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ABSTRACI

The spatial distribution of the rate of deposition of uronic acids in the
elongation zone of Zea mays L. Crow WF9 x Mo 17 was determined
using the continuity equation with experimentally determined values for
uronide density and growth velocity. In spatial terms, the uronide depo-
sition rate has a maximum of 0.4 micrograms per millimeter per hour at
s = 3.5 mm (ie., at the location 3.5 mm from the root tip) and decreases
to 0.1 mg mm-' h-' by s = 10 mm. In terms of a material tissue element,
a tissue segment located initially from s = 2.0 to s = 2.1 mm has 0.14 Mg
of uronic acids and increases in both length and uronic acid content until
it is 0.9 mm long and has 0.7 gg of uronide when its center is at s = 10
mm. Simulations of radioactive labeling experiments show that 15 min
is the appropriate time scale for pulse determinations of deposition rate
profiles in a rapidly growing corn root.

Uronic acids, which are components of the primary cell wall,
comprise more than 1% of the total dry weight of the growing
region of the corn root. The deposition of uronides occurs as the
root cells are expanding and being displaced away from the root
tip during growth. Thus, to calculate the local net deposition
rates, it is necessary to collect data on the spatial distribution of
both growth velocity and concentration of uronides (6, 13-15).
The continuity equation of classical fluid dynamics implies that,
in quantitative terms,

D=P+V (pv)(1ait
where D is the local deposition rate, p is density (concentration)
of the substance of interest, t is time, and v is the growth velocity
vector. In the case of a cylindrical, growing organ, equation (1)
can be simplified and expanded to

D= +a+Pp av (2)at CI as

where p is density (e.g., ,g of uronides per millimeter of root
length) and s is distance, best measured as millimeters from the
root tip (3, 5). On the right side of equation (2), the first term
represents the time rate of change of uronide density at a
particular spatial location (e.g., 4 mm from the tip). It is termed
the local rate of change of uronide density. The second term, v
apl/as, is the product of growth velocity and spatial gradient in
uronide density. It is termed the "convective rate of change,"
since it represents change due to movement of cells away from
the tip. It may be thought of as the component necessary to
maintain the spatial gradient in concentration. The sum of the
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local and convective rates of change equals the "material deriv-
ative of uronide density," i.e., the time rate ofchange of uronide
concentration in a material element, such as an infinitesimal
tissue segment. The last term in equation (2), p avlps, is the
product of strain rate (relative elemental growth rate [2, 31 and
uronide density and, as the "stretch component," represents the
deposition rate necessary to maintain uronide density in the face
of tissue expansion. In the more general case of a radially
symmetrical organ, equation (2) may be used as described, but
results represent deposition rate per unit length of tissue (see
"Appendix"). Determination of the amount of deposition asso-
ciated with an increase in radius and/or a true increase in
volumetric concentration would require a two-dimensional treat-
ment.

Equation (2) suggests measurements to calculate the deposition
rates of uronides in growing organs. The primary root of corn,
Zea mays L., provides an excellent subject for these calculations.
Much is known of its distribution of growth rates (3, 4), and
comparison can be made to patterns ofuronide deposition found
with radioactive labeling methods (10, 12). The growing region
of the root extends about 1 cm behind the root tip (3) and the
diameter is on the order of 1 mm. Below are shown the meas-
urements of the spatial distributions of uronide density and
growth velocity (and gradients of density and velocity), and the
use ofthese values to compute the spatial distribution of uronide
deposition rates in the longitudinally expanding region of the
corn root.

MATERIALS AND METHODS

Plant Material and Growth Conditions. Corn seed (Zea mays
L., Crow WF9 x Mo 17) were surface sterilized for 10 min in
5.25% hypochlorite and sown in "growth medium" which was
vermiculite moistened with 10-' M CaCl2. After approximately
30 h in darkness at 29°C, uniform seedlings with primary roots
3 to 5 mm in length were selected and transferred to growth
medium in Plexiglas boxes, built so that the front face slanted 7°
from the vertical to allow observation and photography as roots
grew along the slanted face. The roots were kept in darkness
except for periodic exposure to dim light during inspection,
marking, and photography. Roots which had achieved 5 cm
length during 18-h incubation were removed for uronic acid
analysis or marking and subsequent growth analysis.
Growth Analysis. The apical 15 mm of selected roots were

marked with India ink applied with a glass capillary or a steel
marking implement scribed to produce marks at 0.5 mm incre-
ments. After marking, each root was returned to the growth box
and allowed to grow undisturbed for 1 h. Photographs were then
taken at five 20-min intervals using an Olympus OM2 camera
fitted with macrolens and T32 automated flash triggered by an
automatic timer system. The flash was fitted with a combination
ofcolored Plexiglas and cellulose acetate filters to provide a green
"safe flash." Photographic prints were made to enlarge the root
image 15- to 20-fold. Because the ink dots were deformed during
the expansion, the apical or basal edge of an ink dot was used to
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identify a mark on the series of five prints. A Tektronix 4956
Graphics Tablet was used to measure distance of each mark
from the root tip. Growth data were analyzed by methods
suggested by Erickson (2). At the midpoint of the 100-min time
interval, the velocity of displacement of the marks, v, was esti-
mated with the quadratic differentiation formula on positions
from five consecutive photographs. Strain rates, cvlcs, were
calculated with the five-point quadratic differentiation formula
applied to values of velocity interpolated to equally spaced
positions using Aitken's interpolation formula (2). Both velocity
of displacement and strain rate were used in calculations of
uronide deposition rate. Calculations of length and uronide
content of a small, growing tissue segment required computer
assisted numerical integrations. Cubic splines were used to inter-
polate the velocity profile to 120 positions spaced 0.1 mm apart.
Using the notation proposed by Gandar (7) we can express
segment length, L, of the tissue found initially between s = 2.0
and 2.1 mm:

L = x (2. 1, t) -x (2.0, t)

where x (2.1, t) represents the current position of the particle
found initially at 2.1 mm, and x (2.0, t) represents the current
position of the particle found initially at 2.0 mm, and positions
are calculated from, e.g.,

x (2.1, t) = 2.1 + V(2.1, t) dt

where V (2.1, t) is the current velocity of the particle found
initially at s = 2.1 mm.

Similarly, segment uronide content was computed from:

Uronide = p (2.05, 0) As = ,f D (2.05, t) dt ds

where the apical end of the segment, A, equals x (2.0, t), the
basal end of the segment, B, equals x (2.1, t), and D is the
deposition rate associated with the current position of the seg-
ment.

All figures show position at midpoint of the segment, i.e., 1/2
(x [2.1, t] + x [2.0, t]).

Uronic Acid Determination. Roots were rinsed briefly in ice
cold, distilled H20 and excised from the seed. Root caps were
removed, and batches of 8 to 10 roots were arranged in a
styrofoam jig with their tips together. A series of 12 1-mm
sections was cut with an American Optical Model 900 micro-
tome. The sections were collected by position and held on ice
until 30 or more had been accumulated. They were then frozen
and assayed for uronic acid content within 30 d. For each
position, all subsequent procedures were performed in a single
test tube without transfers of tissue to maximize recovery, since
average sample size was less than 1 mg. Sections were ground in
a few drops of ice cold, 80% ethanol and washed five times with
5-ml cold, 80% ethanol. The resulting crude wall preparation
was assayed spectrophotometrically for uronic acid content as
described by Ahmed and Labavitch (1). Data for uronide content
ofsegments at each position along the root are based upon assays
of at least five sets of 10 tissue segments per position. To provide
a plot of p versus s with s resolved in 0.5 mm, two sets of data
were combined. For one set, data were obtained between milli-
meter marks and assigned to the segment midpoint (e.g., s = 2.5
mm). For the other, data were obtained for millimeter segments
beginning 0.5 mm from the tip and assigned to the millimeter
mark (e.g., s = 3.0 mm). The term Op/Os was obtained with the
five-point quadratic differentiation formula (2) applied to the p

values, which were first smoothed with the five-point smoothing
formula (2).
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FIG. 1. Uronic acid density (Mg mm-' of root length) as a function of
position in young, short roots, 3 to 7 cm long (*) and roots 15 h older, 8
to 10 cm long (0).

TIME Ch to reach position)

2

U,

a

z
0

zx

U)

a

0

fli 2 3 4 S 6 7

5 10
DISTANCE FROM TIP C(m)

15

FIG. 2. Uronic acid density (,Lg mm-' of root length) plotted against
distance from the root tip (bottom abscissa). Bars indicate SD for each
sample. For an element originally at 2 mm, the position reached after 1,
2,... 7 h is shown on upper abscissa.

Table I. Uronic Acid Content of Walls Isolatedfrom 4-mm Segments
Cutfrom Corn Roots

A sample of 39 roots was cut into 3 lots of segments. Cell wall fraction
from these segments were prepared as described in "Materials and
Methods."

SegL ent Cell Wall Galacturonic Acid Relative

(Relative Dry Wt/4-mm Content/4-mm Uronide

to Root Tip) Segment Segment Content
mm Mg Ag eq %
0-4 154 4.6 3.0
4-8 108 2.9 2.7
8-12 72 1.9 2.6

RESULTS AND DISCUSSION

Uronide Density. To a first approximation, the distribution of
uronide density is steady, i.e., invanant with time, as revealed in
preliminary experiments (Fig. 1). Roots approximately 4.5 cm
long had a pattern of uronide density similar to that found in
roots 9 cm long, even though the longer roots were 15 h older
and would have experienced the displacement of several sets of
cells. Per millimeter of root length, the uronide content decreases
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FIG. 3. Growth analysis. Each of five symbols represents values from
one root; (-), average value. (a) Rate of displacement of marks from
the root tip is plotted against mark position. (b) Derivative of graph in
4'a" with respect to position gives the strain rate distribution.

from 1.45 Ag in segments 2 mm from the tip to approximately
0.82 ,g found from 6 mm to the base of the growth zone (Fig.
2).
This corresponds to a uronide concentration of 0.0 12 Mg Mg'

total dry weight in root tissue located at 2 mm, and of 0.014 Mg
Mg-' dry weight in the tissue located distal to 6 mm. Thus the
corn root is very low in uronide content compared to etiolated
bean hypocotyls, for which uronic acids have been reported to
be 20% of dry weight (16). This substantiates the results of
Roberts (Ph.D. Thesis) who found the uronide content of the
walls of the corn root very low compared to other tissue, such as
cambial tissue. Expressed per unit tissue volume, uronide con-
centration falls from 1.97 Mug mm-3 at s = 2.5 to 0.53 Mg mm 3
at s = 10.5 mm (Fig. 2).
The decline in uronic acid density with developmental stage

(as represented by position in Figs. 1 and 2) could be brought
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FIG. 4. Growth ofa tissue element, initially 0.1 mm long and extend-
ing from 2.0 to 2.1 mm, as it is displaced through the growth zone in a

rapidly growing root (-) and a more slowly growing root (....).
Figures are produced from a numerical integration using the data of
Figure 3 and Table I of Reference 4. a, Length of tissue segment plotted
against time. b, Length of tissue segment plotted against distance from
the root tip.

about by the dilution produced by water uptake associated with
growth (e.g., fewer crosswalls per millimeter and thinner longi-
tudinal walls) and/or by changes in wall composition. Wall
analysis (Table I) suggests (statistical significance not proven)
that both processes contribute to the negative convective change,
since uronic acids fall from 3.0% to 2.7% of total wall carbohy-
drate between the first 4-mm and the second 4-mm segments. A
tissue age-dependent decline in relative uronide cell wall content
has also been described for shoots (9, 16).
Growth analysis, described below, reveals that a tissue element

initially at 2 mm, where its uronide density is 1.45 gg mm-' was
displaced to the base of the growth zone in a little less than 7 h
(Fig. 2).
Growth Velocity and Strain Rate. Root elements accelerate to

a constant velocity of displacement from the root tip (Fig. 3a).
An element located at 1.5 mm is moving from the tip at 0.19
mm h-', while at 10.5 mm an element has reached a velocity of
almost 2.8 mm h-'. The latter value equals the rate at which the
root tip grows down from the soil surface. Displacement of a
cellular element is caused by stretching of the cells closer to the
tip. Under our experimental conditions the strain rate (relative
elemental growth rate [3, 4]) exhibits a broad maximum between
3.0 and 7.0 mm with a peak of 0.45 h-' at 4.5 mm (Fig. 3b). A
cell stops stretching (i.e., the strain rate falls to zero) by the time
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FIG. 6. Uronide deposition rates from Figure 5. Net local deposition
rates calculated per unit root length ([*], ~). Asterisks indicate no

smoothing of p (s); solid line is from smoothed data. Calculated per unit
tissue volume ( .... ).

the cell has been displaced 11 mm from the tip.
It is interesting to compare the strain rate distribution obtained

under our conditions with that reported (3, 4) for a corn root
growing more slowly (2.0mm h-') at a lower temperature (25C).
The growing region is not substantially larger when such a root
grows more rapidly at an elevated temperature. At each spatial
location the tissue is stretching more rapidly to produce the larger
growth velocity ofthe organ. Theoretically, ifthe proportionality
factor for strain rate increase is the same at each position in the
growing zone (e.g., if the strain rate is everywhere twice as great
in a faster growing root), a tissue element located at a particular
position in the slowly growing root will have experienced the
same amount of elongation as an element at the same position
in the more rapidly growing root. This is because if the cells
elongate more rapidly, they are also displaced more rapidly from
each position. This situation is almost true for the corn roots
growing at 25°C compared to 29C (Fig. 4, a and b). For example,
a tissue segment extending at 0 time from 2 to 2.1 mm will be
0.42 mm long after 5 h growth at 25C and 0.63 mm long after
5 h growth at 30°C (Fig. 4a). However, the same tissue elements
are each approximately 0.43 mm long when they are centered
4.5 mm from the root tip, regardless ofthe length oftime required
to reach the 4.5 mm position (Fig. 4b).

Rates of Uronide Deposition. Information from Figures 1, 2,

0 5 10
POSITION Cmm from root t p)

FIG. 7. Uronic acid content of a tissue segment located originally
between 2.0 and 2.1 mm as the segment is displaced through the growth
zone. Time (h) at which the center of the segment reaches various
positions is shown by vertical lines. This figure was produced by a

numerical integration using values from Figures 3 and 6.
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FIG. 8. Computer simulation of results of radioactive labeling exper-
iments. The deposition rate profile of Figures 5 (*) and the growth
velocity profile of Figure 3 are assumed. Simulation gives the apparent
deposition rate (jsg mm-' h-') which would be found in the absence of
labeling artifacts. Curves which would be obtained after 15-min, 2-h, and
5-h pulses are displaced 0.5 units vertically for clarity.

and 3 was used to evaluate uronide deposition rates in terms of
equation (2) (Figs. 5 and 6). Figure 1 implies that the local rate
ofchange, cp/Ot, is negligible. The most important term numer-
ically is the stretch rate term, pcvlcOs, which is as high as 0.52 Ag
mm ' h-' at 3.5 mm and declines to zero at the base of the
growth zone (Fig. 5, C). Since uronide density declines with
distance from the root tip (Fig. 2), the convective rate ofchange,
v Op/Os is negative; this means that tissue elements decline in
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uronide concentration as they are displaced back from the tip.
The convective rate of change, which is smaller in magnitude
than the stretch rate term, is especially important in the region
between 3.5 and 6.5 mm where it ranges from -0.15 to -0.24
ug mm ' h-' (Fig. 5, 0). The sum of the stretch rate and
convective rate terms is the net local deposition rate (Fig. 6).
Uronide deposition occurs throughout the growth zone, with a
maximum deposition rate of approximately 0.4 Mg mm-' h-' at
3 mm from the tip. Deposition rate falls to 0.1 Mm mm-' h-' at
s = 7.5 mm. In volumetric terms, this corresponds to deposition
rates of 0.5 Mg mm-3 h-' at s = 2.5 mm and 0.1 MIm mm-3 h-'
at s = 7.5 mm (Fig. 6). (Uronide density increases again behind
the elongation zone [not shown]. This implies a rise in uronide
deposition rate in more basal regions where stretch does not
occur; here we have restricted our discussion to the elongation
zone.)

Inspection of Figures 2 and 4 confirms the assertion that
uronide deposition occurs throughout the growth zone. The
density of uronide decreases to half its original value during the
period that the tissue element expands about 9-fold. Thus, a
tissue element must accumulate more than four times the
amount of uronide which it contained at 2 mm during its
displacement through the growth zone. This observation is re-
lated to another way to specify uronide content, the Lagrangian
specification (7, 14). Uronide deposition rate is shown in Figure
6 as a function ofposition, and this information can be correlated
to other developmental variables (evaluated as functions of po-
sition) to infer causal mechanisms for growth physiology. It is
also of interest to determine the uronide content of a particular
material element, such as a group of cells, as this bit of tissue is
displaced through the growth zone (Fig. 7). The cells originally
located between 2.0 and 2.1 mm experience both stretch and
displacement. Their uronide content increases from 0.14 to 0.8
Mg when the center of the segment has been displaced to 10.7
mm.
Comparison with Radioactive Labeling Experiments. The dep-

osition rates found here by evaluating the terms of equation (2)
should be obtainable by radioactive labeling methods. It is in-
structive to compare the results of Figure 6 with those obtained
by Roberts and Butt who applied a labeled uronic acid precursor,
o-[6-'4C]glucuronate, to corn roots and obtained the incorpora-
tion rate profile by autoradiography (12) and by isotope counting
(10). Our experiments are not strictly comparable, since corn
used by Roberts and Butt was of a different strain, the growing
region was excised from the seedling before incubation, and
incubation was at a lower temperature (25C) so that growth was
much slower. Nevertheless, by a fortuitous coincidence, total
growth during the period of incubation in radioactive label was
similar to that which occurred between three successive photo-
graphs in our experiments. Thus, we would hope that the incor-
poration patterns might prove similar with the different methods.
Roberts and Butt found significant differences in incorporation
pattern between cell types, with more deposition in outer cortical
cells than in cells of the pith and central stele. Their total
incorporation rate profile is quite similar to that of the uns-
moothed data of Figure 6 here: the radioactive methods show a
peak at s = 3.5 mm, representing 25% of the total uronide
deposition rate, and a decline with distance until the deposition
rate is 5% of the total at s = 8.5 mm (6). By comparison, the
data of our Figure 6 would show a peak of 23% total deposition
rate at s = 3.5 mm falling to 5% of the total by s = 8.5 mm. It
is not meaningful to compare the absolute values for deposition
rate because the radioactive uronides were supplied exogenously,
while the rates reported here represent the deposition of endog-
enous substrate.

In evaluating discrepancies between the method of this paper
and the labeling experiments, one confronts the difficulty that

the radioactive labeling experiment is not instantaneous. Some
time is required for penetration of label into the tissue, and in
this time period the cells initially at one location will be displaced
to another. For instance, under our growth conditions a cell
located initially at 4 mm will, 1 h later, be located at 5.2 mm,
where the incorporation rate is quite different. As the incubation
period increases, the amount of label found at a location is less
likely to be an accurate representation of the local deposition
rate; the cells at a given location, having arrived from progres-
sively more apical sites, will present an integration of the incor-
poration rates associated with the different positions traversed
en route. It is pertinent to ask over what duration of incubation
in radioactive label one can hope to find an accurate picture of
the incorporation rate profile. The data of Figures 6 and 3a can
be used with the computer integration data from Figure 7 to
answer this question (Fig. 8). For a root growing 2.8 mm h-', a
1 5-min pulse will reveal the deposition rate assumed. A 30-min
pulse (not shown) also gives a reasonable profile, especially in
the first half of the growth zone. By 2 h, however, the important
characteristics of the deposition rate profile are lost: the peak at
3 mm is not readily observable, and the low values at the basal
end of the growth zones are shown as erroneously large. After 5
h incubation in radioactive label the deposition rate profiles
appears to be almost flat. Thus, the labeling period for roots
growing 2.8 mm h-' should be on the order of 15 min. This is
not surprising because the time interval for accurate strain rate
analysis is also 15 min. In both sorts of experiments, it is
important that the cells at a particular location remain near the
attributed sites during the time interval for the observation of
change (5, 8). In light of the observation by Roberts and Butt
(10) that 3 to 6 h are required for good penetration of polysac-
charide precursor into the corn root, it can be concluded that it
is not possible to obtain incorporation rate profiles with radio-
active label supplied to rapidly growing roots.
The method used here avoids the difficulty with a nonin-

staneous labeling period but presents statistical difficulties of its
own as a result of the computational methods. Numerical differ-
entation does not smooth out errors and gives answers which
depend on the distance over which the local approximating
functions are fit. Growth analysis results depend on the time
scale of the observation period, although one can choose a
sufficiently short time interval by repeatedly halving the time
between successive photographs until the measured strain rates
no longer change with the time interval of the observations (5).
With all calculations for material derivatives, one is confronted
by the fact that growth velocity increases with distance from the
tip so that the effect of a spatial oscillation on the material
derivative becomes amplified. Thus, a change of 10% (this is
statistically insignificant in the uronide data) between 9.5 and 10
mm will produce a convective rate of change 15 times as great
as the same change between 1.5 and 2 mm. If the oscillations
are real, then the difference in the effect on the material derivative
is real; but where there is experimental error, it will be amplified
with distance from the root tip. For this reason, the more apical
parts of the deposition rate profile of Figure 6 are probably more
accurate than the basal region. Thus, the small peak at 11 mm
may be spurious.
Comparison with Other Processes in the Growth Zone. The

uronide deposition rate distribution of Figure 6 can be compared
with the spatial distribution of several other production rates in
the growing zone. In a corn root growing at 25°C the rate of cell
production is maximum, about 15,000 cells mm-' h-' at 1.5
mm and drops to zero by 3 mm (6). The rate of protein
production appears to parallel the rate of cell production, with a
maximum of about 1.5 ,g mm-' h at 1.5 mm and a decline to
a negligible rate by 3 mm (15). By contrast, rate of incorporation
of i-glucose into cellulose is shown to have a broad peak around
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3 mm and to decrease slowly with distance, at least as far as 7.5
mm (1 1). Dry weight deposition follows an intermediate course:
it peaks just after 2 mm (where it is 35 tg mm-' h-'), drops to 7
ggmm ' h-' at 4.5 mm, rises again to a second peak (approaching
20 Ag mm-' h-') at 6 mm, and finally drops to near zero at 8
mm (6). These results accord with the qualitative hypothesis that
cell division and protein deposition in the root are coordinated
process which cease by 3 mm, while growth (strain) continues
with accompanying carbohydrate and wall production processes
until a cell reaches a point 10 mm from the tip. Thereafter,
differentiation continues in the absence of strain; and it is prob-
able that metabolic turnover is high (3) even in the observed
absence of net metabolite deposition.
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APPENDIX

Utility ofthe one-dimensional continuity equation for radially
symmetrical tissues.

Assumptions:
1. Radial strain rate is uniform in the plane of the cross-

section, therefore

Vv=+ 2v, = d 2 dr
dz r dz r dz

2. In the cross-section, average deposition rate is of interest;
and average density, p, can be studied

P= 7r:2 p = 0

Then a two-dimensional treatment gives

p+ - p- +
v 2 -r

D=t +z v +P z r dz (Al)

In the one-dimensional experiment, we measure the amount of
substance in the cross-sectional slices, p1rr2, to obtain an apparent
deposition rate, D'

D' = a(pirrj + aarp7r])z + irr z-

Expanding the middle term and dividing by wrr gives
D' dp 0p- (2 dr dlv\
,rr2 dt+dz +P \r lz +z

(A2)

(A3)

Therefore
Di
-r2= D (A4)

This implies that the deposition rate per unit length, given by
A2, can be divided by the local cross-sectional area to obtain the
local deposition rate per unit tissue volume.
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