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The polar transport of auxin and vein patterns in plants

By G.J. MiTcHISONT

M.R.C. Laboratory of Molecular Biology,
Hills Road, Cambridge CB2 2QH, U.K.

[Plate 1]

The hormone auxin is transported through many plant tissues with a definite velocity.
It is thought that certain channels, or pumps, located at the basal ends of cells, are
responsible for the hormone’s transport. I.s also known that auxin will induce
veins when applied to suitable tissues. T. Sachs has suggested that it is the flow of
the hormone that induces vessels. He suggests that discrete strands form because
the transport capacity of a pathway increases with the flux that that pathway carries,
leading to a canalization of flow. I cast this in the form of a more specific hypothesis:
I suppose the permeability for the transport of auxin through the basal plasmalemma
of a cell (by means of whatever kind of pump or channel) to increase with flux.
I then show that discrete veins will form provided that the transport permeability
increases rapidly enough with flux, and provided that the movement of auxin is not
too polar, in the sense that there is a substantial amount of diffusive movement of
auxin in addition to polar transport. The same hypothesis offers an explanation for
the loops of veins found under certain conditions.
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1. INTRODUCTION

The plant hormone auxin, or indole acetic acid, is transported in a polar fashion through many
plant tissues (Goldsmith 1977). Auxin is also involved in the development of veins, both in the
repair of existing veins and in the initiation of new xylem in certain cambial tissues (Jost 1942;
Jacobs 1952; Sachs 1978). Sachs (1969) has suggested that veins form along the paths taken
by auxin as it flows through tissues. To explain the localized paths of veins, he has proposed
that the efficiency of transport of auxin along a path increases with the auxin flux that that
path carries. So a path will become a better sink for the hormone as it carries a greater flux.
In this way, certain preferred transport channels should appear, somewhat after the fashion
of rivers in a landscape.

As auxin is transported in a polar manner, one expects to see evidence of this in the path
taken by veins, and this is indeed found. Veins will follow the direction of auxin transport
(Sachs 1969), even when this requires a detour, imposed by the presence of grafts of different
polarity (Sachs 1968). Now one can explain the transport of auxin by assuming that there are
pumps or channels of some kind, localized at one end of each cell, which move auxin in a

polar manner between cells. Suppose that these pumps or channels increase in number, or
become more effective, as the flux of auxin through a cell increases. Could this explain the
formation of discrete veins? I show here that such a mechanism will generate satisfactory vein
patterns provided that certain conditions are met. These concern the sizes of permeabilities
for auxin transport between cells, and the way that these vary with the auxin flux.
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2. FLUX-DEPENDENT AUXIN TRANSPORT

If labelled auxin is briefly applied to a segment of a suitable plant tissue, a pulse is found
to travel down the segment in the direction from the original apex to the base (Goldsmith
1967). The pulse spreads, but its mean has a definite velocity, often in the range 1.0-1.5 cm /h.
I shall assume here that the movement of auxin involves two stages. First, a transport mech-
anism for transfer between cells, perhaps of the kind proposed by Rubery & Sheldrake (1974);
and secondly, intracellular diffusion. Suppose the flux F between two cells depends only on
the concentrations at the adjacent ends, with 4 denoting that at the basal end of one cell and
a denoting that at the apical end of the next cell, according to the law

F = pb+q(b—a), (1)
where p and ¢ are constants with the dimensions of permeabilities.

This flux law covers a considerable variety of possible mechanisms, and would apply in
particular to the ‘chemiosmotic’ theory of auxin transport (Rubery & Sheldrake 1974; Raven
1975). One can show that, with such a flux law, a pulse of auxin would move with a definite
velocity (Mitchison 19804; Goldsmith et al. 1981). From a variety of experiments, in which
the dependence of this velocity on cell length is investigated (Wangermann & Mitchison 1981),
and the velocity is changed by centrifuging cells (Cande ef al. 1973), one can estimate values
for the constants of transport (Mitchison 1981). Reasonable values are p = 4 x 10~4 cm/s and
g = 104 cm/s or less. »

It is likely that auxin diffuses both through the cytoplasm of a cell, and partly through its
vacuole, the tonoplast (the membrane surrounding the vacuole) being moderately permeable
to auxin (Mitchison 1981). In the ensuing analysis of vein formation, I shall assume at first
that the tonoplast is so permeable to auxin as to be ‘invisible’, so we may treat the cell as a
single compartment. Later (see §5), I shall consider what happens at the other extreme, where
the tonoplast is completely impermeable.

Suppose we have a two-dimensional sheet of cells. The flow pattern within the sheet is
what concerns us, so let us represent a cell by a rectangle of length L and width W, and ignore
the depth dimension (figure 14). Let F be the flux per unit cross-sectional area across an end
face of the cell. Then

F = (a—-b)D/L, (2)

where D is the diffusion constant for movement through the whole cell interior.

I now come to the key assumption. Suppose that the permeability p for forward movement
between cells increases with flux. Can this lead to the formation of preferred pathways for auxin
transport through a tissue?

Imagine that auxin is being transported down a sheet of cells, represented for convenience
as a rectangular array (figure 14). Suppose that initially there is a uniform flow of auxin down
the sheet, with a line source above and a line sink below where zero concentration is main-
tained. Let us slightly perturb this flow pattern, with the result that one file of cells carries
slightly more flux than its neighbours. Suppose that the increase in transport efficacy causes
the concentration of auxin to fall in this file. If auxin diffuses in through the lateral walls of
cells, then the file will begin to act as a sink for auxin in neighbouring tissues. As it draws
more flux to itself, the transport permeability in its transverse walls will increase further, and
in this fashion an autocatalytic cycle will be generated. The condition for this to happen is
that increasing the flux in the file of cells should actually lower the concentration there.

[ 36 ]
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Consider therefore a file of cells, with a flux F entering at the apical end, and a sink of zero
concentration maintained at the basal end. Let the concentration at the top end of the nth
cell be a,, and at the bottom end ,,. Then, from (1) the flux is given by

F = pbn+q(bn_an+l)‘ (3)
The equation for diffusion inside the cell is given from (2) as
F = (a,—b,)D/L. (4)
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Ficure 1. (a) This shows a small array of cells, with the auxin concentration inside them depicted graphically
in the upper part, and the flow patterns of auxin beneath on the cell grid. The main direction of auxin flow
is shown by the larger arrows, and one file (heavy boundary) carries a larger flux than its neighbours. With
appropriate assumptions about dependence of transport permeabilities on flux, the concentration in this
file will fall, and auxin will diffuse in from neighbouring cells. This lateral movement into the file is shown
by the small arrows. (b)) The dimensions of a cell are shown. The cytoplasm (shaded) has thickness ¢, and
the overall cell length and width are L and W, respectively.

Suppose that the Nth cell is a sink with by = 0. Then the solution of these difference
equations is )
an = FL/D+b,; b, = (1+4L/D) (F/p) (1 - (1+p/g)"™). (5)

Now it is reasonable to assume that p/q is fairly large. So for cells far from the sink, where
(N —n) is large, we can neglect the term (1+p/¢)*¥, and write simply
a, = FL/D+b,; b, = F(1+4L/D)/p. (6)

There will be net inward diffusion into a cell in the file from its lateral neighbours if the
mean concentration 4(a, +b,,) falls as F rises. That is,

3(a,+b,) = F(1+qL/D)/p+FL/2D (7)

must fall as F increases. If p increases only as the first power of F, then the mean given by (7)
[37]
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will increase with F. For the mean to fall, p must increase as a higher power of F' (compare
Mitchison 1980a).

Let us assume that p increases quadratically with . Now we cannot simply set p = kF2,
with £ a constant. For it turns out that this will lead to instabilities of auxin concentration
due to local inhomogeneities in the concentration gradient (see Mitchison 19804). To avoid
this behaviour, p must change slowly relative to diffusive equilibration, and this can be expressed
formally by setting

ap/0t = e(kF?—p), (8)
where € is a small constant.

This is a suitable law for the flux dependence of p when the flux F is given by (1). However,
this assumes that transport has a fixed direction. If we have measured F as the flux from the
basal end of one cell (where the cytoplasmic auxin concentration is ) to the apical end of the
next (concentration a), then F > 0. If the direction of flux changes, so F < 0, then we have
the law F = —pa+ g(a—b), which gives a new meaning to p. Equation (8) cannot be used to
define the changes of permeability if we wish the system to behave continuously under con-
ditions where the direction of flux changes abruptly. Instead, consider two adjacent cells,
labelled 1 and 2, with concentrations a,, @, in the cytoplasm near their interface. Let the flux
F measured in the direction from cell 1 to cell 2, be given by

F = pra,—pya,. (9)
Now put
L%y _ i :
S D g-py) F >0
=q-h F < 0; (10)
10p, " _ )
=q—ps F > o.

This is a suitable general definition for flux dependence of transport permeability, and this
is what I have used for computer simulations, to be described later. When the flux has a fixed
direction for a long time, one of p,, p, will tend to ¢, and the other p will be governed by the
simpler equation, (8).

Despite their seeming complexity, (9) and (10) have a natural meaning. By definition, polar
transport involves an asymmetry in the transport mechanism. For instance, according to the
chemiosmotic theory of auxin transport (Rubery & Sheldrake 1974; Raven 1975), auxin enters
cells from the acidic extracellular space in the form of the lipophilic undissociated acid, which
freely passes through membranes. But auxin exists in the cytoplasm as the anion, which can
only leave the cell through specialized channels. It is assumed that these channels are present
in the basal area of the plasmalemma, giving a polar movement in the basal direction. We
can now interpret p; as the anion permeability at the plasmalemma of cell 1, and p, that of
cell 2. Then (10) says that the flux leaving a cell through a region of plasmalemma regulates
the activity or density of anion channels there.

[ 38]
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3. CONDITIONS FOR VEINS TO FORM

Suppose now that we perturb a nearly uniform flow down a sheet of cells. Under what
conditions will preferred channels emerge? I shall make several simplifying assumptions to
analyse this problem. First, I assume that changes in permeabilities specified by (10) occur
so slowly relative to diffusion that we may assume diffusive equilibrium inside cells. Secondly,
I assume that the concentrations in cells are initially given by (6), and I ignore that region
near to the sink where the exponential term in (5) is significant. Thirdly, I consider only the
simplest mode of destabilization possible, where adjacent files of cells carry alternately larger
and smaller fluxes. This is the first mode to appear (compare Mitchison 1980a).

In the initial uniform state, before perturbation, there will be no lateral flux between cells.
Then, if the perturbation is small, and because p depends quadratically upon F, we may
ignore changesin p in the lateral walls, and suppose that the lateral flux is given by F = q(¢; —¢,),
where ¢, ¢, are the auxin concentrations in the adjacent cells. Now there is initially a linear
gradient inside cells. Let the difference in the concentration at each point inside the cell from
its initial value in the linear gradient be ¢(x), where x is the distance measured along the cell’s
axis from the apical end. As concentrations in neighbouring files are perturbed an equal
amount in opposite directions, the efflux at the point x is F = 2gc¢(x). I shall ignore any diffusion
gradients at right angles to the cell’s axis, so the problem is essentially one-dimensional. The
concentration inside the cell is then given by

(%W)Dc:c.r = 290, (11)

where the subscripts denote partial derivatives.

Suppose that the flux leaving the basal face of the nth cell is perturbed from its initial value
F to F+ F,, where cells are counted in the direction of the initial flux. Similarly, let a+a,,
b+ b, be the perturbed values of the concentrations at the apical and basal ends, respectively,
of the nth cell. Then we can solve (11) and show that

ay = 6(0) = Kan—l_Ksz} (12)
bn = J(L) = K2Fn—-1_K1Fn7
where K; = (L*/D) coth (L/L*), K, = (L*/D) cosech (L/L*), and
L* = (WD/4q)%. (13)

The appropriate equation for specifying p is (8), because the flux through the basal ends of
cells will always be in the same direction for small perturbations. If we let p+p, be the per-
turbed value of p at the basal end of the nth cell, the linearized version of (8) is

dp,/dt = e(2kFF, —p,), (14)
and the perturbed version of (1) is
Fn = pnb+pbn+1+q(bn+l_an)' (15)

We now look for solutions to (12), (14) and (15) of the form F, = Aw" cos (zn) e,
Pn = Bu™ cos (zn) eft. On substituting, we find that w = (1+p/¢)-%, and

Sf+e = (2eFkb) /{1 + K (p+2q) —2K,q cos z/w}. (16)
The boundary conditions require cos Nz = 0, so with the simplest mode in this direction,
[ 39 ]
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z = mw/2N. As we are implicitly assuming N to be large, to justify neglecting the nonlinear
gradient near to the sink, we may assume that z is small, and put cos z = 1. On substituting
for K, and K,, we find the condition for the solutions to grow with time, or f > 0, is

p+2q < 2q(1+p/q)} sech (L/L*) + {D/L* +2qL/L*} tanh (L/L*). (17)

From (13), D/L* = 4¢qL*/W, and we can then express (17) in terms of the ratio p/¢. Putting
a = (2L/L* +4L* /W) tanh (L/L*), and b = sech (L/L*), we find that

/9 < 2b%+a—2+2b(b%+a—1)%. (18)
. 5 ) ! 1
« Tw . -
H——+ T C R -
(i) 8 L 2
S S
(a) (b B 9
-
+——+— UHHHHHHHHE
(ii) 1 ! { 4 9
- -

Ficure 2. (a) For computer simulations, cells are divided into four internal compartments. If we assume the
tonoplast is a negligible permeability barrier, then auxin diffuses equally freely through the whole interior
of the cell, and the four sectors in (i) partition the interior into a crude grid. If the tonoplast is completely
impermeable, then we interpret the four compartments as subdivisions of the cytoplasm, as shown in (ii).
(b) Here, the outcome of a computer simulation is shown, in which an initially uniform flow from top to
bottom of the diagram was slightly perturbed. Channels of preferred flow developed. These are indicated
by the arrows. (For notational convenience, their thickness is proportional to the square root of the flux.)
The density of channels, or equivalently, the permeability p,, for leaving cell 1 and entering cell 2 (see
equation (9)), is indicated by the number of strokes across the wall in question. (Again, for notational
convenience, the number of strokes is proportional to the square root of p,,). The thickness of the cell wall
space between cells has, of course, been exaggerated.

This sets a limit on the polarity, measured by p/q, that is allowable if veins are to form.
A similar inequality was obtained for a simpler model of polar transport in Mitchison (19804).
Clearly, ¢ cannot be too small, since this permeability regulates the entry of auxin through
lateral walls of cells. As an example, suppose the cell is twice as long as it is wide, so L/W = 2.
Then as we vary L/L*, the right-hand side of (18) has a minimum at L/L* = 2.5, with
p/q < 7.0. For larger or smaller L/L* the right-hand side of (18) is larger. For instance, with
L/L* = 10,p/q < 18.8, and with L/L* = 0.1, p/q < 13.6. A realistic value of L* is obtained
by putting L = 200 pm, W = 100 pm, D = 7 x 10~% cm?/s (see Larsen 1955), ¢ = 10~% cm/s,
in which case (13) yields L* = 132 pm. Then L/L* = 1.5, which gives p/q < 8.1, not far
from the minimum, as it happens.

[ 40 ]
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There are many variants of this analysis. For instance, the permeability for auxin entering
along the side walls may be different from ¢, say ¢’. Then we obtain exactly the same in-
equality, (17), but with L* = (WD/44')} instead of (13).

To illustrate the generation of veins, I have made a simple computer model of an array of
cells, in which polar transport between cells is combined with diffusion within them. I have
treated diffusion within cells only coarsely. Each cell is a square, subdivided into four triangular
segments (figure 2a(i)), with a symmetric permeability 4 for moving between those segments
which are in contact, corresponding to intracellular diffusion. The movement of auxin between
cells is assumed to obey (1), with p and ¢ varying with flux in the manner previously described.
The analogue of (17) assumes the simpler form

(p—29)/d < 1+ (1+p/9t-p/2g. (19)
Figure 2 shows the result of perturbing an array of cells, initially with a uniform flow from
top to bottom. Here, I have set d = 0.4, ¢ = 0.06, with F = 15, k = 1073, ¢ = 102, giving
p = 0.225 from (10). It can be checked that these values of p, ¢ and d satisfy (19). Taking
L = 100 pm, and D = 7 x 10~% cm?2/s, we find that these computational constants correspond
top =4x10%cm/s and ¢ = 10~*cm/s.
After a 19, perturbation of the initial values of p, the flow pattern destabilizes and two
channels develop, one carrying a much larger flux than the other (figure 25). For more
elaborate patterns of this kind, generated by a diffusion-based model, see Mitchison (1980a).

4. VEIN LOOPS

One intriguing feature of vein formation is the occurrence of loops (see figure 3). These
are seen when a piece of a storage tissue is cut out and left for some time, preferably with an
artificial supply of auxin at the apical end. Then loops are frequently found, usually near the
basal end of the tissue (T. Sachs, personal communication). These can be interpreted as a
diagnostic test for an underlying polar mechanism. If veins are indeed formed by the flow of
a substance, then a circular flow could not be maintained by diffusion alone, but would need
some kind of polar transport. Intuitively, it is reasonable that a cycle of cells can maintain a
circulating flow. We can now check the conditions for the flow to be self-catalysing. -

Suppose that every cell has concentration a at the end where auxin enters in the circulating
flow, and concentration b at the other end. Let us assume that auxin neither enters nor leaves
the ring of cells. Let the flux through each cell in the ring be F. Then from (2) and (3) we have

F = D(a—b)/L = pb+q(b—a), (20)
and conservation of the total amount of auxin in the ring implies that

a+b =C (21)
for some constant C.

If we wish circulation to increase, then (8) requires that

1op
ga—kF—p>0.

Eliminating @ and 4 from (20) and (21), we have
p =2F(1+qL/D)/(C—-FL/D),

[ 41]
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and using this expression for p in (21) we obtain as the condition for escalating circulation
kF(C—-FL/D) > 2(1+¢L/D). (22)
When this is an equality, we have
F = CD/2L +3{(CD/L)®—8(D/L +q)/k}}. (23)

These roots are real when
C? > 8L(1+4¢L/D)/kD, (24)

which is the condition for there to be a range of values of F for which the flux increases and
vein loops form.

This condition explains why loops occur at the basal end of a piece of storage tissue. Transport
carries auxin to the basal end, where its concentration rises. In fact, steep concentration gradients
are observed at the free basal ends of segments supplied with an apical auxin source (Wanger-
mann 1974). As such a gradient forms, back-diffusion will decrease the basally directed flux,
so p will fall in the basal faces of cells. We therefore expect the following type of auxin distri-
bution in the tissue: a low concentration at the apical end, then, moving basally, a sigmoidal
region of steep concentration increase, followed by a plateau at the basal end, where cells
have lost their original polarity. In this plateau, fluctuating, random flow patterns can develop.
When the concentration, C, is large enough to satisfy (24), these can become self-reinforcing
flux circuits.

The formation of loops in this manner does not happen by destabilization, and is therefore
formally unlike vein formation. For veins, given appropriate conditions, a perturbation of a
uniform flow grows in amplitude until channels form. This is true on matter how small the
perturbation is. For loops, the perturbation must exceed a certain minimum. However, this
minimum may be very small, so that intrinsic noise would suffice to initiate loops. The formal
difference may therefore be of no practical significance.

To see how large a perturbation is needed, consider first what happens when the condition
(24) is just satisfied. From (23), F = {2(¢+D/L)/k}}, and taking p = kF? we obtain p =
2(¢+D/L). With D = 7x 1078 cm?/s, L = 100 pm, and ¢ = 107 cm/s, we find that p = 9 x
10~* cm/s, which is a large value for this permeability (larger in fact than our estimate of
p = 4x107* cm/s for the basal walls of cells during unperturbed transport). It seems unlikely
that such large polarities would often form by chance. However, suppose C is, say, five times
larger than this minimum value. Then, from (23), p = 0.02(¢+D/L), and with the same
values of g, D and L we havé p = 9x10-% cm/s. It is now quite plausible for this small per-
meability to occur by a chance fluctuation in the distribution of transport channels. So we
conclude that a moderate increase in concentration beyond the minimum specified by (24)
produces conditions where loops should arise spontaneously.

5. CONCLUSIONS

I have shown that, under appropriate conditions, a uniform flow of auxin, transported
down a sheet of cells, is inherently unstable, and will break down into channels carrying a
larger flux than the background. These channels may be regarded as the precursors of veins.
For this destabilization to occur, the transport permeability p must increase with flux in a
suitable manner; for instance, p may vary quadratically with flux. Moreover, the polarity of

[ 42 ]
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Ficure 3. Two vein loops, one with two mature xylem vessels, the other with three, obtained by keeping small
pieces of radish root with a supply of auxin at their original apical end. This is a technique that Professor
T. Sachs kindly demonstrated to me.

(Facing p. 468)
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transport, measured by the ratio of the polar permeability p to the diffusive permeability ¢
(see equation (1)), must not be too large. More precisely, there is an upper bound for p/q
(equation (18)) that depends upon, among other things, the length L and width W of the cell.
When L/W = 2, for instance, we must have p/¢ < 7. This inequality is satisfied by plausible
values of p and 4.

I have assumed that the interior of a cell is all one homogeneous compartment from the
point of view of auxin movement. However, one can argue that the tonoplast may be fairly
impermeable to auxin (Mitchison 1981). Consider, therefore, what happens when the tono-
plast is completely impermeable. Auxin will be channelled through the layer of cytoplasm
(figure 1), which is typically quite thin, having a width ¢ of a few micrometres. If the channels
by which auxin leaves the cell are clustered where the flux is largest, they will presumably be
at their highest density near to the lateral walls of the cell. Then we may, in effect, treat the
cytoplasmic strip by the lateral walls as a very elongated ‘cell’, of length L and width ¢
Inequality (18) then prescribes an upper bound for p/¢, which can be much higher than that
for a homogeneous cell interior. For instance, with the constants previously used (D = 7 x
10-% cm?/s, ¢ = 10~4, L = 200 pm) and with a cytoplasmic width ¢ of 5 pm, we find that
#/9 < 35. So the conditions are more propitious for vein formation when cells have imper-
meable tonoplasts. '

One pleasing feature of the kind of mechanism that I have considered is that it not only
explains the occurrence of loops of vein, but shows why these should tend to appear in regions
of high auxin concentration. Essentially, this is because the polar movement due to transport
must overcome back-diffusion, both between and inside cells. And while diffusive fluxes
increase with the concentration gradient, those due to polar transport increase with the absolute
value of auxin concentration.

I have implicitly assumed that there is a2 mechanism for measuring the auxin flux leaving
a cell. However, it is not entirely clear what kind of mechanism this would be. If we follow
Rubery & Sheldrake (1974) in supposing that there are anion channels by which auxin leaves
the cell, then we might suppose that it was enough to measure the auxin efflux through these
channels. However, this will not do. For, with the assumptions of the chemiosmotic theory,
auxin will return to the cell by passive diffusion (as the undissociated acid) from the acidic
environment outside, and there will be diffusive recycling, even where there is no net flow.
One possibility is that auxin does not enter a cell freely as the undissociated acid, but needs
special channels of some kind both to enter and leave a cell. This might avoid a certain lack
of economy inherent in the present formulation of the chemiosmotic theory. For, if auxin
enters cells as the undissociated acid, then about half the molecules should re-enter the cell
that they have just left, so half the energy used for transport would be wasted.

Another way of measuring flux would be by reference to the concentration gradient produced
inside the cell by the flux. If channels tended to congregate in that part of the cell where auxin
concentration were lowest, then the desired kind of flux-dependence of polar transport could
be brought about. However, it would not suffice for channels to be present at a given point in
some inverse relation to the auxin concentration there, as this would change a file carrying
a large flux from a sink into a source. Instead, some mechanism operating over the extent of
the whole cell would seem to be needed, to ensure clustering of channels in the region of lowest
concentration and a depletion elsewhere.

I have considered vein formation in relatively mature tissues of the plant. Veins may be
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470 G.J. MITCHISON

induced in mature leaves by auxin (Jost 1942), but not in very young leaves (Young 1954).
Sachs has postulated that the same kind of flux mechanism operates in young leaves, but
involves the flow of a different signal. Now vein patterns in young leaves do not reveal any
obvious polarity, but often make complex networks with strands running in different directions.
In spite of this, vein loops of the kind I have described are never seen, and would presumably
be an undesirable feature. I have therefore suggested (Mitchison 19804) that the putative
early signal may move by diffusion, which would prohibit circulation and vein loops. At a
later stage, when the distances become too large for diffusion, polar transport would be appro-
priate. It is here that we would expect vein formation to be controlled by the flow of auxin,
in the manner I have proposed.

I thank Professor T. Sachs for helpful conversations, and Professor F. H. C. Crick and the
Salk Institute for support during the preparation of this paper.
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Discussion

D. E. HANKE (Botany School, University of Cambridge, U.K.). I was surprised that Dr Mitchison
has not included in his scheme the well known autocatalytic effects of auxin on auxin uptake
and the polar transport of auxin. As is known, the inward diffusion of protonated auxin and
outward diffusion of auxin anion would soon cease if the protons carried into the cytoplasm
thereby were not pumped out by plasma-membrane proton pumps, providing the energy to
drive auxin uptake and polar transport. The activity of these plasma-membrane proton pumps
is very strongly stimulated by auxin in stem and coleoptile tissues and this stimulation is
probably the basis of the autocatalytic effect.
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One advantage of a model which included autocatalysis would be that, in contrast to Dr
Mitchison’s model, the ‘drainage channels’ would have higher concentrations of auxin than
the tissue around, as is known to be required for cell elongation and differentiation into xylem
or wound vessel members.

G. J. MrrcHison. I agree that proton pumps may act so as to increase auxin uptake and trans-
port. The problem is to make this sufficiently localized in space. The presence of protons in
the extracellular space will increase the uptake of auxin into all cells, and not just those of a
preferred channel. In fact, under certain conditions, extrusion of protons may encourage auxin
to spread away from a file carrying a large flux. I therefore believe that this kind of auto-
catalysis cannot explain vein formation, though it might enter indirectly into the kind of
scheme I am proposing (which is also autocatalytic, by the way).

On the question of differentiation of cells into xylem or wound vessel members, I believe
the stimulus for this is likely to be auxin flux, not concentration. As my argument on vein
loops shows, high concentrations will often bring about a large flux, and the experimental
conditions may not enable one to distinguish between these two. Having said this, I would
point out that, although I have assumed that the concentration falls in a strand as the flux
increases, this need only be true in the early stages of strand formation. At a later stage, the
anion channels (or their activity) may cluster at the basal end of a cell and be depleted from
the lateral walls; and because of the latter fact, auxin may flow into a strand even when the
concentration there is higher than in surrounding cells. So the metaphor of a ‘drainage channel’
should not be pressed too far.

A.R. SHELDRAKE (1a, Magnus Street, Newark-on-Trent, Notts., U.K.). The ‘drainage pattern’
model of vein formation that Dr Mitchison has suggested seems to depend primarily on growth
centres and their distribution. Would he regard the vein pattern in a particular type of leaf
as a general consequence of the pattern of growth in this leaf] i.e. as a consequence of its morpho-
genesis, just as the drainage pattern of a river system is a consequence of the general topography ?

G. J. Mrrcuison. I have talked mostly about the flow pattern of auxin, but have implicitly
assumed that there are definite sources and sinks, the sources presumably being in young leaves.
I also assume that in the earliest stages of vein development in leaves there are sources of some
other signal (see Discussion, and Mitchison 19804a). I would conjecture that sources of this
other signal are also growth centres, and that the distribution of these centres is determined by
a mechanism distinct from that which controls vein formation. Of course a vein, once formed,
may in turn influence this mechanism, and affect the distribution of centres. But my guess —
and it is no more than this - is that vein patterns are indeed largely a consequence of the
pattern of growth.
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Ficure 3. Two vein loops, one with two mature xylem vessels, the other with three, obtained by keeping small
pieces of radish root with a supply of auxin at their original apical end. This is a technique that Professor
T. Sachs kindly demonstrated to me.
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