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ABSTRACT

Primary roots of maize (Zea mays L. cv WF9 x Mol7) seedlings
growing in vermiculite at various water potentials exhibited sub-
stantial osmotic adjustment in the growing region. We have as-
sessed quantitatively whether the osmotic adjustment was attrib-
utable to increased net solute deposition rates or to slower rates
of water deposition associated with reduced volume expansion.
Spatial distributions of total osmotica, soluble carbohydrates,
potassium, and water were combined with published growth
velocity distributions to calculate deposition rate profiles using
the continuity equation. Low water potentials had no effect on
the rate of total osmoticum deposition per unit length close to the
apex, and caused decreased deposition rates in basal regions.
However, rates of water deposition decreased more than osmo-
ticum deposition. Consequently, osmoticum deposition rates per
unit water volume were increased near the apex and osmotic
potentials were lower throughout the growing region. Because
the stressed roots were thinner, osmotic adjustment occurred
without osmoticum accumulation per unit length. The effects of
low water potential on hexose deposition were similar to those
for total osmotica, and hexose made a major contribution to the
osmotic adjustment in middle and basal regions. In contrast,
potassium deposition decreased at low water potentials in close
parallel with water deposition, and increases in potassium con-
centration were small. The results show that growth of the maize
primary root at low water potentials involves a complex pattem
of morphogenic and metabolic events. Although osmotic adjust-
ment is largely the result of a greater inhibition of volume expan-
sion and water deposition than solute deposition, the contrasting
behavior of hexose and potassium deposition indicates that the
adjustment is a highly regulated process.

Growing cells must produce or import solutes to maintain
osmotic potential (i,&5) as the existing solutes are diluted by
water uptake or removed from the osmotic pool. The A', is
essential for maintenance of turgor pressure and thus for
continuing expansion. Plants experiencing water stress often
have higher tissue solute concentrations, and lower 41, than
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plants supplied with abundant water. When the elevated
solute concentrations are not merely the result of tissue de-
hydration, this phenomenon is known as 'osmotic adjust-
ment.' Osmotic adjustment is thought to benefit the plant by
increasing the driving force for water uptake, permitting the
cells to retain more water at reduced water potentials (i') (2,
8, 13). Osmotic adjustment in growing regions could occur
by two basic mechanisms: an increase in the net rate of
osmoticum deposition in the growing zone and/or a reduction
in rate of tissue volume expansion.
Osmotic adjustment at low ^,&, has been observed in growing

regions of leaves (10, 16, 27, 29), stems (11, 12, 29), shoot
apices (15), and roots (7, 19, 29). It is often observed, however,
that root growth is less inhibited than shoot growth at low iJ',
(4, 19, 29). Consistent with these observations, we have shown
that maize primary roots continue to grow, albeit at reduced
rates, at low 14A which are completely inhibitory to shoot
growth. Analyses of the spatial and temporal distribution of
root growth revealed a complex pattern of developmental
changes involving inhibition of both longitudinal and radial
expansion and a shortening of the growth zone (20).
As a step toward understanding the physiology of osmotic

adjustment in growing regions, it is important to analyze the
relative contributions of solute deposition and growth to the
observed changes in I,&. Investigators have recognized that
local import and metabolic production act to increase soluble
density, while growth-associated water uptake and solute uti-
lization decrease the density (12, 27). A quantitative approach
to this problem is to apply principles of growth kinematics
(21, 22) to calculate and compare the spatial distributions of
net solute and water deposition rates in the growing zone at
various 4w. In this paper we show that in the growing zone of
the primary root of maize, osmotic adjustment involves de-
creased rates of solute deposition per unit length but increased
solute deposition rates on a water volume basis. The results
are discussed in terms of the role of osmotic adjustment in
the maintenance of root elongation at low 4,.

MATERIALS AND METHODS

Plant Culture

Seedlings of Zea mays L. (cv WF9 x Mol 7) were germi-
nated in moist vermiculite, transplanted into Plexiglas boxes
containing vermiculite ranging in ,,, from -0.03 to -1.7
MPa, and grown in the dark at 29°C and near-saturation
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Table I. Vermiculite Water Content and Water Potential
Corresponding to Treatments Indicated in Figures 2-9

The different treatments represent vermiculite water content as
percentages of the water content at the highest water potential. The
same lot of vermiculite, well mixed, was used for all the experiments
to obtain approximately the same water potential at the same water
content. Water potentials are means ± 1 SD of four to eight experi-
ments.

Vermiculite Vermiculite
Treatment Water Content Water Potential

g%g'1 MPa

100 3.72 -0.03 ± 0.00
16 0.60 -0.20 ± 0.01
4 0.15 -0.81 ± 0.06
2 0.08 -1.60± 0.15

humidity, as previously described (20). The different 01 were
obtained by mixing the vermiculite with various amounts of
10-' M CaCl2, and were measured by isopiestic thermocouple
psychrometry (3). For most experiments, the four treatments
used (Table I) were the same as for the measurements
of expansive growth distribution described in the preceding
paper (20).

Osmotic Potential and Solute Contents

When the primary roots had attained a length of approxi-
mately 5 cm, seedlings were selected for uniformity of root
elongation rate (within ± 15% of the mean), as measured by
periodically marking under dim light the position of the root
apices on the angled Plexiglas face against which they were
growing. Preliminary experiments established that both root
elongation rate (see Fig. 1 of Sharp et al. [20]) and root tip #,
(Fig. 1, inset) were constant with time in all treatments in
roots of this length (20-45 h after transplanting, depending
on treatment). Adhering vermiculite was removed, and the
primary roots were placed on moist (but not wet) graph paper.
The apical 0.5 mm was excised to remove a major part of the
root cap, and batches of 5 roots were sectioned into 10 1-mm
serial segments as measured by the scale on the paper. The
segments were collected by position along the root and held
on ice in capped vials until the desired number of roots had
been sampled. For subsequent computations, the A, or solute
content of the segment extending from 0.5 to 1.5 mm from
the apex was defined to be at 1 mm. Root manipulation and
harvesting were carried out inside a chamber of near-satura-
tion humidity.
Measurements of ik, at each position were made on three

to seven sets per treatment of 30 to 50 segments per position.
Immediately after sampling, the segments were frozen over
dry ice, thawed, and macerated with a small glass rod. Melting
points of approximately 25 gL of the tissue macerate were
determined three times with a miniaturized freezing point
depression apparatus (22). Standard KCI solutions of known
/4, were used for calibration. 'Root tip' iAs (Fig. 1) were
measured after combining the 10 serial segments (0.5-10.5
mm) from three to four roots.
The contents and concentrations of soluble carbohydrates

and potassium at each position along the root were measured
on four sets per treatment of 40 segments per position. The
samples were wrapped in preweighed aluminum foil packets,
weighed, freeze dried, and reweighed to obtain the weight of
water by difference. The samples were then extracted three
times for 15 min at 80°C in small volumes of 80% ethanol.
The extracts were combined, evaporated to dryness at 80°C
under a stream of nitrogen, taken up in 10 mL of distilled
water, and frozen until analysis. Preliminary tests showed that
extracting a fourth time, and including tissue homogenization,
did not yield detectable quantities of either soluble carbohy-
drates or potassium. An additional two sets of 40 roots per
treatment were sampled for water content only.
Reducing sugars and sucrose were analyzed colorimetrically

by the Somogyi-Nelson method (17, 25) before and after
hydrolysis with 150 mm HCI (100C, 1 h), respectively, using
D-glucose standards. Reducing sugars were assumed to be
hexoses, and sucrose was assumed to be the sole source of
reducing sugars released by hydrolysis. Potassium was ana-
lyzed by flame photometry with a Beckman DU spectropho-
tometer using KCI standards.
Osmoticum contents and the 4,., contributions of the differ-

ent solute species were estimated using the mean measured
values of0, water content, and solute content at each location
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Figure 1. Osmotic potential of the apical 10 mm of maize primary
roots growing at various vermiculite water potentials. Measurements
were made at least 15 h after transplanting to the different water
potentials, when the roots were 5 cm long and both elongation rates
and osmotic potentials were approximately steady. The inset shows
the time course of change in osmotic potential of the apical 10 mm
after transplanting to different water potentials. Data are means ± 1
SD (n = 3-6).

1 338 SHARP ET AL.



MECHANISM OF OSMOTIC ADJUSTMENT IN THE ROOT GROWING ZONE

with the conventional formula:

RTn
V(1

where R is the gas constant, T the absolute temperature, V
the volume of water, and n the number of moles of solutes.
Because the measured {5 values were not corrected for the
dilution by apoplastic water after freezing and thawing, the As
contributions of the different solutes were calculated on the
basis of total tissue water volume.

Numerical Methods

The methods were adapted from Silk et al. (24). Net local
deposition rates, d (amount per mm of root length per h),
were calculated from the continuity equation:

d = as/at + a(SVZ)/az
local rate growth associated (2)
of change deposition rate

where S is the local density (content per mm length of
osmoticum, water, hexose, or potassium resolved at 0.5 mm
intervals by linear interpolation), t is time (h), z is distance
from the root apex (mm), and vz is local (at distance z) rate
of longitudinal displacement from the root apex due to
growth (mm h-'). Equation 2 confirms that deposition may
occur even when the local density is unchanging in time, i.e.
when the first term on the right-hand side is negligible, and
shows the importance of knowing the local growth velocity.
Spatial distributions of growth velocity resolved at 0.5 mm
intervals were obtained from the preceding paper (20). Expan-
sion of the growth-associated deposition rate gives:

a(Sv")/az = S(Ovl/Oz)
growth dilution
term

+ vA(aS/az)
convective

term

The growth dilution term represents the deposition rate nec-

essary to maintain the local density in the face of tissue
expansion. The convective rate of change represents change
due to movement of cells away from the apex, and may be
considered the deposition rate necessary to maintain any
spatial gradient in density.
Numerical differentiation was performed with the five-

point differentiating formula of Erickson (6). Because the
midpoint formula was used, derivatives could be evaluated
only between the third and third-to-last values of the abscissa.
Equation 2 gave deposition rates per millimeter ofroot length,
evaluated at 0.5 mm intervals. Division by the local water
volume (mm3 per mm length) gave deposition rates per mm3
of tissue water.

Definitions of Terms Used in Deposition Rate Analysis

As described above, 'deposition rate' refers to the local, net
rate of addition of matter. In the case of solutes this rate
includes production (by breakdown of complex polymers
and/or biosynthesis ofosmotica), import ofosmotically active
species, and removal from the osmotic pool (by respiration
or biosynthetic processes). Rates may be expressed per unit
length or volume. In this paper, expression per unit length

was necessary to determine whether the total rate of solute
entry into the osmotic pool was altered in the root growing
zone at low I,6, as tissue and water volumes per unit length
varied among the treatments. Similarly, 'osmoticum accu-
mulation' refers to an increase in total solutes per unit root
length, in contrast to the common usage in nongrowing tissues
to indicate increases in solute content per cell. This distinction
is necessary in growing regions to determine whether changes
in As2 are due to changes in the absolute amount of solutes in
the tissue, as cell volumes may differ at different 4v,'. 'Osmotic
adjustment' denotes a decrease in i,6' (i.e. an increase in
volumetric solute concentration) that results from either os-
moticum accumulation and/or reduced tissue volume expan-
sion. Making careful distinctions among these different terms
allows us to explore and communicate the physiological and
ecological significance of the experimental results.

RESULTS

Osmotic Adjustment in the Root Growing Zone

When seedlings were transplanted from moist vermiculite
to vermiculite of various low , the A, in the apical 10 mm
of the primary root decreased (Fig. 1). This region encompas-
ses the elongation zone, which extends for approximately 10
mm from the apex at high O.t and is progressively shorter as
the 0w decreases (20). The duration and magnitude of the
change in As increased as the O.V decreased. The time courses
of Os change at two 0w are shown in the inset to Figure 1.
Over the range of 04, examined, As were constant by the time
the roots attained a length of 5 cm. The Os shown in the main
part of Figure 1 were determined in roots of this length.
Therefore, the data can be compared with the steady (time
invariant) response of root elongation rate over the same
range of O, shown in Figure 1 of the preceding paper of this
series (20). As the 0,6 decreased from -0.03 to -1.7 MPa, the
A, decreased from -0.9 to -2.0 MPa while the elongation
rate declined to approximately one-third of the control rate
of 3.1 mm h-' (see also legends to Figs. 2 and 4). Both i,s and
growth rate were more responsive above a V/4 of-0.25 MPa.
These preliminary analyses showed that averaged over the
growing region, elongation rate and i/2s are both progressively
decreased by increasing water stress.
Most of the observed changes in Os can be attributed to

osmotic adjustment. Relative water contents of the apical 10
mm were measured by weighing the tissue before and after
floating for 3 h on an ice/distilled water mixture (to prevent
growth but allow hydration), and after oven drying. Mean
relative water contents of 96.4, 86.9, 81.7, and 79.6%, respec-
tively, were obtained for roots growing at -0.03, -0.20,
-0.78, and -1.60 MPa vermiculite t.. Also, fractional water
volumes calculated from mean tissue volumes (20) and water
content data were 82, 83, 82, and 86%, respectively. The
contribution ofdehydration to the changes in As was therefore
minor.

Spatial Distribution of Osmotic Potential and Osmoticum
Content

The relationship between the adjustment of 46s in the grow-
ing zone and root growth inhibition was studied in greater
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0 growing at high 4', in agreement with the result of Silk et al.
(22). As the 44, decreased, however, a spatial gradient in 44
developed such that the 4s decreased with distance from the

co Nt_ 100% apex. At a 44 of -1.6 MPa (2% treatment), for example, the

E -1.0p 44 was only 0.65 MPa lower than at high 44 in the first
millimeter, but decreased a further 0.5 MPa by the 7 mm

.-W'4''t_+1N% location.
C | '*. T _+__+_..............j. We showed previously that radial as well as longitudinal
0.o 1 5 L | ts I 2 expansion was inhibited at low 44, so that the stressed roots
0. 4% were thinner (20). Reflecting this, water content per miii-
._ 1 A5 -+ -4 iX 1 § I meterlengthwasprogressivelylowerasthe4.decreased(Fig.
° 120,4 3). The data of Figures 2A and 3 were used with Equation I
Et- xb*@ 2</o l 1 to calculate osmoticum content pr unit root lerngth. The
0 424 -. ... . results (Fig. 2B) show that osmotica did not accumulate at

Il | l any location in any of the low 44 treatments. Indeed, except
_ in the apical 2 mm, osmoticum content per mm of length

I0 I2 I6 1 0 appeared to be slightly higher in the roots growing at high 4W.
0 2 4 6 81(0 Consequently, it was possible to have substantial osmotic

Distance from Apex (mm) adjustment (Fig. 2A) without osmoticum accumulation (Fig.
2B). Clearly, therefore, inhibition of radial growth was an

l l l T l important factor in the osmotic adjustment.

_
.5

Spatial Distribution of Hexose, Sucrose, and Potassium

r- o 4 L I Total osmoticum contents were calculated from 44 meas-
O

0 0.4 *-............: 4 ured by freezing point depression, a technique which measures

o E ** *A*4vo a--o-a..colligative properties without resolving individual chemical
E E0.3 /,:.... species. However, osmotic adjustment could involve selective

3u= | , .o--r1 accumulation of particular solutes. Carbohydrates have beenco
@ {, w 100%shown to make a major contribution to osmotic adjustment

0 0.2 * 16% in growing regions of leaves (1, 15, 16), stems (12), and roots
2 E rci 4% (18). In contrast, although potassium ions constitute a major00 LA 2% fraction of the solute pool in growing regions at high 44

0.1 (including the maize primary root [22]), increases in potas-
sium concentration in osmotically adjusted tissues are usually

0
0 2 4 6 8 10

Distance from Apex (mm)

Figure 2. Spatial distribution of (A) osmotic potential, and (B) osmo- 100%
ticum content in the apical 10 mm of roots growing in vermiculite of 1.0 1
various water contents. The treatments represent the vermiculite
water content as percentages of the water content at high water
potential (see Table I). Osmotic potentials are means ± 1 SD from = T 0.8
three to seven experiments. Elongation rates of the roots were (±1 4)C / 16%
SD): 100% treatment, 3.18 ± 0.10 mm h-1; 16% treatment, 2.29 ± O- / L ' F -'
0.22 mm h-1; 4% treatment, 1.40 ± 0.12 mm h-1; 2% treatment, C.)E 04%0- 1
1.14 ± 0.19 mm h-1. Osmoticum contents were calculated from the E
mean osmotic potential and mean water content at ech position. 0.4

detail by determining the spatial distribution of 4A in roots 0.2
growing at the same four levels of water availability used
previously to evaluate the distribution of the growth response 0
(20). The different treatments are indicated in Figures 2 to 9 0 2 4 6 8 10
by the vermiculite water contents expressed as percentages of Distance from Apex (mm)
the high 44 (100%) treatment. The mean vermiculite 44
measured for the treatments are given in Table 1. Figure 2A Figure 3. Spatial distribution of water content in the apical 10 mm
shows that 414 was virtually constant (ranged from -0.89 to of roots growing at the various vermiculite relative water contents.
-1.00 MPa) along the length of the apical 10 mm of roots Data are means ± 1 SD from six experiments.
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Figure 4. Spatial distribution of (A) concentra-
tion and (B) content of (top) hexose, (middle)
sucrose, and (bottom) potassium in the apical
10 mm of roots growing at the various vermicu-
lite relative water contents. Data are means ± 1
SD from four experiments. Concentrations were
calculated on the basis of total tissue water
content. Elongation rates of the roots were (±1
SD): 100% treatment, 3.11 ± 0.12 mm h-1; 16%
treatment, 2.26 ± 0.13 mm h-'; 4% treatment,
1.44 ± 0.13 mm h-i; 2% treatment, 1.01 ± 0.13
mm h-1.

small (1, 5, 18). Here, we investigate the effects of low 4'w on
the spatial distributions of sugars and potassium in the root
growing zone.

In all treatments, the concentration of hexose increased
with distance from the apex (Fig. 4A, top). Less than 50
mmolal hexose was present in the 1st mm, while at the 6-mm
location hexose concentration was 150 mmolal at high 4', and
400 mmolal in the 2% treatment. In the middle and basal
regions, the hexose concentration increased progressively as
the 44w decreased. When hexose content is expressed per
millimeter of root length, a tendency to accumulate at low
is evident (Fig. 4B, top). Approximately 200 nmol of hexose
were assayed in the 9th mm in the 2% treatment, while 150
nmol were found in the same location at high 44.

Sucrose concentrations and contents were much lower than
those of hexose or potassium in all treatments (Fig. 4, A and
B, middle). Unlike hexose, sucrose concentration was greatest
at the 2-mm location.
The concentration of potassium was greatest at the 2- to 3-

mm location in all treatments (Fig. 4A, bottom). Potassium
tended to be more concentrated at low 44. Potassium accu-
mulation, however, did not occur at any location in the low

treatments. Potassium content was reduced from a maxi-
mum of 90 nmol mm-' at high 44 to 50 nmol mm-' in the
2% treatment (Fig. 4B, bottom).
The contrast between concentration (Fig. 4A) and content

(Fig. 4B) of the different solute species resulted from the
differences in water content per unit length among treatments
(Fig. 3).
To assess the importance of sugars and potassium to the

osmotic adjustment of the root growing zone, we summed
the solute concentrations and, using Equation 1, expressed
the results as 'osmotic potential contribution' (Fig. 5). The
solutes accounted for 60 to 70% of the osmotic adjustment
that occurred at low in the middle and basal regions, but
for little in the apical few mm. In the basal 7 mm, the summed
solute concentrations paralleled the overall profiles for the
different 446 treatments.
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Figure 5. Spatial distribution of the summed osmotic potential con-
tributions of hexose, sucrose, and potassium in the apical 10 mm of
roots growing at the various vermiculite relative water contents.

Deposition Rates

The profiles shown in Figures 2 through 5 were the result
of transport and metabolism which occurred at the same time
as tissue expansion and cell displacement away from the root
apex. The uniformity of A,s, along the length of the growing
zone at high 0,,4 indicates that osmoticum deposition rates
were locally synchronized with growth, as shown earlier (22).
Thus, osmoticum dilution by water uptake during tissue
volume expansion was fully compensated in well-watered
roots. In the low treatments, the lower values and the
spatial gradient in As imply that water stress caused the ratio
of osmoticum to water deposition to increase, particularly at
basal locations. This could have resulted from increased rates
of total osmoticum deposition and/or from decreased water
deposition due to inhibition of tissue volume expansion. To
evaluate the behavior in quantitative terms, the information
in Figures 2 through 4 was combined in Equation 2 with the
previously published profiles of root growth velocity (20) to
compute the spatial distribution of deposition rates of solutes
and water.
The analysis shows that osmoticum deposition rates per

unit length were not increased at any location in any of the
low 41,, treatments (Fig. 6A). Instead, the rate of osmoticum
deposition per millimeter was independent of 4/', in the apical
2 mm and, relative to the high 0/' treatment, decreased
progressively with distance from the apex as the 14,6 decreased.
Osmoticum deposition was substantial for more than 9 mm
at high 4,62, but in the 2% treatment fell to low values beyond
6 mm, where elongation ceased (20). Thus, the total rate of
osmoticum deposition in the apical 9 mm, calculated by
integrating the rates over distance, was greatly decreased at
low (Fig. 6A, inset). In the 2% treatment, only one-third
as much osmoticum per hour was deposited in the growing
zone relative to the well-watered roots.

In contrast, when the osmoticum deposition rates are cal-
culated per unit water volume, it is clear that low 0/' caused
a substantial increase in deposition rate in the apical few

millimeters (Fig. 6B). Even on the volumetric basis, however,
low 4,6 caused a pronounced decrease in osmoticum deposi-
tion rate in basal regions.

Deposition rate profiles for hexose were rather similar to
those for total osmoticum (Fig. 6, C and D). Per millimeter
of root length, there was no detectable effect of low Aw on the
rate of hexose deposition in the apical 3 mm (Fig. 6C). Again,
low {w caused a shortening of the length of tissue for which
deposition rate was high. Numerical integration revealed that
water stress caused more than a twofold decrease in the rate
of hexose deposition in the apical 9 mm (Fig. 6C, inset). Per
unit of water volume, however, the hexose deposition rate of
the roots in the 2% treatment exceeded that of the well-
watered roots in the apical 5 mm (Fig. 6D).

Per unit length, low caused a decrease in potassium
deposition rate at all locations (Fig. 6E). Integrated over the
apical 9 mm, the potassium deposition rate declined almost
fourfold in the 2% treatment. Comparison between Figure 6
C and E demonstrates that low P, caused a greater diminution
in the deposition of potassium than of hexose. Per unit water
volume, potassium deposition rates in all treatments were

similar in the apical 3 mm (Fig. 6F), in contrast to the
increased volumetric rates of total osmoticum and hexose
deposition that occurred in this region at low 0t4 (Fig. 6, B
and D).
The differences between the left and right sets of curves in

Figure 6 were due to the inhibition of root radial growth at
low ik, again indicating the importance of this response to
osmotic adjustment in the growing zone. This can also be
seen by comparing the profiles of osmoticum deposition (Fig.
6A) with profiles of water deposition (Fig. 7) on the same
basis of per unit root length. In the low t41 treatments the rate
of water deposition decreased more than osmoticum deposi-
tion throughout the growing region, such that in the 2%
treatment the total rate of water deposition in the apical 9
mm was reduced to one sixth of the rate at high 4,. As
expected, the profiles of water deposition resembled more
closely the previously published profiles ofrate ofroot volume
increase than those of longitudinal growth (20). The role of
reduced radial growth was particularly clear in the apical 3
mm, where the rate of water deposition decreased progres-
sively with decreases in 0w even though longitudinal expan-
sion in this region was not affected (20).
The profiles of the ratio of deposition rates for solutes and

for water differed among the solute species. For hexose:water,
the ratio increased slightly from 1 to 4 mm and remained
constant from 5 to 10 mm from the apex of roots growing at
high 0,6w (Fig. 8A). In the 2% treatment, the ratio increased
greatly with distance from the apex, reaching a maximum at
the 6-mm location that was sixfold higher than the corre-

sponding value at high . In more basal regions the ratio fell
steeply at low 41, indicating dilution of the hexose pool.
However, the hexose concentration was very high (Fig. 4B)
and the water deposition rate was very low (Fig. 7) in this
region. Therefore, the absolute amount ofhexose dilution was
small (Fig. 4B).
The pattern for the ratio of potassium to water deposition

was very different (Fig. 8B). The ratio was highest in the apical
region and fell quite steeply with increasing distance from the
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Figure 6. Spatial distribution of net deposition
rates of osmoticum (A, B), hexose (C, D), and
potassium (E, F) in the apical 10 mm of roots
growing at the various vermiculite relative water
contents. Deposition rates per unit root length
(A, C, E) were calculated from information in
Figures 2B and 4B, and growth velocity distri-
butions from Sharp et al. (20) using Equation 2.
Division by water volume per unit length gave
deposition rates per unit volume of tissue water
(B, D, F). The insets show deposition rates of
the apical 9 mm obtained by integrating rates
per mm length over distance.

0 2 4 6

91
'1v 40 -

45 :C

30 1
2

3 02-

o

apex, and was influenced only minimally by low Aw. We
emphasize that the deposition rates for hexose and potassium
integrated over the apical 9 mm were both diminished at low
4,, but the respective local rates were changed in different
ways to give a varied, species-dependent effect on the osmotic
pool size.
The deposition rate profiles shown in Figures 6 and 7 were

calculated assuming that the water and solutes associated with

a spatial location were constant, i.e. local rates of change (the
first component of Eq. 2) were negligible. The assumption of
steady solute concentration is supported by comparison of V/
profiles for roots 41 and 50 h after transplanting to the 2%
treatment (Fig. 9). However, we observed that in all treat-
ments the roots grew slowly thinner as they grew longer (data
not shown). Thus, the water and solute deposition rates were
slightly overestimated because local rates of change were, in

0_ _

o T-

_-._ m

0.ac8 ',
4)-
x -E
E E
.6o

Eu E
4*j
'z
I-

300

. 250

3¢200

E 150
.

0
~1%00
on'E
co 15

0

c 50

0

^-

_ ,

a:
O C
._

8 S

Cc.C

0
0.E

E
lb e

0.

o
_ E
Z -

0

coC-,
S0 0

_U _
o._E

o c
0 _:

E E_

E

._ 0

*_
C E
_W c
0 _-

z

1 343

c



Plant Physiol. Vol. 93, 1990

0 2 4 6 8 10

Distance from Apex (mm)
Figure 7. Spatial distribution of net water deposition rate per unit
root length in the apical 10 mm of roots growing at the various
vermiculite relative water contents. Data were calculated from mean

root water contents at each location (Fig. 3) and growth velocity
distributions from Sharp et al. (20) using Equation 2. The inset shows
water deposition rates of the apical 9 mm obtained by integrating
over distance.

reality, slightly negative. Estimates based on the rate ofchange
in root diameter suggest that these errors were small (less than
8 nosmol mm-' h-' at all locations in all treatments in the
case of osmoticum deposition), and would not have altered
the interpretation of the data.

DISCUSSION

The results presented in this and the preceding paper of
this series (20) show that growth responses of the maize
primary root to low 4,/' involve a complex pattern of morpho-
genic and metabolic events. Close to the apex, longitudinal
expansion rate of roots growing at low i14 equals that of well-
watered roots. However, the rate of radial growth is inhibited
in this region and, consequently, rates of water deposition are

decreased. Deposition rate of total osmotica per unit length
is unaffected in the young tissue element, so that As is lower
than at the same location of roots growing at high 0/4. Later
in development, when the stressed tissue is located 3 to 10
mm from the apex, rates of osmoticum deposition decrease
relative to well-watered roots. The rate of water deposition
decreases even more, however, due both to the smaller root
diameter and to a stress-induced shortening of the growth

zone. Thus, osmoticum dilution is prevented and O., declines
further as the tissue element is displaced toward the base of
the growth zone.

Osmotic adjustment occurs with substantial decreases in
net solute deposition rates. Other workers have suggested that
it is contradictory to consider osmotic adjustment as a bene-
ficial process for maintaining growth at low 4, if the contrib-
uting solutes increase in concentration only because growth,
and hence the rates of solute utilization and osmoticum
dilution, decrease (14, 26, 30). However, spatial and dimen-
sional aspects of growth responses to low 0t4 have not been
considered previously. Our results (20) show that close to the
root apex, longitudinal expansion is insensitive to as low
as -1.6 MPa, and this must be attributed to the osmotic
adjustment that occurred in this region. Certainly, positive
turgor, and therefore cell elongation, would not have been
maintained in this range of 0w had osmotic adjustment not
occurred. Thus, our results demonstrate that osmotic adjust-
ment serves an essential role in the maintenance of maize
primary root elongation at low Aw, even though the increase
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Figure 8. Spatial distribution of the ratio of net deposition rates of
(A) hexose to water, and (B) potassium to water, in the apical 10 mm
of roots growing at high (100% treatment) or low (2% treatment)
vermiculite relative water contents. Data were calculated by dividing
solute deposition rates per unit length (Fig. 6, C, E) by water depo-
sition rate per unit length (Fig. 7).
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MECHANISM OF OSMOTIC ADJUSTMENT IN THE ROOT GROWING ZONE
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Figure 9. Spatial distribution of osmotic potential in the apical 10
mm of roots growing at low (2% treatment) vermiculite relative water
content, 41 h and 50 h after transplanting. Data are means ± 1 SD
from three to four experiments.

in total osmoticum concentration occurs because the rate of
root volume expansion decreases.
The conclusion that osmotic adjustment in the root growing

zone occurs despite substantial decreases in the rate of os-
moticum deposition is similar to those drawn from results
with soybean hypocotyls (12) and maize leaves (27). In those
studies, the osmotic adjustment was associated with consid-
erable solute accumulation per unit length, as has generally
been observed at low P,6 in shoot growing regions (1, 15). It is
worth emphasizing that because the maize roots growing at
low ip, were thinner, substantial decrease in 0, was possible
without osmoticum accumulation. We believe there is little
question that the roots growing at low 0w in this study should
be considered to have adjusted osmotically. Therefore, in
growing regions the definition of osmotic adjustment should
not be restricted to situations where solute accumulation
occurs. Accordingly, caution should be applied when assessing
osmotic adjustment from measurements of solute contents
per growing region.
There seems to be considerable adaptive value to the mech-

anism for osmotic adjustment observed in our experiments.
Nutritional supplies are conserved, utilization of resources is
concentrated in a small but essential region of tissue, and the
root retains the ability to explore new soil volume for water.
Whether the mechanism is of general physiological impor-
tance remains to be seen. As discussed in a preliminary report
of these results (23), there is evidence that modulation of
development is important in regulation of long-term osmotic
adjustment in natural environments. Whether roots grow
thinner at low 4,, however, depends partly on soil properties.
The vermiculite used in our system did not impose much
resistance to root penetration. In contrast, many soils increase
greatly in strength as their water content decreases, and a
common response to mechanical impedance is root thicken-
ing.
Osmotic adjustment, though pronounced, was apparently

not the only physiological change contributing to root growth
at low /41. Although we have emphasized the role that osmotic

adjustment must have played in the insensitivity of local
elongation rate to low At4 close to the root apex, osmotic
adjustment in this region was less than in more basal locations
(Fig. 2A). The As, at the 2-mm location declined from -0.9
MPa at high P,6 to -1.8 MPa in the roots growing at a /,4w of
-1.6 MPa (2% treatment). Thus, thexchange in 6,V (0.9 MPa)
did not fully compensate for the decrease in iI', (1.57 MPa).
Turgor pressure ofthe segment, therefore, was probably much
lower in the 2% treatment than at high Aw. To attain similar
longitudinal growth rates at the reduced turgor, the cell walls
must have become much more longitudinally extensible at
low if. A study using a pressure microprobe to measure cell
turgor (9) also concluded that the cell walls of growing maize
primary roots became more extensible under osmotic stress.

It is of interest to explore the relationship between osmotic
adjustment and the inhibition of growth at low Aw in more
detail. If increases in osmoticum concentration were merely
an inevitable result of the inhibition of tissue volume expan-
sion when A/4 (and hence turgor) decrease, then it might be
expected that similar osmotic adjustment will occur when
growth is inhibited under conditions other than decreased
water availability (26). There is evidence that this does not
occur. Meyer and Boyer (11) observed substantial osmotic
adjustment in the growing region ofsoybean hypocotyls when
growth was inhibited at low vermiculite i/4. Osmotic adjust-
ment did not occur, however, when the hypocotyls were
exposed to increased pressure, although the sensitivity of
growth to low tissue 0, increased. It was concluded, logically,
that the slow growth that continued at low vermiculite 0,6p was
dependent on the osmotic adjustment that occurred (11, 12).
A related example is the comparison by Greacen and Oh (7)
of osmotic adjustment in the growing zone of pea roots in
response to soil 0w or mechanical impedance. Mechanical
impedance caused a greater inhibition of growth but less
osmotic adjustment. These results suggest that osmotic ad-
justment in growing regions is not an inevitable result of
growth inhibition, but depends on the uncoupling of volu-
metric growth from net solute deposition as the growth rate
slows down. Our data showing the different effects of low 4,
on the ratios of hexose:water and potassium:water deposition
in the root growth zone support this suggestion (Fig. 8). At
low 0., potassium deposition decreased in close parallel with
water deposition at all locations and, therefore, potassium
contributed little to the osmotic adjustment. In contrast, the
ratio of hexose:water deposition increased greatly at low 0w.
Taken together, these results indicate that either the rate of
hexose utilization decreased more than water deposition as
growth slowed, or the ratio of hexose to potassium import
increased. We conclude that osmotic adjustment at low /'A in
the maize primary root is likely to constitute a highly regulated
process, involving the selective increase in concentration of
particular solutes as well as modulation of the pattern of
expansive growth.

In the basal 7 mm of the root growing zone, the summed
concentrations of soluble carbohydrates and potassium ac-
counted for much of the osmotic adjustment at low 'pw (Fig.
5). However, these solutes accounted for little of the change
in 4,, in the apical 2 to 3 mm, indicating that other solute
species were preferentially deposited in this region. Recent
investigations have revealed that proline accounts for as much
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as 50% of the osmotic adjustment in the apical region (28).
Characterization of the pattern of proline deposition will be
the subject of the next paper in this series.
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