 

~ Suostantfal amounts o£·rutrogen movffig<tfuoqgp stem 
ocyiern into uppermost pam of'the shoot are shuttled lat-
erally act0ss to lie phloem stream"mQVing photos~­

thate from upper leaves to the·shoot apex.$he ape~­

acootdingl~ aequires 'much iiil,ore ni:tt9.gcn than ~>ne 
.Wo.tila -eye,r:,e~tt .from its weak; m nspiratiohal activ1ty 
or fiom tll.e .phl9Clll s~generated in the upper, · 
nune leaves~uch'lstem-located p,IOce~es of xylem to 
gllloem trmsfer, tog~her with v!em to ~lem transfers 
in lower .stems, comp.rise extremely unportant elements 
in differential p:artitioning of nitrogen and, mdeedt<Q£ a 
num6er of other nutrient.,dementsdn herbaceow plants 
~uch ~ bad~ ca.stet: bean, pea: and lu,ein (Pate-;21Jii 
JesclilCe 1995).JDenl'o.pStrations of suCh transfet' activity.· 
b,.etween ~lem and phloem dead}'. ,,Qll into dispute:p,re-
~ou.~!UP.positions that ~~i'UssuC$ ID ste~ plaY, 
merety _Eassi~'ll'Oles 'in str.ii~t thfu"ugh-put /jjf' solutes. 
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'funsport can be regulated at ~ points along the path-
way. 

Predictive use of partitioning models 
Although our model is 'empirically' based on actual obser-
vations md measurements construGted for ~ particubr set. of 
growth circwnstam:es, it can .still b .e used to predict what 
might hagpen if the system w~ to be pertutbed in any of a 
number of ways. Fm: instan:ct<, wqe. N2 fumtion suddecly to 
cease, the model would suggest that.x.ylem export of nitrogen 
from the nodulated root would cease alrnoscimmediately and 
that those ·organs first to suffer would be the shoot apex and 
any young leaves still dependent on ~lem to meet the 
demands oftheir growing photosynthetic tissues for nitrogen. 
Then, if. nitrogen starvation continued, senescence of lower 
leaves would comxnence and, acootdintfO the model, nitrogen 
xeleased would become· av.Wable mostly to root growth as 
opp.osed to resGu.ing upper shoots from nitrogen deficiency. 
Indeed, from observation, nitrogen starvation reduces new 
shoot growth, followed in tum by yellowing of leaves, md 
increased rather dun decre2Sed root growch. 

Further study 
Empirical models of the kind described in this essay may 
describe adequately events involved in partitioning of tarbon 
and nitrogen, but they still tell us virtu:illy nothing of the 

vegetative plant, lower leaves are the principal suppliers of 
photoassintllate to roots, whereas upper leaves are the princi-
pal suppliers to the shoot apex. Leaves in an intermediate 
position export equal quantities of photoassimilates in either 
direction. However, the pattern of photoassimilate partition-
ing is not static, it changes with plant development. In vege-
tative planes, the di.rection of flow from a leaf changes as more 
leaves above it become net exporters. Furthermore, at the 
onset of reproductive development, growing fruits or seeds 
become dominant shoot sinks for photoassimilates at the 
expense of vegetative apices. 

Photoassimilate partitioning patterns can be altered e.xper-
imenally by removal of selected sources (e.g. leaves) or sinks 
(e.g. fruits). These manipulative experiments demonstrate that 
photoassimilate partitioning reflects the relative strengths of 
individual sources and sinks. Properties of the phloem pathway 
connecting sources with sinks are examined in Section 5.4. 

Figure 5. 15 The role of buk (phloem) In 111gu movement in plants. Mason 
end Maskell (1928) demonscrated that remoriog a complete ring of bark (a) 
while leaving the wood (xylem) inuct prevented downward movement of 
sugar•. When a sa:lp of bark w111 reltlaed between upper and lower stem 
parts (b), sugan liowed downwu<b in indirect proportion lo the width of 
remaining buk. 

nature of the undedying cellular md molecular proc~es 
which modulate and regulate resource distribution in whole 
plants. To achieve such a picture, much more has to be learned 
about regulation of solute loading 21.ld unloading into both 
xylem and phloem elernenu. Particularly interesting in this 
connection would be a detailed study of how xylem to xylem 
or x)ilem to phloem tl2nsfers are ooon:iinated along the stem 
throughout the life of a plant and how these activities change 
in relation to supply and demand ofvarious donor and .recep-
tor regions of a pfant during a cycle of growth and develop-
ment. 
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5.4 Phloem transport 

5.4.1 Introduction 

Bark of a woody plant contains phloem but not xylem and 
the transport function of th.at phloem can be demonstta.ted by 
ring-barking (Figure 5.15). Using this approach, Mason and 
Maskell (1928) showed unambiguously that sugar transport 
through stems of cotton plants was dependent on a rontinuity 
of bark but independent of contact with xylem. Phloem is 
thus a living tissue, and metabolic energy is needed for phloem 
to work. 

5.4.2 Characteristics of phloem 
transport 
(a) Phloem structure 
Phloem is made up of phloem fibres, phloem parenchyma, 
sieve cells (sieve elements) and their accompanying companion 
cells (Figure 5.16A). Sieve elements are ideally suited for rapid 

Figure 5.16 (a) Spada! arrangement of cell types in a vasculat strand &om 
the primary •tem of Plt41tolw ,,./f"ri.J (Freac;h bean): electron mlaognphs of 
stem phloem of c,,,,,.,.,,., ""'";""' (b, c) and P. ""'J:•rit (d) illustrating signifi-
cant nructural characteriJtics of aieve elemen11 and companion cells. (a) 
Conducling cells of the phloem (sieve elemenll) •nd accompal'?'inc com-
panion cells form group• of cells that an 1eparai.d by phloem parencbyma 
cella. Th.is moaic of cells iJ located betwun the cortu and xylem and 
capped by phloem libre1. Bar represenu 7.lµm. (b) A Jongitudb>al secdo.a 
through two sieve elements arranged end to e.ad co form put of a sieve cube. 
Companion cent can aho be seen. Tht abutting wall (sine pla1e1) displays 
characteristic membrane--liaed sieve pons (arrowheadi). Cytoplasm of the 
sieve elemeu11 hu larcely degeneraled leaving only endoplasmic nciculwn 
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transport of substances at high rates over long distances. They 
are elongate and are arranged end to end in files referred to 
as sieve tubes (Figure 5.16B). Abutting sieve elements are 
interconnected through membrane-lined pores (sieve pores) 
with large diameters (1 to 15 µm). These pores collectively 
form sieve plates (Figure 5.16C). The transport capacity of 
sieve tubes is dependent on a developmentally programmed 
degeneration of the sieve element protoplasm (cell contents) 
leaving an open, membrane-bound tube. In mature con-
ducting sieve elements, the protoplast is limited to a function-
al plasma membrane enclosing a sparse cytoplasm containing 
low densities of plastids, mitochondria and smooth endo-
plasmic reticulum distributed along the lateral walls (Figure 
5.16D). These relatively empty sieve tubes provide a longitu-
dinal network which conducts phloem sap (Figure 5.16B). 

Sieve clements are closely associated with one or more 
companion cells, forming a sieve element-companion cell 
(se-cc) complex (Figure 5.16D) that plays an important role 
in transport. These distinct cell types result from division of a 
common procambial mother cell. In mature se-cc complex-
es, relatively open sieve elements contrast with adjacent com-
panion cells containing dense, ribosome-rich cytoplasm with 
a prominent nucleus and abundant mitochondria and rough 

(anowa) md a few plastidi arouad the mahlre sieve elemenr. Bar nopresenu 
5 pm. (c) A face view of parl of • sieve plate showing sieve pore• (anow-
headi). llu repreuats O.S pm. (d) 'TnDJvttse Hedon through • deve element 
•ad ill accompanylnc companion ceU illuaer.tinc the spane cytoplasm and 
low densky of orpneDes ia lhe sieve elemenr conttuting with lhe dense 
ribOJOme-rich cytoplasm oC lhe nucleated companion ceU. Note die mito-
chondria and rough endoplaunic reticulum. Bar repreaeats 1.0 1"11· c, cortex; 
cc. companion ceU; e, epidermis; er, endoplurnlc redculum; m, mico-
choadrioa; n, nucleus; p, pllh: pf, phloem libre1; pp, phloem parenchyma; se, 
lien element; sp, sieve plates; vc, va1cular cambium: x, xylem. 
(b and c b:ued on R,a,.,,n ti ol. 1992) 
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Figure 5.18 Microautoradiognph1 of (a) transverse and (b) longitudinal 
uctiom of P"4Jul111 ,,,.,,,.,;, stern tiuue illustrating localisation of "C-labelled 
photo1yndi.ie in sieve tubes. Tbue ucdom are obtained by snap f.rnzing 
plant lissue and removing f.roun wuer by sublirnar:ion (e.g. fru:ze-d.rying or 
&eeze substitution). "C-labeUed compounds do not move during pre• 

Figure US Micflm>toradio.r;rapbs o( (a) tnnsvene md (b) loagitudJml 
sections o( Pltue•I.,. ""1lflrlJ stem tiuue ill.iutnting loc:ali&ation of"C-labelled 
photosynthace in sieve tubH. These ucriom are obtained by 111ap .freezing 
plant tit1ue and removing f.rozm -tor by sublimation (e.g . .&eeu-drying or 
U..eze substitution). "C-labelled compounds do nol move during pn-
paration. Tissues au embedded in absolute dryness and thin seclions ue cut, 
mounted dry on microscope slides J1J1d ovcirlain 'With a thin film of photo-
graphic emulsion. Sliver grains we visible In the emulsion whue "C, an Ideal 
radioisotope for these experimentl, Irradiates the film. Abbreviations: ae, 
sieve element; pp, phloem puenchyma; vb, vucular bundle. 

endoplasmic reticulum (Figure 5.160 ). High densities of ex-
tensively branched plasmodesmata in contiguous walls of sieve 
clements and companion cells (Figure 5.17) account for 
intense intercellular coupling in se-cc complexes (van Bel 
1993). Thus, companion cells are considered to perform the 
metabolic fimc;tions surrendered by, but required for, mainte-
nance of viable sieve elements. This functional cooperativity 
has led to the concept of se-cc complexes being responsible 
for phloem transport. 

(b) 

1e 

cc 

er lumen 

Sieve dement 
reticulum (ser) 

Plasma 
membrane 

paracion. Tissues ue embedded ;n • bsolu1e dryness and thin ucciom ue cut, 
mounied dry on mkroscope slides ... d overlain with a lhin film of pho10-
gnphic emulsion. Silvu grains ue vilible in lhe emulsion where "C, ui ideal 
radioisotope for theJe esperimeo1:1, irradiates die film. Abbreviations' se, 
1ine element; pp. phloem parrnchyma; vb, vucular bundle. 

(b) Visualising the translocation stream 
Transport of radioactively labelled substances through phloem 
has been demonstated using microautoradiography (Figure 
5.18), providing irrefutable evidence that sieve elements are 
conduits for transport of phloem sap. Experimentally. a pulse 
of 14C02 is fixed photosynthetically and 14C-labelled sugars 
are given time to reach the stem, which is then excised and 
processed for microautoradiography. As He first moves 
through the stem, most of the isotope is confined to the trans-
port pathway and very little has had time to move laterally 
into storage pools. High densities of 14C-labelled sugars are 
found in sieve elements (Figure 5.18), demonstrating that 
these cells constitute a tra.nSport channel. 

(c) Phloem sealing mechanisms 
Herbivory or cnvironmenw factors causing physical clanuge 
could pose a threat to transport th.tough sieve tubes and has 
undoubtedly imposed strong selection pressure for the evolu-
tion of an efficient and rapid sealing mechanism for damaged 
sieve tubes. Since sieve-tube contents are under a high turgor 
pressure (P), severing would cause phloem contents to surge 
from the cut site, incurring excessive assimilate loss in the 
absence of a sealing mechanism. For dicotyledonous species, 
an abundant phloem-specific protein (P-protein) provides an 
almost instantaneous seal. P-protein is swept into sieve pores 
where it becomes entnpped, thus sealing off the damaged 
sieve tubes. Production of callose (~(1 ~3) glucan) in 
response co wounding or high temperature stress is another 
strategy to seal off damaged sieve tubes. Callose also seals off 
sieve pores during overwintering in deciduous plants. Callose 
is deposited between the plasma membrane and cell wall, 
eventually blocking sieve pores. Whether deposited in 
response to clanuge or overwintering, callose can be degrad-
ed, allowing sieve tubes to regain transport capacity. 



5.4.3 Chemical nature of 
translocated material 

(a) Techniques to collect phloem sap 
Since phloem translocation is confined to sieve elements 
embedded within a tissue matrix, it is difficult to obtain 
uncontaminated samples of mnslocated sap. The least equiv-
ocal approach has been to take advantage of the high P of 
sieve tube contents. Puncturing or severing sieve-tubes should 
cause exudation of phloem sap provided a sealing mechanism 
is not activated. 

For some plant species, sieve-pore sealing (Section 
5.4.2(c)) develops slowly, or can be experimentally down-
regulated by massage or repeated excisions (Milburn and 
Kallarackal 1989). Carefully placed incisions that do not dis-
turb the underlying xylem of these species permit collection 
of relatively pure phloem sap exuded through severed sieve 
tubes (see Case scudy 5.1). The excision technique has been 
expanded to plant species that do not readily exude, by chem-
ically inhibiting the sealing mechanism. Callose production is 
blocked when wounded surfaces are exposed to the chelating 

VASCULAR INTEGRATION AND ."-£SOURCE STORAGE 

agent ethylenecliaminetetraacetic acid (EDTA) by complexing 
with calcium, a cofactor for callose synthetase. Immersing 
whole, excised organs in EDTA solution, which is essential to 
inhibit blockage, risks contaminating sap with solutes lost 
from non-conducting cells. This is not an ideal technique. 

Enlisting sap-sucking aphids to sample sap has been more 
successful. Aphids can guide a long syringe-like mouthpart (a 
stylet) into conducting sieve elements (Figure 5.19). Pressure 
normally forces sieve-tube sap through the stylet into the 
aphid's gut where it becomes food or is excreted as 'honey-
dew'. By detatching the aphid from its mouthpart pure 
phloem sap can be collected from the cut end of the implant-" 
ed stylet. 

(b) Chemical analysis of phloem sap 
Chemical analyses of phloem sap collected from a wide range 
of plant species have led to a number of generalisations (e.g. 
Milburn and Baker 1989). Phloem sap is a concentrated 
solution (10 to 12% dry matter), generating an osmotic pres-
sure (P) of-1.2 to -1.8 MPa. Sap pH is characteristically alka-
line (pH 8.0 to 8.5). The principal organic solutes are non-
reducing sugars, amides (glutamine and asparagine). amino 
acids (glutamic and aspartic acids) and organic acids (malic 
acid). Of these solutes, non-reducing sugars generally occur 
in the highest concentrations (300 to 900 mM). Nitrogen is 
transported through the phloem as amides and amino acids; 
nitrate is absent and ammonium only occurs in trace 
amounts. Calcium, sulphur and iron are also absent from 
phloem sap while all other inorganic nutrients are present, 
particularly potassium which is commonly in the range of 60 

Figure .5.19 Aphids can be used to collect phloem sap. Top photograph: a 
feeding aphid with its ltylet embedded in a &ieve tube (1ee insert). Note the 
chop of'honeydew' be.Ing exCl'eted &om the aphid's body. Plates (a) to (e) 
show a sequence of scylet cuning with an RP mlcrocautery unit at about 
J-6 a intervak (a to d) followed by a two•minute in1erval (d to e) which 
allowed e:itadate to accumalate. The atylet has just been cut in (b); droplets 
ofhemolymph (aphid origin) are visible in (b) and (c);once the aphid moves 
to one side the first exudate appears (d), and within minutes a dropler (e) is 
available for microanalysis. Scale ban: top = ?? , borrom = ?? (see Colour Plare 
xx) 
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to 120 mM. Physiological concentrations of auxins, gib-
berellins, cytokinins and abscisic acid have been detected in 
phloem sap along with nucleotide phosphates. The principal 
macromolecule is protein, comprised largely of P-protein in 
dicotyledons, but a number of enzymes are also detectable. 

(c) Significance of the chemical forms translo-
cated 
Phloem sap provides most inorganic and all organic substrates 
necessary to support plant growth (see Case study 5.1). Non-
transpiring tissues are particularly dependent on resources 
delivered in the phloem (Section 5.3.1). That translocated 
sugars represent the major chemical fraction of the phloem 
sap (see Section 5.4.J(b)) is consistent with the bulk of plant 
dry matter (90%) being composed of carbon, hydrogen and 
oxygen. Carbon transport is further augmented by transport 
of nitrogen in organic forms. 

Carbohydrate is translocated as non-reducing sugars in 
which the metabolically reactive aldehyde or ketone group is 
reduced to an alcohol (mannitol, sorbitol) or combined with 
a similar group fiom another sugar to form an oligo-
saccharide. Apart from sucrose, transported oligosaccharides 
belong to the raffinose series. In this series, sucrose is bound 
with increasing numbers of galactose residues to form 
raffinose, stachyose and verbascose respectively. However, 
sucrose is the most common sugar species transported. In a 
small number of plant families, other sugar species pre-
dominate. For example, the sugar alcohol sorbitol is the prin-
cipal transport sugar in the Rosaceae (e.g. apple) and stachyose 
predominates in the Cucurbitaceae (e.g. pumpkin and 
squash). Exclusive transport of non-reducing sugars probably 
reflects packaging of carbohydrate in a chemical form which 
protects it fiom being metabolised. Metabolism of these trans-
ported sugars requires their conversion to an aldehyde or 
ketone by enzymes which are absent from sieve-tube sap. 

5.4.4 Phloem flux 

Phloem flux can be estimated in a number of ways. The sim-
plest is to detennine dry weight gain of a discrete organ con-
nected to the remainder of a plant by a clearly defmable axis 
of known phloem cross-sectional area. Developing fruits or 
tubers meet these criteria. Sequential harvests from a popula-
tion of growing fruit or tubers provide measures of the organ's 
net gain of dry matter imported through the phloem. Net 
gains or losses of dry matter resulting fiom respiration or pho-
tosynthesis are incorporated into calculations to give gross 
gain in dry matter by the organ. Flux of dry matter through 
the phloem (specific mass transfer - SMT; Canny 1973) can 
then be computed on a phloem or preferably on a sieve-tube 
lumen cross-sectional area basis. Area estimates can be ob-
tained from histological sections of the pedicel or stolon that 
connects a test organ to its parent plant. Expressed on a phloem 

cross-sectional area basis, SMT estimates are normally in the 
range of2.8 to 11.1 g m-2 phloem s-1 (Canny 1973). Flux on 
the basis of sieve-tube lumen cross-sectional area is preferable 
but relies on identification of sieve tubes and the assumption 
that they are equally functional as tnnsport conduits. Sieve 
tubes account for some 20% of phloem cross-sectional area, 
suggesting fluxes are about five-fold higher through a sieve-
tube lumen. 

Speed of phloem translocation can be determined fiom 
simultaneous measurements ofSMT and phloem sap concen-
trations as shown in Equation 5.1 below: 

Speed (m s-1) = SMT(g m-2s-1)/concentration 
(g m-3) (5.1) 

Substituting sucrose concentrations and SMT values into 
Equation 5 .1, phloem sap is estimated to move at speeds of up 
to 56 x 10-5 m s-1 or 200 cm h-1• These estimates have been 
verified by following the movement of radioisotopes intro-
duced into the phloem translocation stream. 

These estimates of transport rates and speeds tacitly assume 
that phloem sap moves through sieve tubes by mass flow 
(water and dissolved substances travel at the same speed). In-
dependent estimates of transport rate, concentration of phloem 
sap and translocation speed lend support to, but do not veri-
fy, the assumption that movement occurs as a mass flow. 

A simple and direct test for mass flow is to determine 
experimentally whether water and dissolved substances move 
at the same speed. This test should be relatively easy to apply 
using radioactively labelled molecules. Unfortunately, in 
practice it turns out that different molecular species are not 
loaded into the sieve tubes at the same rates and the plasma 
membranes lining the sieve tubes are not equally permeable 
to each substance. Thus, the analysis is complicated by the 
necessity to use model-based corrections for rates of loading 
into and losses from the sieve tubes. Nevertheless, the speed 
estimates obtained from such experiments are found to be 
similar for dissimilar molecules, supporting the proposition 
that mass flow accounts for most transport through sieve 
tubes. 

5.4.5 Mechanism of phloem 
translocation 

Phloem translocation is generally believed to be driven by 
pressure. MAnch (1930) proposed that a passive mass flow of 
phloem sap through sieve tubes was driven by the osmotical-
ly generated pressure gradient between source and sink 
regions (Figure 5.20).At source regions, the principal osmot-
ica of phloem sap are actively loaded into sieve tubes, thereby 
driving water towards the lower water potentials within sieve 
tubes (Section 4.3). As water enters, P rises. Unloading of 
solutes fiom sieve tubes at sink regions reverses water poten-
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figutt S.20 Scheme describing the pre9'nre-Bow hypothesis of phloem 
cram port 
(Afcer Milnch 1930) 

tials; water Bows out of sieve tubes and P falls relative to that 
of sieve tubes in source regions. 

The pressure-flow hypothesis can be modelled using the 
relationship that rate of mass Bow (Fj) of a substince is given 
by the product of speed (S) of solution ftow, path cross-sec-
tional area (A) and its concentration (C). That is: 

Fr= S.A.C (5.2) 

Speed (m s-1) has the same units as volume flux Uv - m3 m-2 

s-1) of solution passing through a transport conduit. 
Poisseuille's Law describes the volume flux Uv) of a solution 
of a known viscosity (Tl) driven by a pressure difference (d.P) 
applied over the length (/) of pathway of radius (r} as: 

(5.3) 

The tenn nr4/8T)I in Equation 5.3 provides an estimate of 
hydraulic conductivity (Lp) of the sieve-tube conduit which is 
set by the radius of the sieve pores. Raised to the fourth 
power, small changes in the sieve-pore radius will exert pro-
found effects on the hydraulic conductivity of the sieve tubes 
(Section 5.2).The viscosity of sieve-tube sap is detennined by 
the chemical species (particularly sugars) and their con-
centrations in the phloem sap. 

Key features of the pressure-flow hypothesis are en-
capsulated in Equation 5.3. The central question is whether a 
pressure gradient exists in sieve tubes with the expected direc-
tion and of sufficient magnitude to support observed rates of 
sap Bow. Indirect estimates of P in sieve tubes made through 
detennination of intra- and extracellular n support the pres-

VASCULAR INTEGRATION ANO RE.SOUR.CE STORAGE 

sure-flow hypothesis. Direct measurements of sieve-tube Pare 
technically challenging because of the inaccessibility of these 
small, highly turgid cells. They are, for instance, too small for 
pressure-probe measurements. However, manometric pressure 
measurements severed aphid stylets agree with indirect esti-
mates (Wright and Fisher 1980). Experimental manipulation 
of the pressure gradient between the source and sink also 
results in alterations in phloem translocation rates consistent 
with the pressure-flow model. 

Whether the pressure gradient is sufficiently steep is a 
more vexing question. The pressure gradient required to drive 
phloem translocation at observed rates is determined by the 
transport resistance of the phloem path, according to Ohm's 
Law. Dimensions of the sieve pores set a limiting radius for 
volume flux of transported sap (Equation 5.3) and hence 
transport resistance. If the sieve pores were open and un-
occluded by P-protein, a number of studies have demon-
strated that the measured pressure gradients are sufficient to 
support the observed rates of flow. However, the in situ radii 
of sieve pores remain unknown. 

Overall, the pressure-fl.ow hypothesis accounts for many 
observed fearures of phloem trans1ocation, including distri-
bution of resources. While conclusive evidence supporting 
this hypothesis is still sought, less attention is now focused on 
this issue with a growing appreciation that the phloem path-
way has spare transport capacity. Evidence from Kallarackal 
and Milburn (1984), for example, showed that SMT (Section 
5.4.4(a)) to an intact fruit of castor bean could be doubled on 
removal of competing fruits. Moreover, if P of sieve elements 
at the sink end of the phloem path was reduced to zero, by 
severing the pedicel and allowing exudation, SMT rose to an 
incredible 305 g m-2 sieve-tube area s-1! In another experi-
ment, when half the conducting tissue was removed from the 
peduncle of sorghum or wheat plants, grain growth rate was 
not impaired (Wardlaw 1990). Together, these observations 
imply that phloem has excess carrying capacity in both dicot-
syledons and monocotsyledons. Particularly in mono-
cotyledonous plants, a strong selection pressure for spare 
transport capacity must exist because there is no vascular cam-
bial activity to replace damaged sieve elements. 

5.4.6 Control of assimilate 
transport from source to sink 

Loading of sugars, potassium and accompanying anions into 
sieve tubes at sources determines solute concentrations in 
phloem sap (Table 5.3). The osmotic pressure of these solutes 
influences P generated in sieve tubes. Thus, source output 
detennines the total amount of assimilate available for phloem 
transport as well as the pressure head driving transport along 
the phloem path to recipient sinks. Withdrawal of assimilates 
from sieve tubes at the sink end of the phloem path, by the 
combined activities of phloem unloading and metabolism/ 
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compartmentation (Table 5.3), determines n of phloem sap. 
Other sink-located membrane transport processes inBuence 
n around sieve tubes. The difference between intra and 
extracellular n of sieve tubes is a characteristic property of 
each sink and determines P in sink sieve tubes. 

Table 5. 3 Properties and processes of the source, phloem p11th and sink 
w/Jich influenu tlie driving variables for phloem transport and thereby 
determine pressure-driven assimilate flow through phloem (sec Equations 
5.2 and 5.3) 

Transport Phloem transport Property or 
component variable• process 

Source Assimilate concentration (q Net photosynthetic 
Turgor pressure (P, .. ,..) rate; allocation to 

storage pools; phloam 
loading 

Phloem path Assimilate concentntion (q Unloading/reloading; 
Lumen cro•s-sectional area (A) Sieve-element number; 
Hydfaulic conductivity <4 Sieve-pore radius 

Sink Tu rgor prcssu re ( P, .. J Phloem unloading; 
Com2artmentation metabolism 

The pressure difference between source and sink ends of 
the phloem pathway drives sap flow (Equation 5.3} and hence 
phloem translocation rate (Equation 5.2) from source to sink. 
The source and sink processes goventing che pressure dif-
ference (Table 5.3) are metabolically dependent, thus render-
ing phloem translocation rates susceptible to cellular and 
environmental influences. The pressure-Bow hypothesis pre-
dicts chat the phloem path contribution to longitudinal trans-
port is determined by the structural properties of sieve tubes 
(Table 5.3). Variables of particular importance are cross-sec-
tional area (A) of the path (determined by numbers of sieve 
pores in a sieve place and sieve-tube numbers) and radius of 
these pores (sets r in Equation 5.3). These quantities appear in 
Equations 5.2 and 5.3. Thus, the individual properties of each 
sink and chose of the phloem path connecting that sink to its 
source will deterrnine the potential rate of assimilate import 
to the sink (Figure 5.21}. 

The tr:msport rate (R) of assimilate along each phloem 
path, linking a source with each respective sink, can be pre-
dicted from the pressure-flow hypothesis (see Equations 5.2 
and 5.3) as: 

(5.4) 

where path conductance (~aiiJ is the product of path 
hydraulic conductivity (Li.) and cross-sectional area (A). 
Hence, the relative flows of assimilates between hypothetical 
sinks (sink 1 and sink 2) shown in Figure 5.21 may be 
expressed by the following equation: 

Kj,ath I <P1ourct-Psink 1)C 
~ath 2 (P r.ource-Psink ~C 

(5.5) 

Partitioning of assimilates between two competing sinks is 
thus a function of path conductance and P at the sink end of 
the phloem path (Equation 5.5). Since phloem has spare 
capacity, any differences in the conductance of the inter-
connecting paths (Figure 5.21) would exert little influence on 
the rate of phloem transport to the competing sinks. 
Assimilate partitioning between competing sinks would then 
be determined by the relative capacity of each sink to depress 
sieve-tube P ac the sink end of the respective phloem path. 
Even when differences in path conductance are experi-
mentally imposed, phloem transport rates are sustained by 
adjustments to the pressure differences between the source 
and sink ends of the phloem path (Wardlaw 1990). 

Figure 5.21 Scheme describing photoatsimibte flow tiom a sour<:• leaf 
linked to two compecing sinks, Sink 1 a.od Sink 2. Auimilate !lows through 
altemacive phloem paths (Path 1 a.nd Pach 2) each with its own conductance 
CK,.,.> and preuure difference (P) becwa.n source and sink. Heoce Path t ii 
distinguished by K,.,., u:td P •• ., and Path 2 by K,. .. , aod P, • .,. 

These conclusions have led to a shift in focus from phloem 
transport to phloem loading and unloading, which are instru-
mental in determining the amount of assimilate translocated 
and its partitioning between competing sinks, respectively. 

5.5 Phloem loading 

5.5.1 Introduction 

Phloem loading plays a central role in determining pro-
ductivity. Photoassimilates are loaded along the entire phloem 
transport pathway, from photosynthetic leaves to importing 
sinks. While most photoassimilate loading occurs in photo-
synthetically active leaves, root-produced metabolites, such as 
amino acids, move readily from xylem to phloem particularly 
at the stem nodes (see Case study 5.1). Phloem loading also 
occurs in storage organs during periods when reserves are 
remobilised and exported. Indeed, the membrane transport 
events contributing to phloem loading were first examined 
using export of sucrose remobilised from the endosperm of 
germinating castor bean seed as an experimental model 
(Kriedemann and Beevers 1967). 

Events in leaves dominate this account of phloem loading. 
However, resources supplied from the xylem and during 



remobilisation of stored reserves will also be considered. An 
opening analysis of the cellular pathway for assimilate loading 
is followed by insights into mechanisms and controls of 
phloem loading. 

5.5.2 Pathway of phloem loading 
in source leaves 

(a) Delineating the transport path 
Phloem loading is used variously to describe transport events 
outside, and inside, phloem tissues of leaves. The broader gen-
eral application is adopted here - that is, phloem loading 
describes photoassimilate transport from the cytoplasm of 
photosynthetic mesophyll cells to se-cc complexes of leaf 
phloem. 

Phloem loading commences in mesophyll cells and ends in 
the leaf vascular system. The se-cc complexes occur in a wide 
array of vascular bundle sizes. In dicotyledonous leaves, veins 
undergo repeated branching, forming the extensive minor 
vein network described in Section 5.2. For example, sugar 
beet leaves contain 70 cm of minor vein per cm2 of leaf blade, 
while the major veins contribute only 5.5 cm per cm2 ofleaf 
blade (Geiger 1975). These observations and physiological 
studies (van Bel 1993) show that the principal site of phloem 
loading is in the minor vein network of dicotyledonous 
leaves. In contrast, the ma.jar veins transport loaded photoas-
similates out ofleaves (Section 5.2.2). 

Figure 5.22 'I'ransmiuion elecln>n micrograph through a minor nin of a 
l0111'.Ce leaf of maize (Zt11 '""fl L). This 'lllllCular hunclle consists of two aleve 
e!.menla (st), one :irylem vessel (v) and .five vascular parenc:hyma cells (vp). 
TheH 1leve· elemenu are of two types, one thin walled and accompanied by 
a companion cell, the other thldt walled and adjacent to the xylem vessel. 
Other symbols are: bt, bundle sheath: cc, companion cell; Is, inten:ellulu 
1pace; 1t, sieve tube. Bar repreunu •.2,,.,, 
(Based on Even a .J. 1978) 
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Minor veins usually comprise a single xylem element, vas-
cular parenchyma. cells and one to two sieve elements sur-
rounded by one to four companion cells (Figure 5.22). The 
s~c complex in minor veins bears similarities to that of 
stems (Figure 5.16). Companion cells have dense cytoplasm 
containing many mitochondria and are often considerably 
larger than the sieve elements they accompany. Companion 
cells are symplasrnically connected to the associated sieve ele-
ments by branched plasmodesmata (Figure 5.17; Section 
10.1.2). 

Cross-sectional areas of veins in monocotyledonous leaves 
reveal large and small parallel veins (Figure 5.4). Photo-
assimilates are loaded into the small veins and conducted 
through large veins. Fine transverse veins carry photo-
assirnilates loaded into small veins across to large veins for 
export. 

(b) Cellular pathways - symplasmic versus 
apoplasmic 
Photoassimilates could move intercellularly through intercon-
necting plasmodesmata from chloroplasts in mesophyll cells to 
the lumena of sieve elements (symplasmic phloem loading) or 
cross plasma membranes, travelling part of the route th.rough 
the cell wall continuwn (apoplasmic phloem loading). These 
fundamentally different pathways are shown schematically in 
Figure 5.23. Debate persists over which cellular pathway of 

Mesophyll 
cell 

Mesophyll 
cell 

Mcsophyll 
sheath cell 

Vascular 
parenchyma cell 

Sieve element 

Companion cell 

Symplumic 

fipe 5.23 Scheme de1cribing symplasmlc and apoplumic path-ys of 
phloem loading. Unes without arrows joining boxes represent symplumic 
continuity (i.e. plumodesmata), Ouk Ul"OWI indicate symplumic transport; 
light arrows lndlcaie apoplumic r:ranspon. (vpc, vascular pannchyma cell; 
1e. sieve element; cc, companion c,eU 
(B=d on Y211 Bd t 992) 
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phloem loading prevails because experiments on transport 
from mesophyll cells to sieve elements are difficult - photo-
assimilates travel over short distances (SO to 500 f.Uil) deep 
within leaf tissues. 

Extraordinarily, the cellular pathway of phloem loading 
reflects evolutionary relationships. Species from ancient plant 
groups display symplasmic loading, while species of more 
modern plant groups exhibit apoplasmic phloem loading (van 
Bel 1993). Evidence for respective routes ofloading follows. 

A symplasmic pathway depends upon development of 
extensive plasmodesmal interconnections (Section 10.1.2) 
between adjoining cells, forming a cytoplasmic continuum 
from mesophyll to se-cc complexes (Figure 5.23). Such sym-
plastic continuity is found in leaves of plant families contain-
ing trees and shrubs as well as cucurbits such as squash (van 
Bel 1993). An abundance of plasmodesma interconnections 
demonstrates potential for symplasmic transport but does not 
establish whether such transport actually occurs. Membrane-
impenneant fluorescent dyes microinjected into mesophyll 
cells are transported to se-cc complexes, demonstrating that 
plasmodesmata can provide a route for photoassimilate trans-
port. Furthermore, when leaves were fed 14C02 and treated 
with inhibitors that block sugar transport across plasma mem-
branes, transport of 14C-labelled photoassimilates continued 
unaffected along the enforced symplasmic unloading route 
(Figure 5.24; van Bel 1993). 

Plant species that load phloem from the leaf apoplasm are 
characterised by a low abundance of plasmodesmata between 
se-cc complexes and abutting vascular cells. However, as for 
symplasmic loaders, mesophyll cells of these species are inter-
connected by abundant plasmodesmata (Figure 5.23). 

Herbaceous and many crop species belong to this group of 
phloem loaders, including grasses (van Bel 1993). Con-
ventional physiological observations are consistent with 
phloem loading in leaves of these species including a mem-
brane transport event located somewhere between mesophyll 
cells and the se-cc complexes of minor veins {Figure 5.24). 

Molecular biology has brought new insights to phloem 
loading (Fronuner et al. 1996). For instance, existence of an 
apoplasmic step demonstrated with PCMBS (Figure 5.24) has 
been elegantly confirmed using molecular biology to control 
activity of the sucrose/proton symporter responsible for 
sucrose uptake from phloem apoplasm into se--cc complexes. 
Specifically, potato plants were transfonned with an antisense 
copy of the gene encoding the sucrose/proton symporter, 
producing a phenotype with low levels of the symporter in 
plasma membranes of se-cc complexes. Excised leaves of 
transformed planes exported significantly less photoassimilates 
than wild-type plants, corroborating the inhibitory effect of 
PCMBS on apoplasmic phloem loading (Figure 5.24). This 
provides compelling evidence that passage of photoassimilates 
from mesophyll cells to se-cc complexes in potato leaves 
includes an apoplasmic step. 

Vascular parenchyma cells are the most probable site for 
photoassimilate exchange to phloem apoplasm (van Bel 1993). 
ensuring direct delivery for loading into se-cc complexes. 
Furthermore, plasma membranes of se-cc complexes in minor 
veins have increased surface areas to support photoassimilate 
transfer from phloem apoplasm. Notably, the surface area of 
se-cc complexes in SUg2r beet leaves is a surprisingly 0.88 cm2 

per cm2 of leaf blade surface. By implication, these large 
membrane surfaces are involved in phloem loading. Further 
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Figure 5.24 Testing whether photoauimilaies 
m ove Crom mesophyll cells to Je-<c compltxfl 
dlrough (a) .,, enlirdy symplumlc route or (b) 

(a) a route with an apopwmic step. The approach is 
to use PCMBS u an inhibitor of membran.e 
transport. PCMBS does 1101 cro .. membranes 
but binds ro the apoplasmic face of pluma 
membnnes. Therefon, ic blocks apoplasm.ic 
tranlpon while •:rmplasmic phloem loading is 
una«ccted. PCMBS was introduced into the leaf 
apoplum through the lunspiration 1tream of 
excised leaves. Leaves wett then expoaed In a 
do1ed Wwnin.1ted chamber to"CO,. The " C 
pho1ou1imilate exported from labelled IHf 
bladea waJ used to monitor phloem loading. 
PCMBS only reduced photoasaintilace export 
(i.e. phloem loading) &om those lnrva with (ew 

(b} plumodesmat:a interconn«tiag se-<c complexes 
with •urrounding cells. Thus, photoauim!lace 
flow included a membrane tn.nsport step from 
the leaf apoplum in cerwn plant species while 
othen loaded via a qmplasm.ic ro11te. cc, com-
panion cell; me, mcsopbyll cell; mac, mc1ophyll 
sheath ceU; PCMBS (para-cbloromeKurlben-
zeoHulphonic acid, also abbreviated 10 p): sc, 
sieve elemeiit: vp, vascular puenchyma 
(B:is<d on van B~I 1992) 



support comes from cytochemical studies, demonstrating a 
great abundance of proteins associated with energy-coupled 
sucrose transport (Section 5.5.3(b)). 

Leaf anatomies in some plant species suggest a potential for 
simultaneous phloem loading through apoplasmic and sym-
plasmic pathways {van Bel 1993). Whether these pathways 
connect the same sieve element, different sieve elements in 
the same minor vein order or sieve elements in different vein 
orders is still unknown. 

5.5.3 Mechanisms of phloem 
loading 

(a) General characteristics 
Any hypothesis of phloem loading must account for the fol-
lowing characteristics: 

1. Elevated solute concentration in Sl!-cc complexes. Estimated 
solute concentrations in sap of se-cc complexes is much 
higher than concentrations in sap of surrounding cell 
types, irrespective of whether phloem loading is by an 
apoplasmic or a symplasmic route {Table 5.4). These esti-
mates of sap osmolality are derived from incipient plas-
molysis of leaf tissue responsible for phloem loading. 

2. Selectiv~ loading of solutes itito S(!-(C complexes. Chemical 
analysis of phloem sap by techniques discussed in 
Section 5.4.3(a) reveals relative solute conuntrations differ-
ent from those in surrounding cells. Phloem loading is 
therefore a selective process (Section 5.4.3(c)). 

(b) Symplasmic loading 
These characteristics have been used to argue against loading 
of se-cc complexes through a symplasmic route on the 
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Table 5. 4 Estimated sap osmolalitl'es of various all types in exporting 
leaves of Beta vulgaris (apop/asmfr pliloem loader) and Curcurbita 
pepo (symplasmic phloem loader). Sap osmo/alities were estimated from 
tile molar concentration of mannitol at which 50% of each cell type plas-
molysed 111/ren leaf discs were equilibrated at a range of mannitol coiucntra-
lions 

CeU type Bc'411111lgarU" 

Mesophyll 1.3 0.8 
Mcsophyll she~th 0.8 
Vascular parenchyma 0.7 
Sieve element J.O 4.4 

(After •Geiger et al. (1973); "Turgeon and Hepler 1989) 

grounds that plasmodesmata lack mechanisms for concen-
trating and selecting solutes. However, a contribution of plas--
modesmata to concentrating and sdecting solutes cannot be 
precluded from our current knowledge of plasmodesmal 
structure and function (Section 10.1.2). 

Plants that load se-cc complexes through a symplasmic 
route translocate 20-800/o of sugars in the form of raffinose-
related compounds such as raffinose, stachyose and verbascose 
(Section 5.4.3(c)). Grusak et al. (1996) proposed a model for 
symplasmic phloem loading that accounts for the general 
characteristics stated in Section 5.5.3(a). According to this 
model (Figure 5.25), sucrose di.ffuses from mesophyll and 
bundle sheath cells into intermediary (companion) cells 
through plasmodesmata. W ithin companion cells, sucrose is 
thought to be enzymatically converted to oligosaccharides 
(nffmose or stachyose) maintaining a di.ffusion gradient for 
sucrose from mesophyll cells into se-cc complexes. The mol-
ecular size-exclusion limit of plasmodesmata interconnecting 
m esopbyll and companion cells is such that it prevents back 
diffusion of stachyose and raffinose molecules, which are larg-
er than sucrose. These oligosaccharides are able to di.ffuse 
through plasmodesmata with luger diameters linking com-
panion cells with sieve elements (van Bel 1993). This model 

1Dsamrdiarrc:dl 
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Figure S.25 Model of the 'polymerisation crap mechanism' to esplain symplumic phloem 
loading •gain1t • oolute concencracion pd.ienc. Sucro&e mans lhrough • symplumic p•th 
Crom photosynthetic cells into intermediary (companion) ceDs of the minor n.im. Sucrose 
movement ii by difi"usioa dawn a concentration gradlent maintained by lhe poJymerisatlon of 
1ucrose into oligo .. ccbaridu (raflinose and stacbyose) in lntennedlary ulls. Diffinfon of thue 
oligo11cchuid11 into muopbyll cen. la prevented, u their size exceeds the moleculat exclualon 
limit of plasmodumata joining muophyll and intermediary celll. Howcwr, the luger-diunecend 
plumodunuta linking lncermeclia:ry cell. widi lien elemenll permit oligoaaccharldes to be 
loaded into Jleve elemenll for export &om the leaf. 0, glucose; A, fructose; e, galactinol 
(Mer Grusak ti al. t 996) 
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accounts for selective loading of sugars to achieve high pho-
toassimilate concentrations in phloem elements. 

(c) Apoplasmic loading 
Phloem loading with an apoplasm.ic step is an attractive 
model, explaining both how solutes become concentrated in 
se-cc complexes (energy-coupled membrane transport) and 
how they could be selected by specific membrane trans-
porters (see van Bel 1993). Identifying transport mechanisms 
responsible for photoassim.ilate transport to and from the leaf 
apop1asm has proved challenging. 

Based on estimates of sucrose fluxes and high sucrose con-
centrations in phloem sap, there is little doubt that sucrose 
loading into phloem is energy dependent. The demonstration 
that PCMBS blocks loading of photoassimilates in whole 
leaves of certain species (Section 5.5.2(b)) points to carrier-
mediated transport across plasma membranes. Genes encoding 
sucrose porters have been cloned from leaf tissue (Fronuner et 
al. 1996) and shown to be specifically expressed in leaf phloem. 
Complementation studies in yeast defective in sucrose trans-
port suggest that the phloem-located sucrose porter catalyses 
sucrose/proton symport in a similar was to that illustrated in 
Figure 5.32.Antisense tramformants of potato with low abun-
dance of this symporter have impaired sucrose transport 
(Section 5.5.2(b)). 

In contrast to photoassimilate uptake from phloem 
apoplasm, very little is known about the mechanism of sugar 
efBux into the apoplasm. Estimates of photoassimilate flux to 
phloem apoplasm, based on rates of sucrose export from 
leaves, suggest that this transport event must be facilitated by 
other transport processes (van Bel 1993}. The precise mecha-
nism of this membrane step remains unknown. 

5.5.4 Regulation of phloem 
loading 
Phloem loading forms an interface between photoassimilate 
production by leaves and photo3Ssim.ilate use by importing 
sink regions. Rates of phloem loading are likely to be regu-
lated by both source and sink processes to ensure efficient 
matching of photoassimilate production with demand. 
Understanding control of phloem loading requires infor-
mation on location of source photoassim.ilate pools within 
leaves. 

(a) Cellular locations of photoassimilate destined 
for export 
Reduced carbon from photosynthesis is not necessarily 
immediately available for export from soutt::e leaves. Photo-
assimilate Bow through carbohydrate pools can be followed 
by exposing a source leaf to a two-minute pulse of 14C02 and 
monitoring 14C activity remaining in the leaf over ti.me 
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Figure 5.26 Time-course of photousimilare export from source ltaves of 
1omato plaa.is. Control pbmb, in which &uilS were a nuojor sink for photo-
auimlla1es, were main13ined at 2o•c. Treaanenb involved (l) removing .&uit 
or (2) exposing plana with &uits to 3o•c. The proportion of "C label 
remaining in source leaves alter • radioactive puhe was monitored through 
lime to show lhat (l) presence of major sillks or (2) more rapid metabolism 
accelerated uc export &om source leaves 
(B:ased on Moorby >rtil Junun 1975) 

(Figure 5.26). Typically, the initial .rapid loss of 14C gives way 
to a slower phase of loss after about two hours. Taking into 
account 14C losses through leaf respiration and clliferences in 
photoassim.ilate pool sizes (Wardlaw 1990}, kinetics of 14C loss 
have been used to interpret turnover of photoassimilate pools 
in source leaves. In general, rapid loss of 14C is considered to 
reflect loading of the phloem from a labile transport pool. 
Loss from the more slowly exchanging pool (after two hours) 
is interpreted as remobilisation of 14C photoassimilates from 
starch within the chloroplasts or from sucrose stored in vac-
uoles of the mesophyll cells. 

As irradiance decreases towards sunset and limits photo-
synthesis, current photoassim.ilate production becomes in-
adequate to maintain translocation. Under these conditions, 
photoassimilate stored in starch and/ or as vacuolar sucrose can 
be mobilised and exported (Figure 5.26). The rate of export 
at night is generally much slower than during daylight hours. 

(b) Source regulation 
Under conditions of source limitation, increases in net photo-
synthetic rate can lead to proportionate changes in photo-
assim.ilate export from leaves (Figure 5.27). Increased flow of 
triose phosphates fiom chloroplasts induces feed-forward 
upregulation of sucrose biosynthesis with a consequent 
amplification of the sucrose transport pool The relationship 
breaks down when net photosynthesis is low and reserves are 
mobilised or when net photosynthesis suddenly exceeds the 
levels to which the leaf is acclimated. An upper limit to pho-
toassimilate export appears to be set by activity of sucrose phos-
phate synthetase (SPS), an enzyme which determines the size 
of the sucrose transport pool (Figure 5.28).The activity ofSPS 
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figur. S.27 Ell"ect of varying net phocosynlhesis on rates of photoassirN• 
late aanslocacion in sugar beet planu. Photosynthetic rate _, varied by ex• 
posing leaves to three dlffuent light levels and ambient CO, concentrations 
(hence diffennt symbols). After • "C01 pulse, simultaneow escimateJ of 
export (tran$1ocacion) were made by determining (1) artlval tate of "C label 
in sink dssues and (2) export of "C from source leaves 
(B:asc:J on Serv.Utes and Geiger 1974) 
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Figuu 5.28 A strong relationship exists between photoassimilate export 
rate and accivicy of sucrose phosphate syntluse (SPS) In fully expanded leaves 
of several species. Export rates &om leaves was measured over 4 h during the 
middle of the light period. Leaves were then hatvested for 111 ritto analysis of 
the activity of SPS. F, .field-grown plants; GH, glasshouse-grown plants; pby-
to~on, plants grown under controlled climates 
(Based on Huber ti ol. 1985) 

has been shown to be under sink (Section 5.5.5) as well as envi-
ronmental control. For instance, daylength has a profound effect 
on partitioning of photoassirnilate between sucrose and starch. 
Under short-day conditions starch accumulation increases up 
to five-fold and SPS activity declines. Diversion into starch dur-
ing the day enables maintenance of photoassimilate export dur-
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Figure 5.29 Relatioosrup between cotton leaf atarch content at die end of a 
light period and sub.sequent export rates ill the d.uk. Stuch was measured 
at the end of the light period. To meast16e export, leaves were exposed lo 
atmosphetes containing "CO, throughout the light period. Therefon, when 
the dark period bepn, all photoauimilare pools wue labelled to a known 
specific activity so carbon export woald relate closely to "C export. Discs 
were simply cut &om leaf margins and "C meullffd to estimate carbon 
export at night 
(Based on Hendrix and Grange 1991) 

ing the long night period. Consistent with this remobilisation, 
the rate of export is a function of starch leve1s in leaves at the 
end of day (Figure 5.29). 

5.5.5 Sink regulation 

(a) Sink effects on export 
The response of photoassimilate export to changes in sink 
demand depends upon whether photoassimilate ftow is source 
or sink limited (Wan:Uaw 1990). A source-limited system does 
not respond rapidly to an increase in sink demand, depending 
more on the capacity ofleaves to increase the size of the trans-
port pool. In contrast, alterations in sink demand in a sink-
limited system elicit inunediate effects on photoassimilate 
export. Figure 5.26 shows how the presence of fruits acceler-
ates 14C export, especially at high temperatures. For leaves that 
load the se-cc complexes fi:om apoplasmic pools, changes in 
sink demand probably influence photoassimilate export by 
altering membrane transport properties. These changes in 
membrane transport entrain a flow of adjusnnents in bio-
chemical partitioning within the leaf through substrate feed-
back (see below). 

(b) Sink effects on membrane transport 
Changes in the turgor pressure of phloem sap or altered phy-
tohonnone levels could serve as signals for sink demand. 
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Changes in the pressure of sink phloem sap are rapidly 
transmitted through sieve tubes to sources. Phloem loading in 
source tissues responds to this pressure signal by changes in 
solute transport races mediated by membrane-associated 
porters (van Bel 1993). This is a proposed mechanism for 
phloem loading which would respond rapidly (within min-
utes) to changes in sink demand. 

Phytohormone levels in leaves respond co changes in the 
source/sink ratio. For instance, gibberellin levels in leaves 
proximal to developing inflorescences increase at fruit set. In 
contrast, abscisic acid levels in soybean and grape leaves are 
inversely related to alterations in sink demand (Brenner 
1987). Therefore, changes in leaf phytohormone levels could 
serve co signal shifts in sink demand for photoassimilaces. In 
this context, direct application of auxin and gibberellic acid to 
source leaves results in a rapid enhancement of photo-
assimilate export (Table 5.5). Gibberellic acid did not stimulate 
leaf photosynthesis or alter photoassimilate partitioning, 
appearing instead to upregulate phloem loading. This was 
confirmed by faster 14C loading into isolated phloem strands 
(Table 5.5). 

Table 5.5 Effect of tlie· phytol1om1<mes, gibberellic acid (CAJ) and 
indole-3-a,etic add (IAA) on rates of photoassimilate export and phloem 
loading of sucrose. Leaves of celery were pre-treated far 60 minutes witli 
1f)"6 M GA1 or IAA. Subsequenr rares of 14C exportftom intact leaves 
or in vitro 14C-sucrosc uprake by phloem strands isolated from treated 
leaves wm: determined. Sucrose ccnccntration in tile batliing medium was 
5 mol m-1 

Hormone addition 

None 
GA3 
IAA 

(Afrer Daie et al. 1986) 

14C export 

13 
22 
27 

["CJ-sucrose influx 
(Jtmol lf1 fresh wt h-1) 

2.2 
3.0 
4.1 

(c) Sink influences on biochemical partitioning 
within source leaves 
A substrate feedback response is elicited if the rate of photo-
assimilate export from chloroplasts is limited by sink demand. 
If sucrose export from source pools is accelerated by phloem 
loading, substrate feedback inhibition of photoassimilate 
delivery is alleviated. A cascade of adjustments in the activity 
of key regulatory enzymes follows (see Section 2.5) with the 
final outcome an increased fiow of sucrose into transport 
pools. Conversely, if photoassimilate flow is limited by photo-
synthetic rate, the activity of enzymes responsible for sucrose 
biosynthesis is not subject to feedback inhibition by sub-
strates. As a consequence, responses to increased sink demand 
can only be mediated by increases in photosynthetic enzyme 
activity. 

5.6 Phloem unloading and sink 
utilisation 

5.6.1 Introduction 

Photoassimilate removal from phloem and delivery to recipi-
ent sink cells (phloem unloading) is the final step in photoas-
similate transport from source to sink. Within sink cells, cellu-
lar metabolism and compartmentation are the end-users of 
phloem-imported photoassimilates. Combined activities of 
these sink-located transport and transfer events determine the 
pattern of photoassimilate partitioning between competing 
sinks and hence contribute to crop yield (Sections 5.3 and 
5.4). 

Phloem unloading describes transport events responsible for 
assimilate movement from se-cc complexes to recipient sink 
cells. A distinction must be made between transport across 
the se-cc complex boundary and subsequent movement to 
recipient sink cells. The former transport event is tenned 
sieve-element unloading and the latter, post-sieve-element trans-
port. On reaching the cytoplasm of recipient sink cells, 
imported photoassirnilates can enter metabolic pathways or 
be compartmented into organelles (e.g. amyloplasts, protein 
bodies and vacuoles). Metabolic fates for photoassimilates 
include catabolism in respiratory pathways, biosynthesis 
(maintenance and growth) and storage as macromolecules 
(starch and fructans). 

Compared with phloem loading, phloem unloading and 
subsequent sink utilisation of imported photoassimilates oper-
ate within a much broader range of configurations: 

1. morphological (e.g. apices, stems, roots, vegetative storage 
organs, reproductive structures); 

2. anatomical (e.g. provascular differentiating sieve elements, 
protophloem sieve elements lacking companion cells, 
metaphloem se-cc complexes); 

3. developmental (e.g. cell division, cell expansion); 
4. metabolic (e.g. storage of soluble compounds/polymers, 

growth sinks). 

A conespondingly large range of strategies for phloem 
unloading and sink utilisation must be anticipated. 

5.6.2 Cellular pathways of phloem 
unloading 
Most photoassimilates travel along one of three cellular path-
ways: apoplasmic, symplasmic or a combination of both with 
symplasmic transport interrupted by an apoplasmic step 
(Figure 5.30). 
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(c) Sympbsmic pathway interrupted by an apopl'O.Smic step 

(i) Apoplasmic step ac maternal--filii.l interface 
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(ii) Apop!amiic step at v;ucuh~tonge parcnchyma interface 
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(a) Apoplasmic pathways 
Photoa.ssimilates can move directly across plasma membranes 
of s~cc complexes to the surrounding apoplasm {Figure 
5.30a). Apoplasmic unloading is important along the axial 
transport pathway of roots and stems where vascular parenchy-
ma and ground tissues serve as reversible storage sinks. 

Flgun 5.31 Flaon:scent micrognph of the distribution of • membnne 
impermeant ftuo«acent dye, carboxyllluon1cein (CF). imported through the 
phloem into roots of French bean (PM11•liu nlz-.U L.). The snen/yellow 
lluorucence of CF b conJined to the 1e-cc compleus of ma.Nre portions of 
roots u uen by tho thin central band of lluorescenc:e away from the root 
apex. In con1n1t, dye spreads through the apex apparendy via the 1ymplum 
of young cel!J. Bar repte$ent1 2 mm 

+ or - apoplasmic bJ.rricr 
1 -
, SC 

+ or - :1popl:mnic burier 

Figure 5.30 Schnne duc:ribing the celluJu 
pathw.ys of phloem unloacling uid thtu rela-
tio111hip with sink types. (a) Apoplumic 
Utlloading showing direct transport of phoroas:-
aimilates &om ar-cc compleus to the phloem 
apopwm. (b) Symplasmic unloading pathway 
which nuoy or may not have an apoplarmic 
barrier between sieve elemencs and recipient 
sink cells. (c) Symplannic unloading with the 
intervention of an apoplasmic step H (i) the 
phloem pnenchyma-ground putnchyma 
boundny aad (Ii) the mat•rnaJ-
filial incerface ol developing seeds. Circled 
rn1mbcN denote dl1l"ttent sink type• assigned to 
each pathway. 1, vegetative •pex; 2, elonpting 
uis of• dlcotyledonou1 stnn; 3, mature axis of 
e primary dicotyledonous stern ± penn11nent 
storage; 4, mature axi1 of a primary mono-
cotyledonous stem ± permanent storage; S, 
m•ture primary root; 6, deshy frui1; 7, develop-
ing sud. ab, apoplasmic barrier; apo, 
apoplasm; gp. ground parenc:hyma; sc, sink cell; 
se-cc:, rJen element-companion cell complex; 
vp = vucul..- parencbyma. 

(b) Symplasmic pathways 
An entirely symplasmic path of photoassimilate transport 
from sieve elements to recipient sink cells (Figure 5.30b) 
operates in a wide range of morphological and metabolic sink 
types. Tenninal growth sinks such as root (Figure 5.31) and 
shoot apices, as well as vegetative storage sinks such as stems, 
roots and potato tubers, demonstrate symplasmic unloading. 

In most sinks that exhibit symplasmic unloading, photo-
assimilates are metabolised into polymeric forms within the 
recipient sink cells. Sugar cane is a notable exception because 
it stores sucrose unloaded sym.plasmically from sieve elements 
in parenchyma cells of stems. Stem sucrose reaches molar con-
centrations by this unloading route (Section 5.6.3(b)) . 

(c) Symplasmic pathway interrupted by an 
apoplasmic step 
Symplasm.ic discontinuities exist at interfaces between tissues 
of differing genomes including biotrophic associations {e.g. 
mycorrhizas and mistletoes) and developing seeds {Figure 
5.30c). In addition, within tissues of the same genome, plas-
modesmata can close permanently or reversibly at points 
along the post-sieve-element pathway. This necessitates photo-
assimilate exchange between symplasmic and apoplasmic 
compartments (Figure 5.30c). For instam:e, photoassimilate 
exchange between apoplasm and symplasm has been detected 
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in sinks that store high solute concentrations and have unre-
stricted apoplasmic transport between vascular and storage tis-
sues. Developing seeds, particularly of cereals and large-seed-
ed grain legumes (Patrick and OfB.er 1995), are another 
model for symplasmic/apoplasmic pathways. 

The apoplasmic space between maternal (seed coat) and 
filial (embryo plus endosperm) tissues in seeds prevents sym-
plasmic continuity in the unloading pathway (Patrick and 
OBler 1995). In these organs, photoassimilates are effiuxed 
across membranes of maternal tissues and subsequently taken 
up across the membranes of filial tissues (Figure 5.30c). 
Photoassimilates are unloaded from sieve elements and trans-
ported symplasmically to effiuxing cells where they are 
released to the seed apoplasm. Influx from the seed apoplasm 
by the filial generation is restricted to specialised cells located 
at the maternal-filial interface. The final transport of photoas-
similates to the filial storage cells largely follows a symplasmic 
route. 

( d) Pathway linkage with sink function and path-
way switching 
The symplasm is the most frequently engaged cellular path-
way of phloem unloading. Even where an apoplasmic step 
intervenes (e.g. developing seeds), photoassimilates travel pre-
dominantly through the sink symplasm (Figure 5.30c). 
Symplastic routes do not involve membrane transport and 
therefore offer lower resistances than apoplasmic routes. 

Apoplasmic pathways are restricted to circumstances where 
(1) symplasmic transport compromises phloem translocation 
and (2) photoassimilate transport is between genetically dis-
tinct (e.g. maternal-filial) tissues. Phloem translocation would 
be compromised when solutes accumulate to high concentra-
tions in sink cells were it not avoided by symplasmic isolation 
of phloem from sinks. This is exemplified by the switch to an 
apoplasmic step during development of tomato fruit. In 
young fruit, imported sugars are interconverted into polymer-
ic forms to support cell division and excess photoassimilate is 
accumulated as starch.At this stage, phloem unloading of pho-
toassimilates follows a symplasmic route (Figure 5.30b). 
However, once sugars commence accumulating during cell 
expansion, apoplasmic transport is engaged (Figure 5.30c). 
The apoplasmic path isolates pressure-driven phloem import 
from rising osmotic pressures (P) occurring in fruit storage 
parenchyma cells (Patrick and Ofller 1996). 

Radial photoassimilate unloading in mature roots and 
stems may switch between apoplasmic or symplasmic routes 
depending upon the prevailing source/sink ratio of the plant. 
At low source/sink ratios, photoassimilates remobilised from 
axial stores are loaded into the phloem for transport to growth 
sinks (Wardlaw 1990). Under these conditions, symplasmic 
unloading into axial stores might be blocked by plasmodesrnal 
closure while photoassimilates are absorbed by se-cc complex-
es from the surrounding apoplasm. This would prevent futile 
unloading while stores are drawn upon. In contrast, net ftow of 

photoassimilates into axial storage pools at high source/sink 
ratios would be facilitated by plasmodesma opening. 

5.6.3 Mechanisms of phloem 
unloading 
(a) Apoplasmic transport 
Se-cc complexes contain high sugar concentrations (Section 
5.4.3(b)). Thus, a considerable transmembrane concentration 
gradient exists to drive a passive leakage of sugars to phloem 
apoplasm. Sugars leaked to phloem apoplasm are often 

Figure S.32 Mechanistic model for plasma membrane 1ra11$pOrt of sucrose 
&om the coat and into the cotyledons of a developing legume seed. Plasma 
membrane ATPases vectorially pump protons 10 the seed apoplasm &om 
both the opposing seed coat and cotyledon cells. The proton gradient is cou-
pled to drive sucrose eOlwc from the seed coats through a sucrose/proton 
andporter and sucrose indwc into the cotyledons by a sucrose/proton sym-
porter 

retrieved by an active sucrose/proton symport mechanism 
(Figure 5.32). Thus, net efHux o( sugars from se-cc complex-
es is determined by the balance between a passive leakage and 
sucrose/proton retrieval. 

Passive unloading (Ep) of sucrose from se-cc complexes to 
the phloem apoplasm (Equation 5.6) is determined by the 
permeability coefficient (~ of se-cc complex plasma mem-
branes and the transmembrane sucrose concentration ( q gra-
dient between sieve element lwnena (se) and surrounding 
phloem apoplasm (apo). 

(5.6) 

Sinks containing excracellular invertase (e.g. developing 
tomato fruit, sugar beet tap roots, maize seeds) can hydrolyse 
sucrose, lowering Capo thereby enhancing sucrose unloading 
from se-cc complexes. Furthermore, hydrolysis of sucrose 
renders it unavailable for se-cc complex retrieval by sucrose/ 
proton symport. However, there is no direct experimental 
evidence showing that alterations in extracellular invertase 
activity influence unloading from the se-cc complexes. Many 
sinks in which phloem unloading follows an apoplasmic path 



do not exhibit detectable extracellular invertase activity (e.g. 
mature stems and roots). 

(b) Symplasmic transport 
Symplasmic transport is mediated by cytoplasmic streaming 
in series with intercellular transport via plasmodesmata. 
Plasmodesma transport is usually the overriding resistance 
detemtining transport rates between cells. 

Root tips offer a useful experimental model to explore 
post-sieve-element symplasmic transport because of m orpho-
logical simplicity and accessibility. Exposing pea root tips to 
low sucrose concentrations (< 100 mM) slowed photo-
assimilate accwnulation (Figure 5.33a) by raising intracellular 
sucrose concentrations. This response co concentration gradi-
ents is consistent with a diffusion component to phloem 
unloading (Equation 5.7). When roots were bathed in much 
higher concentrations of either sucrose (Figure 5.33a) or a 
slowly permeating solute, mannitol (Figure 5.33b), turgor 
pressure (~ of sieve elements and surrounding tissues 
decreased and 14C import rose. This is consistent with a 
hydraulically driven (bulk) flow of photoassimilates into the 
root apex. Thus, photoassimilate movement from phloem 
through a symplasmic path can be mediated by d.i.ffusion and/ 
or bulk Bow. The relative contribution of each transport 
mechanism depends on the magnitude of concentration and 
pressure gradients (Equations 5.6 and 5.8). 

(a) Sucrose 
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Physical laws can be used to model diffi.ision and bulk flow 
of sucrose through a symplasmic route. Sucrose diffuses through 
symplasm at a rate {Rd) defined by the product of plasmodes-
mal number in the path (n), plasmodesmal conductivity to dif-
fusion (K.i) and sucrose concentration difference (.1q 
between sieve elements and sink cell cytoplasm. That is: 

(5.7) 

Transport by bulk flow (R.f) is determined by the product of 
flow speed (S), cross- sectional area of the plasmodesma Bow 
path (A) and concentration (C) of sucrose transported 
(Equation 5.2). Flow speed (S), in tum, is a product of 
hydraulic conductivity (L,.) of a plasmodesma and turgor pres-
sure difference (.1~ between se-cc complexes and recipient 
sink cells (Equation 5.8). Flow over the entire pathway con-
siders the number of interconnecting plasmodesmata (n). 
Thus, bulk flow rate (.Rr) is given by: 

R.r= n.L,..MA.C (5.8) 

Equations 5.7 and 5.8 predict that sink control of sym-
plasmic photoassimilate transport resides in plasmodesma 
conductivity and/ or sucrose m etabolism/ compartmentation. 

Sucrose metabolism within sink cells influences cytoplas-
mic sucrose concentration and Ilsink: The difference between 
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Figure S.33 Externally supplied solutes haw • ma.riced efJ'Kt 
on sucrose import into root din of hydroponic.Uy grown pea 
seedliap. This was tested by immening root tips in (a) 1ucro1e 
or (b) mumitol solutions nng:lng up to 3SO mM. CotyledoDS, 
which supply these yowig roota with carbon, were fed "C 
W<roH and "C arriving io diaerent root parta was meuund 
(Bq per root wgment). (•) Import of ••c inco root tips was 
dirnin.i,i.ed when they were exposed to uternal sucrose coa-
centndoDS ofless than 100 mol m..., but promoted by aucrou 
concentrations of HO to 350 mM. 1Wo e.ffecta opente. At low 
conce.otntioos, suao1e might enter root tip cells and auppress 
phloem import by • feedback mechani.sm. At higher conceo· 
tradoa.s, sucrose might act mainly u an osmoticum (sH (b)). 
Mannitol is not taken up or metabolised quickly and can then. 
fore help answer dtese quutlonL (b) Import duough die 
phloem was scimulated by apo•ing root tip• to me slowly 
permeable sugar mannitol, ar concentrations of from 13 to 
350 moJ m->. This demonstrates an osmotic dependeace of 
import through the phloem pathway, presumably thl'i)ugh 
progreuively decreasing P of root tip ceUs aa external solute 
concencndom rise 
{Based on Schultz 1994) 
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O"nlc and n.po determines P (Section 4.3). Sucrose metabolism 
and compartmentation can affect sucrose concentration gradi-
ents and 6.P, both driving forces for symplasmic transport from 
se-cc complexes to sink cells (Equations 5.6 and 5.8). 

Transgenic plants which under- or overexpress key sugar 
metabolising enzymes have allowed definitive experiments to 
be carried out on the role of sucrose metabolism in symplas-
mic phloem unloading.A sinlllar approach to phloem loading 
is discussed in Section 5.5.3(b). For example, reduction of 
sucrose synthase activity (Section 5.6.4) in tubers of trans-
formed potato to 5-300/o of wild-type levels depressed dry 
weight of tubers and starch biosynthesis (Table 5.6). Tubers of 
transformed plants had very high hexose levels (hence high 
11) which might contribute to down regulation of photoas-
sirnilate import. As a corollary, plants with enhanced starch 
biosynthesis through overexpression of the key starch synthe-
sising enzyme, ADP-glucose pyrrophosphorylase (Section 
5.6.4), also had higher rates ofphotoassimilate import. 

For sinks that store sugars to high concentrations (e.g. 
sugar cane stems)' gradientS in n, and hence n, between se-cc 

Table 5. 6 Effect of a decrease iri tlie activity of sucrose synthase in pota-
to plants on tinal tuber dry weiglit and sugar content. Sucrose synthase 
activity ~s depressed selectively in tubers of transgenic potato pfonts by 
transfor111ation witli an antise11se tuber-sped.fie construct of sucrose syn-
thase. TI1esc data are for one trarisgtnic plant that exhibited the lowtst 
activities of sucrose syntl1asc (i. t. 4% of tl1t co11trol wild-type activity). 
Growth and sucrose synthase aaivilit.S were unajftcted in shoots of trans-
genic pla rits 

Parameter measured Control (wild type 

Dry weight (g) 4.8 
% tuber dry weight composed of: 
Smch 90 
Sucrose 
Hexoses 

1.5 
0.1 

(After Zrenner et al. 1995) 

Transgenic tuber 

2.4 

30 
2.5 
9.3 

complexes and sink storage cells could become too small to 
sustain transport. Instead, 0 in the apoplasm of storage tissues 
increases as sucrose (hence fl) in the storage cell sap rises.This 
maintains a lower P in storage cells than sieve elements and 
sustains transport. High sucrose concentrations in the 
apoplasm of storage ceDs is achieved through an apoplasmic 
barrier which isolates storage parenchyma cells from sieve ele-
ments (Figure 5.34). 

(c) Symplasmic transport interrupted by an 
apoplasmic step 
Phloem unloading in legume seed pods is one case of sym-
plasmic and apoplasmic transport operating in series: the path-
way is described in Section S.6.2(c). Whether sucrose efflux 
requires energy remains unknown since concentration gradi-
ents between seed coats and apoplasm might be steep enough 
to drive facilitated diffusion. Indeed, using an elegant infusion 
technique {Figure 5.35a), Wang and Fisher (1994) concluded 
that effiux from the nucellar projection ceDs of wheat grain 
was unlikely to be energy dependent. In contrast, sucrose 
efflux from coats (maternal tissue) of surgically modified 
legume seeds (Figure S.35a) is inhibited by about 50% in the 
presence of PCMBS, a membrane transport inhibitor. Efflux 
from legume seed coat cells exhibits characteristics of a 
sucrose/proton antiport (Figure 5.32). Sucrose uptake by filial 
tissues is mediated by sucrose/proton symport (Figure 5.32). 

A fascinating aspect of phloem unloading in legume seed 
pods is how photoassimilate demand by filial tissues is in-
tegrated with supply from maternal tissues, itself an in-
tegration of photoassimilate efHux and import from phloem. 
One variable that could regulate rates of photoassirnilate 
transport through seed coat symplasm and efflux into 
apoplasm of the maternal-filial interface is P of seed coat cells 
(P,J: this would sense depiction of apoplasmic sucrose through 
uptake by cotyledons, producing a signal in the form of a llP,c 
(Figure 5.36). Specifically, Psc is determined by DP becween 

Plpre 5.3.f CeUuJat dUtribatioa of the •poplaunic tncer llaonscent dye, 3-hrdroxy-5,8,10-pyren-
etrilulphonate (PTS) imported tlirou(lh the xylem in atun uplani:s of sup cane. (•) Fluonscent micropaph 
of a longjtudinal Hction of a stem 1rich PTS (p'een fluoreJCence) localised to the nsculu bundle. (b) 
Fluore-sc:ent micn>gnph of• transverse section showing PTS confined to lhe nscular bundle • .Retention of 
PTS in vuculac bandies demonstrates lhat • battier tv lateral dye movement mall be located In the walk 
ofbmr.clle sheath calls. Cell tr~ are: c, chlorenchyma; e, epidermis; h, hypodermis; ap, atorage pannchyma: 
vb, nscular bundle (ne Colour Plau xx) 
(Based on Jacobtm ti ol. 1992) 
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the seed coat (IlsJ and seed apoplasm (Ilapo), which fluctuates 
accot'ding to photoassimilate withdrawal by cotyledons. 

A pressure difference (til') between the points of photo-
assimilate arrival (sieve tubes) and efftux (seed coats) drives 
bulk flow of photoassimilates through the seed coat symplasm. 
Turgor pressure of seed coat effiux cells is maintained homeo-
statically at a set point (P scJ by P-dependent ejjlux into the seed 
apoplasm. Changes in apoplasmic assimilate concentrations 
and hence n are Sensed inunediately as deviatiOOS of p$C from 

Pm. A rise in P sc produced by photoassimilate depletion 
around filial tissues elicits an error signal, activating 
P-dependent solute effiux (Figure 5.36b) and thereby raising 
photoassimilate concentrations in the apoplasm to meet 
demand by cotyledons (Figure 5.36c). Long-term increases of 
sucrose influx by cotyledons, for example over hours, are ac-
companied by adjustments in Pm (light to dark arrows in 
Figure 5.36b) which elicit commensurate increases in phloem 
import rates (light to dark arrows in Figure 5.36a). 

(a) (b) 

Endosperm 

Figure 5.35 Experimental systems used to determine sucrose tlu:ua in (a) attached caryopses of wheat and 
(b) coats of developing legume seed. In (a). sucrose eftluxed from the maternal tissues was c0Uec1ed by infus-
ing the endosperm cavity of an attached wheac grain with solutions delivered and retrieved through micro-
capillxies (Wang and Fisher 1994). In (b). embryos are surgically n:moved from the coats which may bt- (i) 
attached to or (Ii) detached from the pod wall. The space vacar.d by the embryo Is blled with a wash solu-
tion that is changed at &equent interwls. The wash solution is used 10 deliver creaanents to the seed coat 
and as a trap to collect the ef!luxed •ocro•e 

~ Seed apoplasm Cotyledon 
, .. 

m 
Ii 

" Ill 
m 

Influx cell Storage 
layer paJCnchyma 

{a) (b) 

J~ 
(c) 

J~ 
P,tt 

Figure 5.36 A turgor-homeostat model dNcrib. 
iag the lntegncion of photoasslmlbu cnnsport co 
developing legume ueds. Photousimilate Import 
through phloem (a) and eBlux fiom 1eed coat to 
seed apoplasm (b) is mediated by • turgoc (P)· 
depeodent efllux mechani$m and uptake of sapn 
by cocyledom (c). Metabolic activity in growing 
seeds inlluences sucrose concenuatiom within 
cotyledon cells, possibly feeding back on activities 

Pac [Auim}apo 

of symporun located in plasma membranes of the 
cotyledon dermal cell compleir. Graph (c) denotes 
increased in11ux (R) &om light to dark carve as 
sugar demaad iucre&Ms. The apoplasmic llO!ate 
pool size is small aud cums over la less tbaa one 
how (Patrick and OJller 1995). Thus, faster Ullm-
ilate withdrawal from the seed apoplum by 
cotyledons will rapidly lower apoplasmic osmotic 
concentration. Since the osmotic difference 

between seed apopJasm (n ... ) and seed coat (fiK) is 
only 0.1--0.2 MPa, a small decrease in osmoblicy of 
the apoplasm will elicit a &iguificant increase in 
seed coat P (P .. ).A shift in Psc above the tucgor set 
point (P...) results in an error signal (see modtl) 
which in cum inducn an immediate compensato-
ry increase in assimilate e8twc to the apoplasm 
(light curve iu gnph b). Increased as$1mllate effiu" 
acts to maintain a constant n,.. in spite of 
enhanced ftiu: through the apopla.sm (graph c). 
Comequently, th• incn:ased potential for assirru-
late aptake by coryledons can be fully realised 
(dark cmve In paph c). In the short tenn (min-
utes}, the curgor-bomeoscat ensures that P ~ is 
mauuained and hence phloem import, which is 
driven by the turgot c!Uference between sieve tubu 
and unloading cells (P,.-P .J is also maintained. 
Undtt conditions wher.e coryledon demand is sus-
ulnul, P ... iD the seed coat adjusts downwards. This 
fUWts Uom deaeUH ln nK, While n,,. iS homto• 
scaacally maintained. The decrease in P ... of efilax 
ceDs snvu to enhance the pressure cllil'ttence 
between these cells and the importing sieve ele-
ments. As a reault, the rate of phloem import into 
seed coats <R.....J is inaeaaed (graph a, light to 
dark curve). This new rate of lmpott is conunen-
surate with accelerated sucrose efilux &om seed 
coats to the apoplasm (gnpb b, light to dark 
cuzve) and, ultimately, cotyledons. 
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5.6.4 Sugar metabolism/ 
compartmentation in sinks 

The fate of imported photoassimilates depends on sink cell 
function. In broad terms, imported photoassimilates are pri-
marily used to provide carbon skeletons for growth or storage. 
Some photoassimilates provide energy for maintenance. 
Relative flows of photoassimilates to these fates change during 
cell development and sometimes over shorter time scales 
depending upon a plant's physiological state. 

(a) Cell maintenance 
Irrespective of sink function, a portion of imported sugars is 
respired to provide energy for maintenance of cell function 
and structure. Most of this energy is required for continual 
turnover of cellular constituents such as enzymes and mem-
branes. Rates of synthesis and degradation of individual 
macromolecules vary widely, as does the energy invested in 
different molecular configurations, so sugar demand for main-
tenance respiration could differ substantially between tissues. 

(b) Cell growth 
In growing organs, photoassimilates become substrates for 
synthesis of new cell material either directly or after bio-
chemical traruformations. Other fates for sugars include 
catabolism in energy-generating pathways which support 
growth (growth respiration) and storage in. vacuolar pools. 
Stored sugars make an osmotic contribution to growing cells 
and can act as energy stores in species such as sugar cane. In 
roots of young barley plants, 40% and 55% of imported sug-
ars are respired and used in structural growth, respectively. 
Stored sugars tum over each 30 min but account for only 1 % 
of root weight. 

(c) Reserve storage in cells 
In mature cells, imported sugars enter physical (e.g. vacuoles) 
and chemical (e.g. starch) storage pools with lesser amounts 
diverted to respiration (15-20%) and structural components. 
In contrast to growth sinks, stored carbohydrates are ultimate-
ly retrieved from storage pools and used by other storage sinks 
(e.g. germinating seeds) or translocated to support growth and 
storage processes elsewhere in the plant. Carbohydrate storage 
can be brief (hours, days) or extend over considerable periods 
(months to years). Short-term storage of carbohydrates in 
seems and roots buffers phloem sap sugar concentrations 
against changes in photoassimilate export from photosynthet-
ic leaves. 

Sugars can also be stored in soluble forms by compart-
mentation into vacuoles. In this case. the tonoplast provides a 
physical barrier to protect stored sugars from molecular inter-
conversion by cytoplasmic sugar-metabolising enzymes. 
Vacuolar sugars are accumulated as sucrose, hexoses or fructans 
(short-chain polymers of fructose). Sucrose and hexoses can 
accwnulate to molar concentrations (0.1-1.SM) in storage 

parenchyma cells of roots, stems and fruits. For instance, tap 
roots of sugar beet and stems of sugar cane accumulate 1 M 
sucrose thereby providing 90% of the world's sucrose. Hexoses 
are a conunon form of sugar storage in fruit, contributing to 
sweetness of edible fruits such as tomato, grape, orange and 
cucumber. The wine industry depends upon hexoses accu-
mulating to high concentrations (1.5 M) in grape berries to 
fuel fermentation of 'must' in wine making. Fructans are 
stored in significant quantities in leaf sheaths and sterns of 
temperate grasses and cereals. In pasture species, they con-
tribute to forage quality, and in cereals constitute an assimilate 
pool that is mobilised to support grain filling. 

Alternatively, imported sugars may be stored as starch 
along the axial transport pathway (available for remobilisation 
to buffer phloem sap sugar concentrations) or in more long 
term storage pools of terminal sink organs such as tubers, 
fruits and seeds. The proportion of photoassimilates diverted 
into starch differs widely between species and organs. Starch 
accounts for some 90% of dry weight of potato tubers and 
cereal grains. 

The chemistry of storage products can change during 
organ development. For instance, starch is the principal stor-
age carbohydrate in young tomato fruit. Later in fruit devel-
opment, stored starch is hydrolysed and contributes to hexose 
accumulation in vacuoles of fruit storage parenchyma cells. In 
other fruits, significant switches between hexose and sucrose 
accumulation occur during development. All these changes 
are brought about by ontogenetic shifts in activities of sugar-
metabolising enzymes. 

5.6.5 Key transfer events in sugar 
metabolism and compartmentation 
Phloem-imported sucrose can reach the cytoplasm of recipi-
ent sink cells chemically unaltered or be hydrolysed en route 
by extracellular invertase into its hexose moieties. These sug-
ars may then enter a number of metabolic pathways or be 
compartmented to vacuolar storage (Figure 5.37). 

(a) Hexose metabolism 
Hexoses transponed to the sink cytoplasm are rapidly phos-
phorylated to hexose-6-phosphate esters by glucose- and 
fructose-specific kinases. In these forms, hexoses can be used 
as substrates for respiration or for synthesis of new cell con-
stituents. Alternatively. sucrose phosphate synthetase can con-
vert them to sucrose, as in leaves (Chapter 2). Sucrose synthe-
sised by this reaction can be accumulated in vacuoles (e.g. 
sugar beet tap roots, sugar cane stems) or be rehydrolysed into 
hexoses by a vacuolar acid invertase (e.g. grape berries). 

(b) Sucrose metabolism 
Sucrose is metabolically inert and, in order to be metabolised, 
must be hydrolysed to glucose and fructose. Only two 
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Figure 5.37 Pachway1 of sugar metabolism Uld compvtmentation within 1ink cells. Suga.rs can be deliv· 
ered to sink cells through eilher apoplasmic oi symplatmlc pathways. Within me sink apoplum, sucrose can 
be hydrolysed to buoses by an extraceUuh:r iln'n'tase. Apoplaunlc sugars are uanspor1ed across plauna 
membranes of sink cells by pro1on/s11pr 1ymporlcr1. Alternatively, sucnne eoten the sink cytoplasm 
lhrough a symplasmlc pa th. Within the sink C)'loplum, sucrose can be hydrolysed or compa.rtmented into 
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fructose (f ) &11d urldiae dlphosph2.te slucose (UDP-glucose) which ent en various bio1}'1lthetlc pathways 
including cellulose and starch synthesis. In the cue of starch biosynthesis, UDP-giucose and &uctose gener-
ate glucose-1-phosph•te (G-1-P) which is transported across the unyloplaa mesnbrane.Accumulaled G-1-P 
is interconverted into adenine diphosphate glucose (ADP-giuco.se) by the easyme •denine diphosphate glu-
cose pyrophosphorylase (ADP-glucose PPaae) . ADP-glucoae is the 1ubslnte for sta.rch polymer formation. 
Sucrose computmeutation inlo the vacuole is medl•ted by a sucrose/proton antiponer located on tho tono-
plas1. With.in the vacuole, sucrose can be exposed to inverrase hydrolysis with the hexose produca accwn11-
lating or leaking back to the cylopla.sm. 

enzymes are capable of metabolising sucrose in green plants. 
These are invertase and sucrose synthase (Section 2.4.1; Figure 
5.37) and they are paramount in sugar metabolism after 
phloem unloading. 

lnvertase catalyses irreversible hydrolysis of sucrose to its 
hexose moieties, glucose and fructose. Both acid and neutral 
invertases occur in plants, with pH optima of about 5 and 7.5, 
respectively (Section 2.4.1). The activity of invertases varies 
with plant species, organ type and stage of development.Acid 
invertases are usually active in rapidly growing leaves and 
stems (Wardlaw 1990), making hexoses avaifable for respir-
ation and biosynthesis. Invertases from vacuoles hydrolyse 
sucrose, producing hexoses which accumulate in vacuoles or 
enter the cytoplasm. Reduced acid invertase activity in vac-
uoles during development of sugar cane stems, and its absence 
from sucrose-accumulating tomato fruit, is a major factor in 
sucrose accumulation in vacuoles of these tissues. Less is 
known about the physiological role of neutral invertases which 

might play a part in sucrose met:ibolism of mature tissues such 
as storage parenchyma of sugar cane stems. 

Sucrose synthase is exclusively located in the cytoplasm 
and catalyses sucrose hydrolysis to fructose and UDP-glucose, 
a high-energy ester of glucose. UDP-glucose is a substrate for 
synthetic pathways, notably cellulose biosynthesis. 

High activities of sucrose synthase are found in both grow-
ing and starch storage tissues. In the cytoplasm of starchy tis-
sues, UDP-glucose is converted by UDP-glucose pyro-
phosphorylase to glucose-1-phosphate, which is transported 
across amyloplast membranes. In amyloplasts, glucose-1-phos-
phate provides glucose moieties for sbrch synthesis in a path-
way comparable to starch fomution in chloroplasts of photo-
synthetic leaves. The critical role of sucrose synthase in starch 
synthesis is demonstrated graphically with potatoes trans-
formed with an antisense construct of the gene encoding 
tuber-specific sucrose synthase. Tuber sucrose synthase activi-
ty in transformed plants was depressed significantly while the 
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activities of key starch biosynthetic enzymes were unaltered. 
Low sucrose synthase activity was directly responsible for a 
proportional decrease in starch accumulation {Zrenner et al. 
1995). 

Sinks that accumulate soluble sugars have predictably low 
sucrose synthase activities. Contrastingly high sucose synthase 
activities in phloem vessels that deliver sucrose to these sinks 
are still to be explained. 

5.6.6 Sink control of 
photoassimilate partitioning 

The pressure-flow hypothesis (Section 5.4.5(a)) provides a 
compelling model to explain sink strength in plants. Evidence 
such as accelerated import of photoassimilate into roots with 
artificially lowered P lends empirical support to the model 
(Figure 5.33). 

Knowledge of cellular and molecular events in phloem 
unloading (Section 5.6.3) and photoassimilate use (Section 
5.6.4) begins to reveal the array of control steps which under~ 
lie photoassimilate unloading and relative sink strength. 
Specifically, photoassimilate import into sinks by apoplasmic 
pathways (Figure 5.30a) or by diffusion through symplasmic 
pathways (Figure 5.30) is controlled by Pin se-cc complexes. 
In contrast, when phloem unloading is by bulk flow through 
a syrnplasmic route (e.g. legume seed coats), Pin cells respon-
sible for photoassimilate efftux to the apoplasm controls 
unloading. Unloading into storage tissues is controlled by Pin 
sink (storage) cells. 

These processes at the cell and tissue level must now be 
related to a whole-plant perspective of sink control of photo-
assimilate partitioning, taking into account influences of plant 
development and environmental factors. How plants use pho-
toassimilates (e.g. switch from growth to storage) is ac-
companied by alterations in the cellular pathway of import. 
Phytohormones also play a role in photoassimilate partitioning 
through their influence on development and intercellular sig-
nalling. 

Plant development impacts on sink potential of meristemic 
tissues characterised by active cell division as well as on stor-
age sinks where cell enlargement predominates. 

(a) Meristematic sinks 
Potential sink size is set largely during the meristematic phase 
of development through determination of total cell number 
per organ. Photoassimilate supply has been implicated as a 
limiting factor in initiation of leaf primordia at the apical 
dome and subsequent early development by cell division. 
Substrate supply for developing seeds (endosperm, embryo) 
and root and floral apices might also be restricted. 

Agricultural yields might therefore increase if plants could 
be modified to enhance the supply of photoassimilates to 
meristems. Which factors regulate photoassimilate supply to 

meristematic sinks? Rate equations describing mass flow of 
phloem sap (Section 5.4.5(a)) predict that photoassimilate 
supply reaching a sink will be determined by source output 
(setting photoassimilate concentration in sap and P in sieve 
elements at the source) and modulated by I,, of the transport 
pathway. Increased photoassimilate output from source leaves 
increases growth activity of primary meriscems. Even during 
reduced source output, photoassimilate import and meris-
tematic sink strength can be maintained by remobilisation of 
storage reserves. Manipulating competition for photo-
assimilates by more established sinks also suggests that source 
output influences sink behaviour. 

Cultivated plants demonstrate these principles. For exam-
ple, flushing C02 into glasshouses increases flower set and 
hence yield of ft oral and fruit crops. Similarly, applying growth 
regulators to induce abscission of some floral apices lessens the 
number of sinks competing for photoassimilates at fruit set 
and leads to larger and more uniform fruit at harvest. 
Alternatively, breeding prognms have reduced sink strength 
of non-harvestable portions of crops and hence the severity of 
competition. For instance, breeding dwarf varieties of cereals 
has reduced photoassimilate demand by stems with a conse-
quent increase in floret numbers set and grain size. 

These observations imply that increases in net leaf photo-
synthesis and phloem loading should set higher yield poten-
tials. Yet meristerns import only a small proportion of total 
plant photoassimilate. It may be that phloem conductance 
limits photoassimilate delivery to meristems; increases in 
source output would amplify the driving force for transport 
and hence bulk flow through a low-conductance pathway. 

Given that mature phloem pathways have spare transport 
capacity (Section 5.4.S(b)), any transport limitation imposed 
by low path conductance might be expected within immature 
sinks. Photoassimilate import into meristematic sinks involves 
transport through partially differentiated provascular strands 
that might extend up to 400 µm. Movement through this par-
tially differentiated path is symplasmic (Section 5.6.2(b)}. 
Hence, plasmodesm.al numbers and transport properties of 
plasmodesmata could play a critical role in photoassimilate 
supplies to sinks and determination of sink size (Equation 
5.7). 

(b) Expansion/ storage sinks 
As cells expand and approach cell maturity, photoassimilates 
are increasingly diverted into storage products. Towards matu-
rity, fully differentiated phloem pathways with spare transport 
capacity link expansion/storage ~inks with photosynthetic 
leaves. Photoassimilate import by these sinks depends on dura-
tion of the storage phase. This can be short term for sinks 
located along the axial transport pathway and Jong tenn for 
sinks sited at the ends of transport pathways (e.g. tubers. fruits 
and seeds}. 

Storage along the axial pathway occurs mainly when pho-
toassimilate production exceeds photoassimilate demands by 
terminal sinks. However, storage is not necessarily a passive 



response to excess photoassimilate supply. Stems of sugar cane 
store large quantities of photoassimilates (50% of dry weight 
is sucrose) even during rapid growth of tenninal sinks. Photo-
assimilates might be stored as simple sugars (e.g. sugar cane 
stems) or as polymers (fructans in seems of temperate grasses; 
starch in stems and roots of subtropical cereals, herbaceous 
annuals and woody perennials). Photoassimilates stored along 
axial pathways buffer against diurnal and more long term fluc-
tuations in photoassimilate supply to terminal sinks. In woody 
deciduous species, axially stored photoassimilates also provide 
a long-term seasonal storage pool that is drawn on to support 
bud growth following bud-burst. Remobilised photoassimi-
lates can contribute substantially to bionuss gain of terminal 
sinks. For instance, in some mature trees, over half the pho-
toassimilates for new growth come from remobilised reserves; 
similar proportions of stem-stored fructans contribute to 
grain growth in cereals when photoassimilate production is 
reduced (e.g. by drought). Physiological switching between 
net storage and remobilisation is an intriguing regulatory 
question. 

Growth and development of meristems is determined by 
phloem unloading events and metabolic interconversion of 
photoassimilates within recipient sink cells. These traruport 
and transfer processes vary between sinks and can alter during 
sink development. Techniques now exist to alter expression of 
membrane porter proteins and possibly enhance photo-
assimilate import by sinks such as seeds which have an 
apoplasmic step in the phloem unloading pathway. ProspectS 
of altering plasmodesma conductivity will improve once plas-
modesma proteins are isolated. 
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