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It is known that auxin induces the uptake of water
by plant tissues. Three principal suggestions have
been made concerning the mechanism of such auxin-
induced net water uptake. The first proposes that
auxin in some manner plasticizes the cell wall. The
second suggests that auxin brings about active synthe-
sis of cell wall material. These two mechanisms sup-
pose osmotic entry of water into the cell in response
to loweredl wall pressure. The thirdI is that auxin
brings about a non-osmotic transport of water into
the tissue. Thimann (22) has grouped these into two
hypotheses in the form of models. One model visual-
izes a pump (active transport) and the other a piston
arrangement (cell wall pressure reduction). Such
active transport has been rigorously defined by Rosen-
berg (21) as the movement of a substance against a
chemical potential or concentration gradient, i.e., an
uptake of water against a diffusion gradient as defined
by Levitt (16). Active transport of water would con-
sist then of water movement against an osmotic gradi-
ent. A fourth possibility in principle would be that
an auxin-induced increase in the concentration of
osmotically active solutes might occur within the cell.

The cells of plant tissues are surrounded by rela-
tively rigid cell walls and one must discuss water
movement in terms of diffusion pressure gradients
rather than in terms of osmotic pressure. In the
terminology proposed by Meyer and Anderson (19)
and by Crafts et al (10), DPD = OP - WP where
DPD= diffusion pressure deficit, OP = osmotic pres-
sure of cell contents, and WP = wall pressure. The
DPD gradient froiml an external solution to the inside
of the tissue can then be expressed as A DPD = DPDi
- DPDe (DPDe = OP,) where i = internal and e = ex-
ternal. If A DPD is negative, the gradient is out-
ward; if A DPD is positive, the gradient is inward.
To demonstrate a net active water uptake it is neces-
sary to show that water uptake occurs while the
purely osmotic A DPD is negative. When the exter-
nal solution is hypertonic, wall pressure becomes zero
and DPDi = OPi. The net uptake of water from
hypertonic solution would then involve movement
against an osmotic gradient. It will be shown below
that cells of Avena coleoptile sections are essentially
in diffusion pressure equilibrium with the external
solution over a wide range of external solute concen-
trations both in the presence and in the absence of
auxin. There is no detectable net uptake of water
from hypertonic solution by this tissue. It is con-
cluded that water uptake by Avena coleoptile sections
both in the presence and absence of auxin is a purely
osmotic phenomenon.
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MIATERIALS AND MIETHODS
The material used in this work consisted of 5-mm

sections cut 2 mm below the apex of Avena (variety
Siegeshafer) coleoptiles. The Avena seedlings were
grown in vermiculite contained in stainless steel trays
and were watered with distilled water. They were
harvested w-hen 96 hours old. Only those coleoptiles
30 ± 2.5 mm in length were used. Each part of each
experiment was done using 20 sections floated on 20
ml of solution.

Changes in water content of the sections were
measured as changes in section length. Net water
uptake by coleoptile sections is attended by only
small changes in section diameter. Kelly (12) has
shown that under conditions similar to those used in
elongation studies water uptake in the presence of
auxin is linear with time. MIeasurements of section
length were made under a dissecting microscope witlh
a decimillimeter stage micrometer. The variability in
elongation rates of sections under the present condi-
tions has been discussed by McRae and Bonner (18).

Three general basal media were used: 1) potas-
sium maleate buffer (0.0025 M, pH 4.8) with or with-
out potassium indoleacetate (5 mg/l); 2) potassium
maleate buffer, sucrose (0.09 M), MnSO4 (100 mg/l),
arginine (100 mg/i) and with or without potassium
indoleacetate (5 mg/l); 3) redistilled water with or
without indoleacetic acid (IAA) (5 mg/l, pH 5.0 to
5.5), potassium-free. All solutions were made up with
redistilled water.

In the following report, the terms hypotonic and
hypertonic are used in referring to solutions external
to the cell. These terms are defined as follows: hv-
pertonic = solution whose OP is greater than OP1;
hypotonic =solution whose OP is less than OPi. It
will be shown below that OPi for freshly cut Avena
coleoptile sections under the present conditions is
equivalent to approximately 0.4 M mannitol.

EXPERIMENTAL RESULTS
Data on the time course of elongation of sections

in media of two different osmotic concentrations are
given in figure 1. In these experiments, medium 1
containing buffer alone was used. To this IAA was
added as indicated. Mannitol was used as the os-
motically active solute. The sections were allowed
one hour to come to osmotic equilibrium with the
solution before addition of auxin. It is evident that
sections do not elongate in response to auxin in an
external osmotic concentration of 0.5 WI. The use of
elevated temperatures and of forced aeration does
not increase elongation under conditions of high man-
nitol concentration.

The respiratory rate of Avena coleoptile sections
is depressed in the presence of increasing concentra-
tion of an external solute, as is shown in figure 2.
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FIG. 1. Effect of external osmotic concentration on
elongation of Avena coleoptile sections as a function of
time. 0.0025 M potassium maleate, pH 4.8 with or with-
out 0.5 M mannitol, and with or without 5 mg/l IAA.
IAA a(lded at arrow.

The rates of oxygen uptake were measured over a
period of 3 hours. The presence of IAA increases
rate of respiration at low external osmotic concentra-
tions, as has been earlier reported by Commoner and
Thimann (9), Bonner (5) and others. The auxin-
indueed increment in respiration diminishes with in-
creasing external osmotic concentration, and disap-
pears at an OPe of 0.4 AI in which elongation is re-
(luced to a very low value. These results parallel
those obtained with Jerusalem artichoke storage tis-
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stie in which the respiratory increment inducedI by
IAA disappears as OPe is inereased (6).

It is known that the response of coleoptile sec-
tions to IAA is prolonged in time by the adldition of
sucrose or certain other substances to the media.
Figure 3 gives data on the time course of the elonga-
tion response to IAA in the more complete basal
medium contaimnng sucrose, manganese and arginine,
and containing added mannitol to produce varying
osmotic pressures. The sections were first equili-
brated in the medium for one hour, after whieh auxin
wN-as added. In the basal medium alone (OPe=0.09
M) elongation starts at once when IAA is addledl. At
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FIG. 3. Effect of external osmotic concentration on
elongation of Avena coleoptile sections as a function of
time. 0.09 M sucrose plus various concentrations of
mannitol, 100 mg/l arginine, 100 mg/l MnSO4, 0.0025 M
potassium maleate, pH 4.8. IAA (5 mg/i) added at ailow.

0

FIG. 2.
of IAA on

0.0025 M p

higher v-alues of OPe, a lag period in attainment of
-IAA steady state elongation is evident. The length of this

lag period is greater the larger the value of OPe. The
final steady state elongation rates also decrease regu-
larlv as OPe is increased. Figure 4 summarizes data
on the elongation of sections in the presence or
absence of IAA and in media of varying osmotic
concentrations. The effects of increasing external os-

,,, motic concentration on endogenous elongation (eloin-
0.1 0.2 0.3 0.4 gflation in the absence of added IAA) do not parallel

effects on the auxin-induced elongation of these sec-
MOLARITY OF MANNITOL tions. The endogenous elongation exhibits the initial
Effect of external osmotic concentration and non-linear decline with increasing OPe at a lower con-
oxygen tuptake of A-ena coleoptile sections. centration than does elongation in response to adlded

otassium maleate buffer, pH 4.8, 5 mg/I IAA. IAA. The two coincide at an external osmotic con-
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FIG. 4. Effect of external osmotic concentration and
of auxin on total elongation of Avena coleoptile sec-
tions. Incubation time 20 11rs. 0.09 M sucrose plus vari-
ous concentrations of mannitol, 100 mg/l arginine, 100
mg/l MnSO.,. 0.0025 M potassium maleate, pH 4.8, with
or without 5 mg,/l IAA.

centration of approximately 0.7 M. The cells of sec-
tions placedl in solutions more concentrated than ap-
proximately 0.4 M are rapidly plasmolyzed, as will
be dliscussed in detail below. After a 20-hour incuba-
tion period, however, deplasmolysis has occurredl.
This is true, for example, of sections placed in solu-
tions as concentrated as 0.6 'M. Elongation has then
occurred in the presence of solutions initially hyper-
tonic to the 0.4 AI osmotic concentration of the initial
sections.

Burstr6m (7) has shown that the irreversible ex-
tension of wheat roots is independent of OPe in the
hypotonic region. This would suggest that the cell
elongation of such roots is not due to a mere passive
stretching of the wall and favors some hypothesis
relating active wall synthesis to cell enlargement. In
order to determine if a similar situation obtains for
the Avena coleoptile, sections were placed in plas-
molyzing solutions for one hour after 20 hours of
elongation. The difference between initial plasmo-
lyzed length (plasmolyzed at zero hours) and final
plasmolyzed length (plasmolyzed at 20 hours) is
taken as the irreversible elongation in accordance with
Burstr6m's definition. The data for these experi-
ments are given in figure 5. The irreversible com-
ponent, like the total elongation of Avena coleoptile
sections, is an inverse function of OPe. The Avena
coleoptile is not, therefore, similar in behavior to
Burstr6m's wheat roots as far as irreversible exten-

sion is concerned. In the case of the Avena coleop-
tile, the greater the turgor pressure the greater the
elongation rate. This implies that something more
than intimate contact of cytoplasm with the cell wall
is essential to increase in coleoptile length.

OSMOTIC QUANTITIES DURING ELONGATION
In or(ler to ascertain to what extent purely os-

OtiC considerations govern auxin-induced water up-
take in the Avena coleoptile it is necessary to halve
measurements of DPD and of OPi during the elonga-
tion process. The simplified method of Ursprung
(25) was used for determination of the DPDi of
Avena coleoptile tissue. The method consists in
measuring the lengths of a grotlp of sections which
are then placed in a gradedl series of mannitol con-
centrations. The sections are lheld submiierged in
stainless steel baskets and argon bubbled through the
solutions to maintain anaerobic conditions. A sepa-
rate group of sections is use(l for each mannitol con-
centration. After one to two hours, the sections are
removed and their lengths quickly meastured. That
group which shows no change in length is saidl to have
been in a solution whose OP= DPDi. The miaiInte-
nance of anaerobic conditions during the DPD deter-
mination insures to a high degree that imietabolic
processes such as are essential to IAA iin(tuced net
water uptake are kept at a minimum and that any
such metabolic components of DPD are not miieasuredl.

According to classical osmotic theory, the simpli-
fied method of Ursprung shouldl also be capable of
yielding values of OPi for the tissuie measuired. The
cytoplasm should pull away from the cell wa-all at in-
cipient plasmolysis and as OPe is fuirther increased,
the cvtoplasim should continuie to contract withollt
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FIG. 5. Effect of external osmotic concentration and
auxin on irreversible elongation of Ax-ena coeloptile sc-
tions. Incuibation time 20 his followed by plasniolysis in
1 M mannitol. Samile experimental conditions as figure 4.
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FIG. 6 A. Change in length of Avena coleoptile sec-
tions as a function of external mannitol concentration.
Incubation for 1 to 2 hours under anaerobic conditions.
Freshly cut sections.

FIG. 6 B. Change in length of Avena coleoptile sec-
tions as a function of external mannitol concentration.
Incubation for 1 to 2 hrs under anaerobic conditions.
Sections previously grown 20 hrs in complete medium of
osmotic concentration 0.5 M (mannitol + sucrose) solu-
tion and containing 5 mg/l IAA.

further cell shrinkage. Hence, the curve which re-
lates tissue length (or change in length) to OPe should
show a sharp inflection at the OPe of incipient plas-
molysis, and should become a straight line of zero
slope for higher values of OPe. Ketellapper (13) has
previously attempted to determine the osmotic con-
centration of Avena section tissue in this way. His
data appear to follow closely the expectations of clas-
sical osmotic lore. This is not true in the present
experiments. Figure 6 A presents data on the length
of freshly excised Avena sections after one hour of
anaerobic incubation in media of varying °Pe. The
length of the sections decreases with increasing OPe
up to an external concentration of approximately
0.6 M. Although there is an inflection in the curve
between 0.4 and 0.6 M, there is no sharp change in
slope. OPi apparently lies between 0.4 and 0.6 M but
cannot be determined more precisely by this method.
The same is true for tissue which has been previously
incubated in a medium of high OPe. Figure 6 B gives
data on tissue incubated anaerobically for one hour
in media of varying OPe after 20 hours in solution

TABLE I
DIFFUSION PRESSURE DEFICIT (DPD) OF AVENA COLEOP-
TILE SECTIONS AFTER INCUBATION FOR 1 HR AND 20 HRS
IN MEDIA OF DIFFERENT OSMOTIC CONCENTRATIONS

DPD OF SECTION TISSUE, M
EXTERNAL CONC, AFTER 20 HRS

M AFTER 1HRS
+ IAA - IAA

0.25 0.25 0.27 0.28
0.35 0.36 0.39 0.40
0.40 0.37 0.41 0.46
0.50 0.47 0.52 0.45
0.59 0.60 0.54 0.56

containing IAA in 0.5XM solution (mannitol plus su-
crose). There is no evident inflection in the curve of
figure 6 B. It is necessary to conclude, therefore, that
OPI cannot be measured in this way for Avena coleop-
tile section tissue. This method is, however, satis-
factory for DPD determinations, and yields a pre-
cision of determination of approximately + 0.05 M.
Table I gives DPD values for sections after varying
pretreatment. The data of table I show that DPDi
as measured by the short term anaerobic incubation
method is always equal to the OPe of the external
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FIG. 7 A. Effect of anaerobic conditions (argon) on
change in length of Avena coleoptile sections in 0.4 M
solution (0.0025 M potassium maleate, pH 4.8, 100 mg/l
arginine, 100 mg/l MnSO4, 0.09 M sucrose, mannitol,
with or without 5 mg/l IAA) following 20 hlrs in same
solution under aerobic conditions. Sections transferred
to distilled water at arrow indicated in figure 7 C.

FIG. 7 B. Effect of anaerobic conditions on change in
length of sections in 0.5 M solution. Conditions same as
in figure 7 A except for mannitol concentration.

FIG. 7 C. Effect of anaerobic conditions on change
in length of sections in 0.6 M solution. Conditions same
as in figure 7 A except for mannitol concentrations.

solution in which the section has previously been in-
cubated. Equilibration of tissue DPD with external
OP appears to take place within one hour over a
wide range of OPe values. Equilibration of DPD1 and
OPe is maintained through a 20-hour period both in
the presence and absence of added auxin. There is
no evidence in these data for any component of DPDi
dependent on aerobic metabolism and measurable by
the present method. This important point was fur-
ther studied by experiments in which argon was
bubbled through solutions in which sections had pre-
viously been elongating under the influence of auxin.
The change of section length with time in argon for
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sections in solutions of several different values of °Pe
are plotted in figure 7 A, B and C. No change in sec-
tion length occurs during the first four hours after con-
ditions are made anaerobic. After 4 hours the sections
begin to shrink. This is because the tissue is killed by
the prolonged anaerobic incubation as shown by micro-
scopic examination and lack of section expansion after
transfer to distilled water. Two hours of anaerobiosis
are, however, evidently without deleterious effects.
These data tend to confirm the conclusion that the
tissue is in DPD equilibrium with the external solu-
tion at all times, and that IAA-induced elongation
occurs in the absence of any apparent DPD gradient
over the entire range of external osmotic concentra-
tions used. Since water enters the cell under the in-
fluence of auxin it must do so under the influence of
a positive DPD gradient. This is apparently small
and not detectable by the present methods of meas-
urement.

When sections are placed in hypertonic solution,
their cells are rapidly plasmolyzed. The cells of such
sections subsequently deplasmolyze under aerobic con-
ditions. One might, therefore, conclude that absorp-
tion of solutes or production of solutes within the
tissue has taken place. According to this view, the
sections deplasmolyze because OPI is increased and
the solution is no longer hypertonic. At the same
time, wall pressure increases above zero so that DPD
remains constant while OPi increases. Le Gallais
(14) has shown that the OP of sap expressed from
Avena coleoptile section tissue increases proportion-
ally to external osmotic concentration regardless of
solute used and both in the presence and absence of
auxin. Le Gallais' work was done with the cryoscopic
method of osmotic pressure determination. His re-
sults suggest, however, that the cryoscopic values for
OPi are erroneously high because the sap expressed
includes plasmolytic solution which has entered the
tissue without entering the vacuole. The cryoscopic
technique is not, therefore, useful for the present
purpose. That an increase in OPi does take place
during incubation of sections in initially hypertonic
solutions can however be shown by the plasmolytic
method of OP determination. This method consists
in the examination of coleoptile sections from the
DPD determination solutions under the high power
of the microscope. Cells are counted through the
median region of the layer of cells just below the
outer epidermis. OPi is taken as equal to the OPe of
that solution in which sections have 50 % of their
cells plasmolyzed.

The initial OPi of freshly cut Avena coleoptile
cells was found to be 0.42 M. Sections incubated for
20 hours yield various values of OPi, depending on
the solution used for incubation. Results of typical
experiments are summarized in table II. In the first
place, sections incubated in water alone (no solute)
decrease in OPi if IAA is present. This effect is ap-
parently due to dilution of cell contents by the water
taken up under the influence of auxin as has been
previously described. Sections in mannitol alone

TABLE II
INTERNAL OSMOTIC PRESSURE OF AVENA COLEOPTILE

SECTIONS AFTER INCUBATION IN VARIOUS
SOLUTIONS

INTERNAL OSMOTIC
TREATMENT PRESSURE (OPi), M

+ IAA - IAA

Redistilled H20 ................. 0.32 0.42
0.0813 M Sucrose ......... ...... 0.53 0.68
0.59 M Mannitol .......... ...... 0.44 0.45
0.5 M Mannitol + 0.0813 M sucrose 0.69 0.69
0.09 M Mannitol ......... ....... 0.43 0.47
0.09 M Ethylene glycol .......... 0.42 0.52
0.045M NaCi .................. 0.45 0.60

Incubation: 10 hrs for H20 treatment, 20 hrs for other
treatments. Initial OP, = 0.42 M.

show small increases in OPI over the 20-hour period.
Since some elongation occurs in mannitol, a small
amount of mannitol must have entered the tissue.
The addition of sucrose to the medium, however, per-
mits very large increases in OPi to take place. This
is true both for solutions which are initially hypotonic
and for those which are initially hypertonic (with
added mannitol). The osmotic pressure increase in
mannitol plus sucrose is larger than that in sucrose
alone in the presence of IAA. This is undoubtedly
due to the greater dilution of the cell contents in the
latter case as pointed out by Hackett (11) for potato
tissue. The presence of sucrose in the medium evi-
dently permits the tissue to make an extensive ad-
justment of OPi.

The data of figure 8 further concern the question
of the role of sucrose in the elongation of Avena
coleoptile sections. Sections were incubated for 29
hours in initially hypertonic solutions made up of
mannitol or sucrose and mannitol, and with or with-
out IAA. The sections were initially plasmolyzed by
the hypertonic solutions in all cases. Deplasmolysis
only occurred with sections incubated in the presence
of sucrose. Sucrose must therefore contribute to the
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FIG. 8. Effect of 0.0813 M sucrose on change in length
of Avena coleoptile sections in initially hypertonic solu-
tion containing mannitol in concentrations such that
total molarity is 0.59 M. IAA added at arrow. 5 mg/l
K-free IAA, no buffer. Final pH 5.5.
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increase in OPi of the tissue. Sections which have
(leplasmolyzed elongate more slowly than those which
have never been plasmolyzed in agreement with the
similar findings of Ketellapper (13). Plasmolysis it-
self apparently causes some irreversible damage.

It has been shown above that the presence of a
small amount of sucrose in the medium permits sec-
tions to deplasmolyze in an otherwise hypertonic con-
centration of mannitol. The presence of sucrose
similarly maintains OPi and rate of water uptake in
the presence of auxin. The following type of experi-
ment was done to find out whether sucrose pretreat-
iment can maintain subsequent elongation rate in hy-
potonic mannitol solution. Sections were pretreated
in 0.09 M sucrose with IAA for 4 hours and were then
transferred to 0.09 M mannitol and IAA for periods
up to 20 hours. The results are given in figure 9.
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FIG. 10. Change in length of Avena coleoptile sec-

tions as a function of time and in the presence of several
different solutes. Each solute given at 0.01 M concen-

tration. IAA added at arrow. No buffer, 5 mg/l K-free
IAA, final pH 5.5.

.0 - SUCROSE -s MANNITOL as effective as sucrose. Glycerol is but little superior
to mannitol in the support of continued elongation
rate. Table III gives further data on the elongation
rates of sections in solutions containing various sol-

.5 _ utes, all tested at a higher concentration, 0.09 MI
MANNITOL (0.045 Al for KCl and NaCl). At this concentration,

4,/ _ sucrose and glucose are considerably more effective
than any of the other solutes tested. It may be seen

that the substances used form a series of varying
0 5 10 15 20 effectiveness in replacing sucrose or glucose. Even an

TIME, HRS.
FIG. 9. Effect of 0.0813 M sucrose pretreatment on

stubsequent elongation of Avena coleoptile sections in
0.09 M mannitol. IAA added at first arrow. Transfer
to mannitol at second arrow. 5 mg/l K-free IAA, no

btuffer; final pH 5.5.

The elongation rate with the latter solution drops off
rapidly with time. The initial elongation rate in su-
crose is greater than that in an equi-osmolar concen-
tration of mannitol. The initial rate following trans-
fer from sucrose to mannitol is-greater than the initial
rate for sections maintained in mannitol alone, but
the effect does not persist. Apparently the continu-
ing presence of sucrose is required for maintenance of
elongation rate. This is consistent with the idea first
presented by Thimann and Schneider (24) that su-
crose acts in part to maintain OPi at a constant high
level during auxin-induced elongation.

It is of interest to know what other solutes can

replace sucrose in its role of maintaining elongation
rate and, apparently, OPi. A variety of permeating
substances were used, each in a concentration of 0.01
M. The results, presented as progress curves of
elongfation, are given in figure 10. Glucose is nearly

apparently non-metabolizable substance such as ethyl-
ene glycol is one third as effective as sucrose. NaCl
and KCI possess an intermediate status.

TABLE III
EFFECT OF VARIOUS SOLUTES O-N IAA-INDUCED ELONGATION

OF AVENA COLEOPTILE SECTIONS

SOLUTE ELONGATION, MM

Sucrose (0.0813 M) ........... 2.86
D-Glucose ..................... 2.79
NaCl (0.045 M) ........ ...... 2.23
KCI (0.045 M) ................ 1.75
D-Raffinose ................... 1.16
Glycerol ...................... 1.01
Ethylene glycol ......... ...... 0.90
D-Ribose ..................... 0.87
Urea ........................ 0.77
L-Rhamnose .................. 0.70
D-Xylose ..................... 0.61
L-Sorbose .................... 0.55
L-Arabinose .................. 0.23
D-Arabinose .................. 0.22

Solutions 0.09 M except where noted. Incubation 20
hrs. 5 mg/l IAA throughout. Media unbuffered pH 5.4
to 6.1 for all solutions except that containing urea in
which pH was 7.0. Elongation above mannitol control.
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The absolute elongation of sections in 0.09 AI solu-
tion is depressedl as comp)ared to that in 0.01 AI solu-
tion for all solutes tested except sucrose and glucose.
These two substances are more effective in increasing
elongation rate in the 0.09 concentration than at
0.01 A. This is undoubtedly due in part to the fact
that sucrose and glucose are metabolizable as shown
by Bonner (4). In addition, how ever, sections in-

culbated in IAA sucrose-containing solutions show an

increase in OPi as compared to similar sections in-

cubated in mannitol or in glycol, a readily absorbed
solute (table II). In the absence of IAA, OPi is in-
creased somewhat above initial values. The rela-
tively large increases in OPi in the presence of su-

crose may be due to the formation by the tissue of
smaller molecules from the large sucrose molecules
taken in. In anv case, the osmotic readjustment
catused by sucrose appears to be independent of the
presence or absence of IAA (table II).

It has been noted above that when Avena coleop-
tile sections are placed in solutions of high external
osmotic concentration there is a, lag period in the at-
tainment of stelady state auxin-induced elongation.
The experiments outlined above have suggested that
this lag period may represent the time needed by the
cells of the tissue to accumulate solutes and to in-

crease in OPi. The following experiments were
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FIG. 11. Effect of pretreatment with mannitol alone
or mannitol in the presence of KCl or sucrose on subse-
quent elongation of Avena coleoptile sections in manni-
tol and sucrose. Total solute concentration 0.2 M. IAA
added at first arrow. Transfer to mannitol and sucrose

at second arrow. 5 mg/l K-free IAA. no buffer, final pH
5.0-5.2.
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FI(;. 12. Effect of time of addition of IAA on ,ubse-

(luent elongation of Avena coleoptile sections in solution
of 0.3 M total concentration. IAA added at arrows.

0.0813 M sucIose, 0.21 M mannitol, 0.0025 M potassium
maleate, pH 4.8. 5 mg/l IAA.

carrie(l out to further characterize the effects of dif-
ferent external solutes on the lag p)eriodl. Sections
were lplacedl in hypotonic solution, 0.2 'M, containing
inannitol alone or mannitol ith a small amiount, of
sucrose or NaCl. All solutions containe(d IAA. The
sections were left in these solutions for four hoturs to
permit any osmotic readjustment to occur. The sec-

tions were then transferred to an equi-osmolar solu-
tion of mannitol, sucrose and IAA. The data of fig-
ure 11 show that sections pretreated for four hoturs in
mannitol alone show a lag period in attainmenit of
steady state elongation when transferre(d to ma-lnnitol,
sucrose and IAA. If the pretreatment include(d su-

crose or KCl in addition to mannitol the sections start
elongating immediately and rapidly attain the final
steady state rate. Apparently, the lag period does
represent a period of readjustment of internal osmiotic
concentration. The length of the lag period is de-

pen(lent on the presence in the external solution of
readily absorbable solutes. It may be noted that
NaCl behaves as does KCl in permitting shortening of
the lag period.

The osmotic regulation which takes place duiringr
the lag periocd in solutions of moderate osmotic con-

centration is not (lependent upon the Presence of
auxin in the external mediumn. In or(ler to test the
effect of auxin on the lag process, sections were incu-

bated in 0.3 'M solutions containing maninitol an(d sui-

crose. Auxin was added at various times and the
elongation rate after addition of auxin wtas followed.
The data are presented in figure 12. It is apparent
that the lag period extends for about 7 hours aInd
that its duiration is independent of the presRence or

absence of auxin in the external soluition.
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DISCUSSION
An important conclusion of the present work is

that the auxin-induced uptake of water by Avena
coleoptile sections follows osmotic principles. It is of
interest to consider these results in relation to earlier
reports of metabolically maintained DPD gradients.

In ordler to determine whether a tissue is able to
accumulate water against a diffusion pressure gradi-
ent it is necessary to possess information concerning

the osmotic pressure (OP1) of the tissue. The sim-
plified method of Ursprung (25) has been shown
above to be inapplicable because of the absence of a

clear-cut inflection in the volume-OPe relation as OPe
is increased. Coleoptile tissue as well as other tissues
discussed by Crafts et al (10) continue to shrink as

OPP is increased above OPi. The cryoscopic tech-
nique when applied to tissue sections which have been
in contact with plasmolyzing solutions is attended by
serious errors in assessment of OPi as has been shown
bv Le Gallais (14). In the case of plasmolyzed tis-
sues, for example, the cryoscopic method yields values
of apparent OPi which are too high. The plasmolytic
method, however, can be used for OPi determinations
even with tissues which have been incubated in in-
itiallv hypertonic solutions.

Bogen (2) has shown that leaf tissues deplas-
molvze under aerobic conditions in sucrose solutions
in which they are initially plasmol'yzed. A similar
result is reported here. In the present case it has
been shown that sucrose penetrates the Avena coleop-
tile sufficiently rapidly to permit of deplasmolvsis in
less than 20 hours and that the deplasmolysis is an

o-smotic one. Bogen's experiment would appear to be
susceptible to a similar interpretation. It has been
reported by Bonner et al (6) that Jerusalem arti-
choke (liscs can take up water under the influence of
auxin from solutions which are initially hypertonic.
Although the determinations of initial OPi are diffi-
cult with this tissue they can be made and the values
reported earlier have been confirmed. Determinations
of OPi after a period of water uptake are still more

dlifficult to perform with Jerusalem artichoke tissue
an(l are more questionable. Burstr6m, (8) who used
cryoscopic techniques, found that OPi of such tissue
increases with time in initially hypertonic solutions.
The cryoscopic technique requires an elaborate cor-

rection if it is to be used under these conditions.
Nonetheless, it is probable that the OPi of Jerusalem
artichoke increases with time in hypertonic solutions
as shown in the present paper for Avena. All of the
experi-ments of Bonner et al were done in the pres-

ence of an absorbable solute, namely potassium phos-
phate buffer. The water loss which takes place when
Jertu>salem artichokes in initially hypertonic solution
(0.2 MI mannitol) are transferred to anaerobic condi-
tions may be due to progressive tissue damage as it
is with Avena coleoptile sections.

The most nearly valid evidence, at least as a first
approximation, of water uptake against a diffusion
pressutre gradient in higher plants is contained in the

work of van Overbeek (20). It was found by van
Overbeek that the exudate of an excised tomato root-
shoot system may have an osmotic concentration 1
atmosphere less than that of the solution bathing the
root. Arisz et al (1) using more refined techniques
of measurement reduced this difference to 0.5 atmos-
phere or less. The latter workers propose that the
lower OP of the exudate is due to salt absorption
from the sap between the root and the stump as well
as to dilution by water from tissues adjacent to the
xylem. Furthermore, if the zone of water absorp-
tion exceeds the zone of salt absorption, dilution of
the sap would occur.

Neither the present work, nor other work reported
on water, clearly support the concept of active up-
take as defined by Rosenberg (21) and Levitt (16).
It is clear however that the performance of auxin-
induced water uptake is attended by an increase in
respiratory rate and that the auxin-induced incre-
ment is abolished by external solute concentrations
which abolish net water uptake. The increase in
respiration caused by auxin does not then have to do
with water accumulation against a water concentra-
tion gradient but would appear rather to be related
in some way to the primary act involved in cell
elongation.

It has long been known that sugars (3) or potas-
sium salts (24) act as co-factors in auxin-induced
elongation of coleoptile sections. The role of these
substances is in part an osmotic one. They contrib-
ute to the maintenance of OPi. The presence of su-
crose in the medium extends the period over which
elongation is linear with time. This effect cannot be
achieved by sucrose pretreatment as shown by ex-
periments in which sections decrease in elongation
rate after transfer to sucrose-free solutions. The
effect of sucrose on rate of water uptake may be due
in part to the utilization of the material in respiration
and in the support of cellular syntheses. In addi-
tion however sucrose clearly provides internal os-
moticallv active material both as intact sucrose mole-
cules and perhaps as metabolically produced smaller
molecules. The lesser effectiveness of salts and espe-
cially of other sugars is presumably due to their
being less effective as food material andl less abun-
dantlv converted to smaller molecules.

It has been concluded that in the Avena coleop-
tile DPDi is at all times essentially in equilibrium
xvith OPe and that by the methods presently available
no detectable differences between these two quantities
can be found. Within the limits of measurement of
DPD (± 0.05 M) no movement of water against a
DPD gradient appears to take place with Avena
coleoptile sections. When non-absorbable solute is
used to constitute a hypertonic solution, no elonga-
tion of the tissue takes place. It is therefore highlv
unlikely that active water uptake is a factor in auxin-
induced elongation in this tissue. This agrees with
the conclusions reached earlier with other tissues by
Levitt (15, 17) and by Thimann (23). Adjustments
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of osmotic concentration take place in the coleoptile
section provided that an absorbable solute is present
in the medium. These osmotic adjustments are how-
ever independent of auxin and occur in the absence
as well as in the presence of added growth substance.

Since auxin-induced water uptake is a purely os-
motic phenomenon in the Avena coleoptile and since
auxin does not appear to directly influence internal
osmotic concentration, it may be concluded that
auxin must in some way decrease cell wall pressure.
The fact that the irreversible component of the total
elongation behaves as an inverse function of OPe in
the hypotonic region is consistent with the hypothesis
that cell wall plasticization rather than cell wall syn-
thesis is a primary cell wall effect. This is in con-
trast to the state of affairs with wheat roots (7) in
which irreversible extension is independent of OPe in
the hypotonic region as reported by Burstr6m. In
any case it would appear that a detailed investiga-
tion of cell wall metabolism as related to the presence
or absence of auxin may be required for the further
elucidation of the mechanism of auxin action.

SUMMARY
Avena coleoptile sections are in apparent diffusion

pressure equilibrium with the external solution at all
times, i.e., there is no detectable aerobic metabolic
component of DPD in either hypertonic or hypotonic
solution.

Both total elongation and irreversible elongation
are inverse functions of external osmotic concentra-
tion in the hypotonic region.

Tissue placed in initially hypertonic solution de-
plasmolyzes and grows if a sufficient, concentration of
an absorbable solute such as sucrose is present in the
external solution. It has been shown that the role of
the permeating solutes is to cauise an increase in in-
ternal osmotic concentration of the tissue.

Tissue in hypotonic solution maItintains or increases
in internal osmotic concentration as elongation occurs,
provided that absorbable solute is present in the ex-
ternal solution. Tissue maintained in distilled water
exhibits a decrease in internal osmotic concentration
as elongation occurs.

When Avena coleoptile sections are placed in
slightly hypotonic or in hypertonic solution t,here is
a lag period in the attainment of steady state elonga-
tion rate. The duration and intensity of this lag
period increases with external osmotic concentration.
The length of the lag period is independent of the
presence of auxin and is determined by the time re-
quired by the section to make an osmotic readjust-
ment to the external solution by absorption of solutes.

Auxin-indueed water uptake in Avena coleoptile
sections does not appear to be due to the effect of
auxin on maintenance of a metabolically controlle(d
component of internal diffusion pressure deficit or to
effects on the osmotic concentration of the tissue.
The present evidence points to effects of auxin on the
cell wall as an important factor in auxin-induced cell
elongation.
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PER'MEABILITY OF AVENA COLEOPTILE SECTIONTS TO WATER
.MEASURED BY DIFFUSION OF DEUTERIUMI

HYDROXIDE 1, 2
LAWRENCE ORDIN3 AND JAMES BONNER

KERCKHOFF LABORATORIES OF BIOLOGY, CALIFORN-IA INSTITUTE OF TECHN-OLOGY.
PASADENA, CALIFORNIA

The present investigation, carried out in connec-
tion with studies of the mechanism by which auxin
induces net water uptake, concerns the resistance of
Avena coleoptile section tissue to water movement.
The factors which govern tissue permeability to water
have also been examined. Heavv water has been used
in order to eliminate changes in the geometry of the
tissue during the measurement. Permeabilitv con-
stants obtained by this method are true diffusion con-
stants in contrast to the filtration constants obtained
by osmotic methods. The first use of deuterium oxide
(D20, 30 to 50 %) solutions in the study of water
permeability of plants was that of Wartiovaara (11)
on the alga Tollypellopsis. Buffel (2) and Ketellapper
(5) have also used 50 % D20 to determine the water
permeability of Avena coleoptiles. These workers
studied the outward diffusion of D20 from tissue pre-
viously equilibrated with the material. In both in-
vestigations cartesian diver techniques were used for
determination of D20. The high concentrations of
D20 used exert injurious effects on the tissue after
several hours. Buffel therefore allowed his sections to
age in distilled water for 12 to 18 hours, a procedure
found empirically to decrease such injury.

Buffel (2) has reported that indoleacetic acid
(IAA) increases D2O permeability of sections aged in
this manner. Ketellapper (5) on the other hand finds
that IAA has slight if any effect on D20 permeability.
It will be shown below that rate of absolute water
movement in the coleoptile is rapid and is not influ-
enced by IAA, metabolic inhibitors, or the state of
turgor of the tissue.

MATERIALS AND METHODS
The material used in this work consisted of 5-mm

sections cut 2 to 3 mm below the apex of the Avena
coleoptile. The primary leaf was removed. The
Avena seedlings were grown at 250 C in vermiculite
contained in stainless steel trays and were watered
with distilled water. They were harvested when 96
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hours old. Only those coleoptiles 30 ± 2.5 mm in
length were used. Each part of each experiment was
performed using 50 or 75 sections in 10 or 15 ml of
solution respectively.

Dilute solutions of deuterium hydroxide (DHO)
(0.5 % D20) were prepared from 99.5 % D20 ob-
tained from Stuart Oxygen Company by authoriza-
tion of the U. S. Atomic Energy Commission. The
D20 was used without further purification. Groups
of sections were placed in DHO solution for varied
periods of time. After the desired time interval the
group of sections was dried externally with filter
paper and placed in a ground glass stoppered vial.
The vial was then utilized as the distilling vessel of a
micro-distillation apparatus in which the tissue water
was removed by lyophilization. The DHO content of
the tissue water was determined by mass spectrome-
try. The direct determination of DHO in the mass
spectrometer has been described by Washburn et al
(12). The precision of measurement is greater than
± 0.01 atom percent over the range of DHO concen-
trations used in this work. The data are presented
as mole percent DHO in the tissue water as a func-
tion of time.

Indoleacetic acid (IAA), 5 mg/l, was used as the
auxin throughout. The basal medium contained po-
tassium maleate buffer (0.0025 MI, pH 4.8). All solu-
tions were made up with redistilled water.

RESULTS
The data in figure 1 show that IAA has no influ-

ence on the course of entrance of heavy water into
coleoptile tissue. The half-time of the movement, i.e.,
the time required for the tissue to attain a concentra-
tion of DHO equal to one half the difference between
the external concentration and the initial internal con-
centration (that of normal water, 0.02 % DHO), is
about 9 minutes. This is slightly longer than the half
times found by Buffel (2) and Ketellapper (5) of 4 to
7 minutes and 4 to 6 minutes respectively. The loga-
rithmic shape of the curve of figure 1 indicates that
water enters the tissue by a simple diffusion process.

The course of the outward diffusion of water was
compared with that of the inward diffusion by pre-
treating tissue for 2 hours in 1.1 % DHO. The tissue
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