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Sumnnmary. Polar atuxini transport can be simutlate(d by a model which achieves
polarity throtugh the preferential secretion of more aulxini from the lower end than
from the upper end of each cell. Solution of the model lslilng a computer provides
a possible explanation of the differences between the polarity expressed by different
tissues and the dlifferencs between pieces of different lenlgths, onl the basis of small
differences in the polarity of auxin secretion from individuial cells. A methodI of
estimating the polarity of individtual cells is described.

The polarity of plant cells is a basic featuire
required for orderly growth and(l differentiation.
The elonigation of cells in the growth of a stem
expresses a polarity; apical dominaince relies on the
polarity of a growth-reguilating system. The trans-
port of the atlxin indoleacetic acid is ulniquie in being
the only knowin polar vector in ncatuiral growth-
regtulating systems, and a better knlowledge of it
should eventutally leadl tus to a more initimate uinder-
stanoling of the polarity of cells and wNhole organ-
ism s.

The fincling that the transport of autxinl is ap-
paretntly driven by a secretive actioIn of the cells
(f stetns or coleoptiles (5) permits oIne to conceive
of polar transport as being a preferential secretion
of auixin out of the lower encd of the cell as com-
pareol with the uipper en(l. \Vith this concept, one
miay theni ask how extensive the dlifference between
the amotunits coming outt of each end woutld need to
be for ani experimentally determinledI net polarity of
tranisport in a stem. The article demonstrates how
this (difference may lie quantitatively approximated
by compuiter manipuilation of a mathematical model,
even thouigh direct measuiremenlt at the cellular level
is nlot possil)le.

Methods

The transport experimenlt to be simullated is the
classic system developed lby -an dler \Weij (12), in
which a section of plant stem or coleoptile tissuie
from 2 to 10 mm long is placed between 2 agar
blocks, a donor block which containis 1AA acnd a
receptor lblock. The preferential transport in the
l)asipetal direction is the featUre of polarity being
examinie(l. This differential may be explainied by
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hypotheses that either all of the auixiii leaves eacl
cell by secretive action, or various amounlts of aulxin
leave the cell by passive dliffusion with secretio
accounliting for the preferential exit at the basal
endl. The svstem is represented in figuire 1, show-
ing 1 experimenit to measuire basipetal trainsport and
another for acropetal transport.

A simple algebraic statement of the model, which
assuimes that all aulxinl is moved out of a cell in
tunit time, is ain eqlluatioin in which the aulxini coni-
ceintratioIn, C, in anIy cell i at time t is the stim of
the atixinl wvhich has moved into it from the niext
cell above, pluls the alxlin moviing inlto it from the
next cell below. The proportioni of the aiuxill
moving ouit of the b)asal enid of a cell per uinit time
is desiginate(d as d, and that from the uipper end( is it.
ThuLs,

C,i! d Ci-1|t_l + iCt ,t_(1)
or, the conicentratioin in cell i at time t eqluals
d X the coilcentratioin of the cell above ( i-1) at
the precee(einig time interval (t- 1) pluis it X the
conceintrationi of the cell below (i+1) at the pre-
ceediing time interval.

The polarity of the cell can be expresse(l as the
ratio of the aiuxinl mnoving otut of the basal and the
apical ell(Is.

d
Cell polar ratio p (I1)

It

Thus, a p value of 1.0 wouldl indicate no polarity,
with 5 0% of the auixini coming ouit from each endl
of the cell. A cell which secretes 60 % from the
basal end( and(I 40 % from the apical end( woutild have
a cell polar ratio of 1.5.

Initial analy)ses wvere madle with this mo(lel;
however, stuidy soon indlicated that it might be
desirable to allows retentioni of some auixin in each
cell. Such a leakage from the transport system
couild allow for atixin that is metaliolized b)v the
cell, or enters into other reactions which result in
its being niot secrete(l. TIn experimenits with -'4C-
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IAA, the dlistribution of radioactivity alonig the
stem may not be a reflection excluLsivel) of the
aulxin in transit (3).

This more complex model of the svstem expanids
on the basic relationship given in equationi (I) by
stating that the radioactive conceintration in any
cell is made tup of 2 portions: A, that available
for fuirther transport, and E, that fixed within the
cell.

Cil = Ait + Ei,t (III)
The total amount fixed at any time in a cell is

the sum of that fixed within the cell at the previous
time pluls the incremental amotunt fixed (luring the
last time interval. This increment, E', is treated in
this model as a proportion, f, of the transportable
amount in the cell at the beginning of the interval.
Thuis,

E i, t- ±,+ E'i,t
where E'i,t - fAi,t-I

(ITV)

To determine the amotunt of transportable auLxinl
at any time, equation (IV') is incorporatedl into
equlation (I) as follows:

AlJt= 1dAi ,,., + iuA i+,,
t_t + (I - d - u - f)A.i,t, (V)

This eqtuation states that the transportable
amount in an) cell is the suim of the amounlts coming
from the cell above and the cell below, plus that
left in the cell after removal for upwar(l anld (lown-
ward transport and fixation.

To simuilate the transport process, we assuimed
an amouint of auixin in the donor block (100) and
then calcuilated the amoulnt mnoved to the cell below
in 1 time interval. At each suicceeding time interval
(t) the donor block concenitration is again set at
100 and the concentration in each cell dlown the file
is calctulated from the state of adjacent cells at
t -1. A compuiter program, written in Fortran INV
and run on the IBM 7094, made practical the dleter-
mination of the characteristics of the modlel system
tinder a variety of cell polar ratios, time intervals
and cell nuimbers.

The program sets uip 2 N + 2 by 2 matrices,
where N is the nuimber of cells in the stem section
being simtilated. One matrix simulates basipetal
flow, and the other simtulates acropetal (fig 1).
In each matrix the secondl coluimn is the cell con-
centration valuies 1 time uinit after reaching the
valuies given in the first columin. Before the cal-
ctilations for the next time interval are madle, the
valuies in the second coluimn of the matrix are
transferred to the first.

The program permitted runnliing any pre-set
number of iterations, with a profile of cell concen-
trations given at specified times dtiring the runi.
The program also prinitedl otit the cell polar ratio,
a rtinning record of concentratioins in basipetal an(d
acropetal receptor blocks, aind the ratio of basipetal
to acropetal receptor concentrations, termedl the
polarity qulotient, Q. For most of the tests (le-
scribed here, the rtins were ma(le for 1000 time
intervals, at cell polar ratios from 1.00 to aboLIt 1.08.
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FIG. 1. Represenitationi of the mo(lel for the trainsport
of auxinl, show -iin, a dolnor block conltaininig aliuxIin ap-
plied either to the apical elnd of a file of cel! s or to
the basal enid.

Results
and Discussion

After the comptiter had solved the equiationi for
1000 time tinits, the acctimullation of atixinl in the
receptor block coldil be plotted as a ftniictioin of
time. The (lata in figtlre 2 show auixini arrival
cuirves for the model system uising 2 polar ratios;
for p = 1.00 the arrival ctirve was idlenitical for
basipetal or acropetal transport, hb1t for p = 1.04
it is observed that the arrival rate for basipetal
transport is markedly greater than for acropetal
transport. Thtls, a very small preferential secretioin
of atixin ouit of the basal end of each cell can
result in a marked polarity of transport throuigh the
mtilticellillar model.

In contrast to the concave shaped arrival cuirves
in figuire 2, most biological experiments show linear

147

I
1
4
1
4
c



PLANT PHYSIOLOGY

150

125[

100

75[

50~

25[

( L
200 400 600 800 1000

TIME (1)
FI(;. 2. Theoretical arrival of auxin in the receptoi

blocks after various intervals of time. \Vheni the celi
polar ratio is unity the samiie amounts of auxini arrive
for basipetal or acropetal transport, hut witlh p = 1.04,
a pireferential arrival is achieved bh- basipetal transport
in the model. N - 0 cells, t 0.
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FIG. 3. Theoretical arrival curves for auixini in the
receptor blocks may be conicave x-hen none is fixed in
the cells en route (f = 0), but becomes nearlx linear for
1)0th basipetal (B) and acropetal (A) transl)ort witl
fixation (f = 0.001). N = 187, p = 1.008.
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arrival cturves, aIn(l linearity is generally asstumed
when stuch cturves are tutilized to calctulate transport
velocities (12). Examination of several variables
in the mathematical model to determine what
changes wotuld alter the shape of the arriv,al cLurves
led to the finding that increasing the proportion of
atuxin fixed as it passes throuigh each cell gave a
more linear trend. Some arrival cturves for basi-
petal and acropetal transport with rather large
amouints of fixation of the auixin are shown in
figuire 3 in comparison%with curves with no fixa-
tion. Both the basipetal and the acropetal arrival
cuirves become nearlvy linear with a fixation value
of 0.001. Wheni the basipetal cuirve was extended
over longer periods of time it was follnd that this
amouint of fixation wouild even catuse the arrival
curve to become convex instead of concave, a fea-
tture which is juist beginning to show in the hasi-
petal curve in figuire 3 for f = 0.001. Increases
in f values above 0.001 resuiltedl in increasingly coIn-
vex arrival curves.

At the end of a transport period, the auxin con-
centration in representative cells along the section
can be plotted as in figulre 4. Under conditions of
no fixation along the way (f = 0) it is evidenit
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FI(;. 4 Theoretical (listributioni of aUxini alonig the
transportin1g sections, show0 ing a steeper gradient after
acropetal transport (A) tllani after basipetal (B), and a
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that the distribuition of auxin along the file of cells
describes a much steeper gradient after acropetal
than after basipetal transport. The most convincing
data on the actual distribution of auxin along a piece
of tissue at the end of a transport experiment (3)
show a precise logarithmic decline in radioactivity
with increasing distance in coleoptiles; in the case
of the model, it was found that increases in the
amount of fixation by the individual cells resulted
in strictly logarithmic distribution curves as shown
in figure 4 (f = 0.001). That auxin is withdrawn
from the transport system during transport in
coleoptiles has been well documented (2, 3).

From the final concentration of auxin in the 2
receptor blocks after 1000 time units, one can cal-
culate the polarity quotient (Q), the quotient of
basipetal to acropetal transport. This has been
done in figure 5 for 4 values of p, and for 3 dif-
ferent numbers of cells. The number 187 was
selected as representative of a long section since
this is the number of cells counted in a single file
through the pith of a 5 mm section of Coleus stem,
a material commonly utilized in auxin transport
measurements (e.g. 6). From figure 5 it is seen
that the degree of polarity achieved increases ex-
ponentially with increasing numbers of cells trav-
ersed. It might be noted that varying the values
of f from 0.0 to 0.01 had negligible effects on the
values of Q obtained.

According to this model, then, for a tissue with
any given cell polar ratio, the polarity quotient ob-
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FIG. 5. Theoretical chianges in the polarity quotient
as a fun-ction of the numbers of cells in the transporting
piece. Data for 4 different values of cell polar ratios
(p) are p!otted. f = 0, t = 1000.

served should vary with the length of section
through which transport is being meastured.

The logarithmic relationship in figure 5 suggests
a general equation for estimation of any one of the
3 variables, given the other 2. Such an equation
was derived for the data shown in figure 5.

p =1 + log Q
.872 N

As a working basis, this equation may be used
to estimate the cell polar ratios for biological mate-
rials. For example, Jacobs (6) reported a polar
quotient for 3.0 of a 5 mm Coleus stem piece.
This represents a file of 187 pith cells, and solution
of the equation yields a value of p = 1.003; that
is, 50.15 % of the auxin secreted from the basal end
of each cell and 49.85 % from the apical end would
account for the polarity quotient observed. A
polarity quotient of 100 would indicate a p = 1.012.

This model has 4 principal properties which
seem relevant to the biological problem of auxin
transport:

A) A small differential in the secretion of auxin
out of the basal end of each cell is capable of im-
parting polarity to the overall transport by the
model. Small increases in the extent of this dif-
ferential secretion can raise the polarity from a
quotient of 2 or 3 to values far above 100 (fig 5).
Further increases in the differential secretion would
result in an apparent complete polarity; for ex-
ample, in a file of 100 cells, if 52.5 % of the secreted
auxin were to come out of the basal end of each
cell (p = 1.025), a polarity quotient in excess of
10,000 would be achieved, and essentially no auxin
would reach the receptor block after transport in
an acropetal direction. In other words, small dif-
ferences in secretion of auxin from each end of the
cell can be amplified into large differences in over-
all transport through tissues, producing the apparent
basipetal polarity.
B) Not only would the extent of polarity be

expected to increase exponentially with the cell
polar ratio, but it would be expected to increase
exponentially with the number of cells in a section
(fig 5). That the extent of transport varies be-
tween types of plant tissue has been noted by
Jacobs (6), and by workers in this laboratory
(5; 8, 10), but the extent of polarity has been com-
pared in only a few cases (e.g. 4, 6,9, 11, 13). That
the polar quotient does in fact increase with the
length of stem pieces has been shown in a prelimi-
nary report by de la Fuente and Leopold (1).
C) The model would predict that the distribution

of auxin along the transporting section could be
either logarithmic with distance from the donor
block, or curvilinear on a log scale (fig 4), and
would be less steep for the basipetal transporting
section than the acropetal.
D) The model presents a method of approximat-

ing cell polar ratios of the cells of various plant
materials. The method will be applied to 4 types
of plant materials in the following paper.
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