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Little is knowln either of the path takeln by water
as it miioves fromii the outside of the root to the xylem
elements of the stele, or of the barriers which might
impede the movement of water. Valuable clues con-
cerning the possible pathways of movement and bar-
riers to the movement of water can be obtained by
study of the time course of equilibration of roots
immersed in tritiated water, under conditions which
prevent transpiration. This equilibration may be
diffusional or may be accelerated by protoplasmic
streaming, but does not involve a net transfer of
water.

Philip (2), in his figure 3, gave theoretical curves
for the equilibration (by diffusion) of a uniform,
isotropic sheet, cylinder, or sphere with an external
medium of constant concentration. He also gave an
exponential curve for the single cell. Figure 1 shows
Philip's curves, modified by being plotted to a linear
scale. The single cell curve describes the equilibra-
tioin for a cell or tissue, regardless of shape, if the
only significant limitation of movemelnt of the ma-
terial in question is the diffusion of this material
across the external boundary of the cell or tissue.
(The mechanismii of miiovemienit need not be restricted
to diffusion, provided that the kinetics of the move-
ment are the same as those of diffusion). WNTe can
therefore determine whether the epidermis, for in-
stance, acts as a barrier limiting the diffusion of water
into the root. If the time course of equilibration of
the root with tritiated water fits Philip's cylinder
curve, the tissue can be said to be uniform in resis-
tance to flow, and an apparent diffusion coefficient
can be calculated. If, on the other hand, the time
course of equilibration fits the single cell curve,
special surface resistance is indicated. In this latter
case no apparent diffusion coefficient can be calcu-
lated without further assumptions or measurements
of the thickness of the resistant surface layer.

This method of locating resistant layers in the
root becomes insensitive as the layer in question is
farther removed from the surface. In fact, an
especially resistant endoderniis in a maize root tends
to cause an equilibration curve more like that of a

sphere than that of a cylinder or single cell because
such an endodermis slows the later (stelar) stages
of equilibration without greatly affecting the initial
(cortical) rate. The endodermis must have a very

1 Received January 26, 1965.

high resistance if it is to cause a mieasurable change
in the shape of the equilibration curve. A more
powerful tool for the detection of a relatively imper-
meable endodermis is the separation of the stele from
the cortex after exposure to tritiated water, and com-
parison of the equilibration of the stele with that
of the cortex. A curve (figure 2) showing the
theoretical stelar equilibration v,ersus the cortical
equilibration for a uniformly permeable root of given
dimensions can be calculated from Philip's (2) figure
2b or Carslaw and Jaeger's (1) figure 19. A re-
sistant endodermis should cause the stelar equilibra-
tion to be less than the theoretical shown by this
curve.

If specific preferred paths for the flow of water
across the cortex existed in an otherwise uniform
root, the stele would receive its material, not from
the average of the cortical tissue, but fromii the
special paths. The concentration in these paths
would be miuclh higher than the conicenitration in the
average of the cortex. Therefore, if such paths were
sufficiently preferred, the equilibration of the stele
could be found to have progressed farther at a cer-
tain moment than would be indicated by the theoreti-
cal curve of figure 2. The stelar equilibration might
even be greater than the average cortical equilibra-
tion.

In assessing water movement by the use of tri-
tiated water, it is desirable to estimiiate the effect of
cyclosis. If a significant portion of the water move-
ment is through the cytoplasmi, cyclosis will ac-
celerate the equilibration of the root with tritiated
water. Inhibition of cyclosis could decrease the
rate of equilibration even though there might be no
permeability change. Observations were therefore
made of the effects of metabolic inhibitors on both
equilibration curves and rates of cyclosis.

Methods

Maize (Zea nzays L. \VF-9 X WI-14) seeds were
germinated on paper towels moistened with 10-4 M
CaCl2 at 310 in glass baking dishes. Each baking
dish was covered with plastic film to retard evapora-
tion, with a few slits in the plastic film to provide
aeration. Three days after planting, when the radi-
cle was about 12 cm long, the roots other than the
radicle were removed, and a thin film of petrolatum
was applied by hand to the seed, root stumps, and
shoot of each plant, to retard transpiration. The
radicle was immersed for 1 hour (except as otherwise
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FIG. 1. Tlheoretical curves for the time course of equilibrationi of tissues with ani external medium of constant
concentration [adapted from Philip) (3)], and experimental points (with 95 % fiducial limits) for the equilibration
of maize roots with tritiated water. The letter symbols indicate different root treatments.

FIG. 2. Theoretical curve comparinig the equilibration of the stele with that of tile cortex for a uniform root
having the dimensioins of a maize root, and experimental points (wvith 95 %c fiducial limits) for maize roots. The
letter symbols indicate (lifferent root treatments.

Tlable l. Effccts of V;ariotas Jrcatwents oanlicthoatc of WI'af'r Eqlhiilibration in Roots
and the Rate of Cyclosis in Root Ilairs

All treatmenits had K phosphate buffer 10- 2, pH 6.1 except as nioted.

Treatmiienit

None (no buffer)
Nonie
Carboniyl cyanide nii-chlorophenylhydrazone
2, 4-Din1itrophen1ol
N-Ethylmaleimide
KF
K-Iodoacetate
Phenylmercuric acetate
Phenylmercuric acetate (no buffer)
None
Carbonyl cyaniide m-chlorophenylhydrazone, 5 X10X 6 M
2, 4-Dichlorophenioxyacetic acid, 5 X 10-4
Dimethylsulfoxide, 0.1 \i
Dimethylsulfoxide, 1.0 mI (no buffer)
Roots greased with petrolatum
Roots killed by hot water

Self-diffusion coefficient of water
as measured with tritiated water:

M.E.C.*

5
2
5

x

x

10-6
10-
10-5

10-2

10-2

10-5

M

M

~\I
NI
AI

Tem.)perature

250

250
250
250

250

250

250

250

250

30**

250

250

250
250

250

250

30

Apparent
Half- diffusion
time coefficient

seconds A2 seC-'

26 490
25 500
150 84
150 84
144 87
145 87
149 84
97 130
97 130
480 26
840 15
27 470
26 480
27 470
119

7 1700

2440
1300

* Minimum effective concentration for both inhibition of water movement and inhibition of cyclosis.
** 100 % standard was treated for 5 hours in tritiated solution.

Treatment not tested oni cyclosis.
t Did not stop cyclosis.

From \Vang, Robinsoni, andl Edelman (5).
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WOOLLEY-RADIAL EXCHANGE OF LABELED WVATER IN 'MAIZE ROOTS

noted) in nontritiated pretreatment solution and was

then transferred to the tritiated treatment solution
for the desired length of time. The composition of
the pretreatment solution was always the same as

that of the corresponding treatment solution except
that the latter contained tritiated water. The com-

positionis of the pretreatmelnt and treatment solutions
are listed in table I. The pretreatment solutions and
the treatment solutions were stirred and aerated by
a constant streaml of air bubbles in intimate contact
witlh the roots. Stirring was considered to be ade-
quate because pilot experiments had showed no change
in equilibration half-time of untreated roots when the
bubbling rate was reduced to about one-fourth of
normal. Finally the root was removed, blotted, and
cut into segments. The segmuents were immediately
put into vials containing 17 ml of scintillation fluid
(55 mg 2, 5-diphenyloxazole. 9.2 ml toluene, 7.8 ml
ethanol). Each seedling was handled individually.
The blotting took about 5 seconds, cutting took about
10, and placing the segments in the vials took about
15 seconds. Tests showed that no significant amount
of water evaporated from the roots during this timie.
Routinely, 2 segments were taken, the tip cm and
the next 3-cm piece. The data reported are for the
3-cm segment. Table II shows that in a pilot experi-
ment the rate of equilibration was about the same

at all parts of this 3-cm segnment.
In some experimiients the stele was sep)arated from

the outer tissues of the root (here called the cortex),
in the followinig manner. As soonl as the root had
been blotted it was bent sharply about 7 cm from
the tip, so that the cortex was cracked transversely.
A gentle pull with the fingers then caused the stele
to stretch slightly throughout its length and finally
break at a point between 0.5 and 1 cm from the root
tip, the endodermis shearing so that the external tis-
sues could be pulled from the stele with no obvious
crushing or other distortion. Figure 3 shows cross

sections of the separated stele and cortex compared
with a cross section of an intact root. Removal of
the stele took about 10 seconds. The stele was pulled
through a small heap of petrolatum, and petrolatum
was applied to the cortex by hand to retard evapora-

tion. The desired segments were cut and placed in
the scintillation fluid. Data reported are for the
tip 3.2-cm segment of the stele (the extra 0.2 cm to
compensate for the stretching as the stele was re-

moved) and the approximately corresponding cortical
segment, the 3-cm piece starting 1 cm from the root
tip. Other segments, taken occasionally, did not dif-
fer markedly from the reported segments. Eight
segments were placed in each vial. The water
of the roots dissolved completely in the scin-
tillation fluid within a few minutes, but for

Table II. Degree of Equilibration of Root
Data are means for 32 individual roots.

i w j - 'kb.1

FIG. 3. Cross sections of separated stele and cortex
compared with cross section of intact root.

convenience the root segments were left in
the vials while the tritium was counted by a re-

frigerated scintillation spectrometer. The standard
for the determination of the percentage of equilibra-
tion of a given sample was a similar sample which
had been left in the tritiated treatmient solution for
at least 20 half-times (the half-time being the time
necessary for the tissue to become 50 % equilibrated),
usually a total of either 60 or 90 minutes. The tri-
itumii count of a given samiiple was divided by the
cotunt of the stanidard., and the result expressed as a

percentage to give the percent equilibration of the
sample. The validity of this standardl was tested
in 2 ways. First, pilot experimzenits slhowed the
samiie amount of tritiumi in roots after 180 minutes
as was found after 30 miinutes in the tritiated water.
Second, counitinig of the tritium combined with
weighing of root segnments before and after drying
at 800 showed that the root water had the same

specific activity as the external solutioni after 30
minutes.

To obtain the statistical accuracy nleeded to show
which curve of figure 1 was followed by roots having
a given treatment, large numbers of samples were

needed. Each of the points in figure 1 indicates the
results of 6 separate experiments involving, 8 indi-
vidual roots for each time involved. One treatment
time was calculated (on a basis of results from pre-

liminary experiments) to be close to the half-time
for that particular treatment. From the percent of
equilibration for this treatment time, the true half-
time was determined with the theoretical curves of
figure 1, all of which are close together near 1 half-
time. Then the remaining treatment times, expressed
in multiples of the half-time, were plotted with their
percentages of equilibration and 95 % fiducial limits.
Thus, for the 2 points of untreated root data shown
in figure 1, 4 different treatment times were used

Segmtenitts after 30 Seconds in Tritiated Water

Distance from root tip, cm 0-0.5 0.5-1.0 1.0-2.0 2.0-3.0 3.0-4.0 4.0-5.0
Percent equilibration 64 56 54 56 53 55
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in each experimiielnt: 36 seconids (to approximate the
half-time), 108 seconds, 180 seconds, andl 1 and one-
half hours (for the fully-equilibrated stan lard).

Apparent diffusion coefficients wc re calculated
froml the formula (derived from Philip's figure lb):

I)
0.002 )2

t/2

where is the apparent diffusioni coefficienit in cno2
sec-1, b is the root radius in cm, and t,,,2 is the half-
timle in seconi(ls. The average root (lianmeter was
found(l to be 0.09 cml, giving

1)
1.255 X 10 X cm'112

I/ 2

As all example of the mlethod of calculationi, the 360-
second carbonvl cvanide mu-chlorophenvylhvdrazone
treatment at 30 gave 30.3 % equilibration. Froml the
cvlinder curve of figure 1 this 30.3 % was found
to represent 0.43 half-timies, so the actual half-time
was 838 seconds, giving an apparent diffusioni co-

efficienit of 1.5 X 10- cmll2 sec-1.
All experiments were at 25° except as is noted.
For the viewing of cyclosis the tip 4-cm portiolns

Of roots were placed in Nvater on microscope slides.
CvNclosis was ob)served in the root hairs with a phase-
conitrast microscolpe, the microscope lighlt being used
olyl dluriiig observ-atiois. 'I'he water was rel)lacedl
w\ith v-ariotus treatmenit soluitiolns ( table I) andl the
effects of these solutionis N ere observ-ed. Cyclosis
within the epi(lermiiis or cortex, while plrol)alblv oc-

cturrinig, could not be observ-ed in unisectioned ma-
terial. Hand sectioniing usually damiiaged the tissue,
so that onlv occasionally cotuld cyclosis be seeni in
other cells than root hairs. Reported obser-ationis
arc for root hairs only.

Results

No evidence was found that the epidermiis offered
anly special resistance to the entrance of water in
normiial roots, in roots hich had been treated with
2. 4-dinitrophenol [Woolley's (6) statement to the
contrary is erroneous], or roots wNhich had been killed
b)y immersion in hot water. Although these treat-
menits gxave widely different half-times for equilibra-
tioln (table I) with tritiated water, the uptake for
each fitted the cylinder curve (figure 1). As a
test of the method, some roots were coated with
petrolatum by hand before being placed in the tri-
tiated treatment solution. These roots followed the
single cell curve with a half-time of 119 sec. about
3 timles that of the untreated roots. The permeabili-
ty of the petrolatum-coated surface layer as 1.3
X 10-4 cm sec-'.

'T'he stele did nlot take til) tritiated ater miiore
slowly, compared to the cortex, thani indicated by
the theoretical curv-e of figtire 2. so the endodermis
wx-as probably not especially resistanit to passage of

water. Actually, the average values for the stelar
eqtuilibration shown in figure 2 are all slightly higher
than would be exl)ected theoretically. This could
he interpreted as evidence for specific preferredI paths
of water miiovemlenit in the cortex, or possibly a slighlt
passage of tritiated water fromii the cortex to the
stele dturing the remiioval of the stele froml the root.
The tritiated water concenitrationi in the stele never
exceeded that in the cortex.
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INHIBITOR CONCENTRATION, MOLAR

FIc,. 4. Depenldencte of apparent diffusionl coefficient
upon concentration of phenylmercuric acetate and car-
honyl cyanide z-chlorophelhvdrazoneboth in 10 A
K phosphate buffer atp1H 6.2.MdrL (leotes n2ininm
effective co1centratio (scc tcxt) .

\\ ithl this evidlence thact thle root \\-as fairly! 1inn
form 4calcuplation of apapaarent diffusionicoefficients
for these conditionisopvas considered to bte -alid.
KSeveral other treatpents were applied andaoppiareni t
diffusion coefficients were calculated, On tIe Is
sumption that the root remainied uniform uinler these
treatmlents, too. The half-timiies alnd corresponding
apparenit diffusioni coefficienits are listed in table I.

The typical effect of concenitration of metabolic
inihibitors is shown by the concenitrationi curve of
carbonyl cyanide iii-chlorophenvlhydrazone in figure
4. Generally, increasing concentrations of a given
inhibitor cause decreases in the apparent diffusion co-
efficient, up to a certain poinlt, above which there
is no further change in apparent diffusioln coefficient
over a range of inhibitor concenitrationis. At even
higher inhibitor concentration the apparent diffu-
sion coefficient increases drastically as the inhibitor
kills the root. The minimiium concentration produc-
ing the lowest apparent diffusion coefficient will
be referred to as the minimiium effective concentra-
tion (M.E.C. in figure 4).

Inhibition of cyclosis is difficult to evaluate quan-
titatively. The movement dies down gradually anld
erratically after the inhibitor is applied. Nevertheless,
with ev%erv inhibitor used, the minimum effective con-
centratiojn for (lecreasing the equilibration rate was
the samiie as the minimumnl conicenitrationi that would
completely stop cyclosis in a,ll root hairs wsvithin
20 Imiinutes. Normiial cy-closis inl root hairs wvas ofteii
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WVOOLLEY-RADIAL EXCHANGE OF LABELED WATER IN MTAIZE ROOTS

seen to be as fast as 2 X 10-3 cm sec-1. This would
be fast enough to have considerable effect on the
equilibration time if cyclosis occurred at this rate
throughout the root.

Discussion

How impermeable would the epidermis have to
be in order for this resistance to be detected by the
method used here? I do not know how to calculate
the answer to this question accurately, but I can
place an extreme lower limit on the permeability of
the epidermis. To do this it is merely necessary to
accept the experimentally-determined half-time for
the root and then calculate the epidermal permeabili-
ty that would give this half-time if all of the resis-
tance to diffusion resided in the epidermis. This can
be done by using- Philip's equation II for the single
cell,

0.693 U
tI/2-:_1KIII

where t1/ 2 is the half-time in seconds, V is the vol-
ume of a unit length of root in cm3, A is the area
of the external surface in c1112, and K. is the perme-
ability of the cell surface in cm sec-1. Solving for
K. and using 25 sec as the half-time and 0.045 cm
as the root radius,

0.693 V
Ks = - = 6.25 X 10-4 cm sec-1. IV

tll 2A

If the epidermis is 1.2 X 10-3 cm thick, the apparent
diffusion coefficient in the epidermis would be 7.5
X 10-7 cm2 sec-1, which is about one-seventh of the
apparent diffusion coefficient found for the root
when it was treated as a uniform cylinder. Since
the root uptake follows the cylinder curve, rather
than the single cell curve, we know that the epidermal
resistance cannot be as much as 7 times the resistance,
per unit thickness, of the bulk tissue. This is an
extreme value. The epidermal resistance is proba-
bly no greater than 3 times the resistance of the
remainder of the tissue.

A similar calculation shotuld be possible in or(Ier
to determine the possible limits of resistance that the
endodermis could have. It seems reasonable to sup-
pose that the stelar equilibration would have been
significantly beloow the theoretical curve of figure
2 if the half-time for the stele hadl been twice as lolng
as the half-time for the root as a whole. 'Treating
the stele as a cylinder with all of the resistaince in
the endodermis, with a radius of 0.015 cm aind with
a half-time of 50 seconds, we obtain a permeability
of 10-4 cm sec-1. If the endodermis were 10-3 cm
thick, the apparent diffusion coefficient in the endo-
dermis would be 10-7 cm2 sec-'. This is about one-
fiftieth of the diffusion coefficient found for the
bulk of the tissue.

The obvious morphological location for a special
path for movement of water in the cortex would be
through the cell walls, with cytoplasm and vacuoles
excluded, or possibly through cell walls and cyto-
plasm, with vacuoles excluded. In either case, in
order for the special path to be detected, the half-
time for the excluded portions would have to be about
as long as the half-time for the root. Treating
the average cortical cell as a cylinder having a radius
of 10-3 cm and a half-time of 25 seconds, with all
of the resistance to diffusion near the surface, we
find a permeability of 1.4 X 10-5 cm sec-1. It is
difficult to decide whether this is a reasonable value,
but it can be compared with the value for the greased
surface of a root, 1.3 X 10-4 cm sec-1.

Phenylmercuric acetate was found by Zelitch (7)
to be more effective than carbonyl cyanide m-chlo-
rophenylhydrazone in cauising closure of stomata, yet
the carbonyl cyanide mn-chlorophenylhydrazone was
much more effective than the phenylmercuric acetate
in increasing the root equilibration time. This hints
that the stomate-closing action is more than a simple
change of permeability. Further, carbonyl cyanide
m-chlorophenylhydrazone, which was found by Stoner
(4) to be more effective than 2, 4-dinitrophenol, at
about one one-thousandth of the concentration re-
quired of the 2, 4-dinitrophenol, in uncoupling the
respiration of maize mitochondria, increased the
equilibration time of maize roots to about the same
degree as did the 2, 4-dinitrophenol, but at one-fourth
the molar concentration.

T,he apparent diffusion coefficient of tritiated
water in the normal root (ca. 500 '2 sec-1) is about
one-fifth of the diffusion coefficient of tritiated water
in water. If all water movement were confined to
the cell walls, these walls would have to occupy
something over 20 % of the root volume in order
for such rapid diffusion to occur, yet the cell walls
actually occupy between 3 and 6 % of the root
voltume, estimated microscopically onl hand-cut sec-
tions. Thus at least /70 % of the water movement
must involve the cytoplasnm in some way. This con-
clusion is strengthened by the fact that metabolic
inhibitors would be unlikely to affect the movement
of water unless this movemenit involved protoplasm,
yet the rate of movement decreases drastically when
inhibitors are applied. It is not obvious how mtuch
of the inhibitor-induce(d change is caused by actual
permeability changes and( how much is caused by
cessation of cyclosis. A partial soltutioni to this
problem is provided by phenylmercuric acetate, which
stops cvclosis in root hairs. but (loes not reduce the
apparent diffusion coefficient to the same (legree as
do several other inhibitors. The difference between
the action of phenylmercuric acetate and that of
other inhibitors seems not to be in the degree of inhi-
bition of cyclosis, so this difference should be attri-
buted to a change in permeability. One might sus-
pect from the phenylmercuric acetate concentration
curve (figure 4) that the phenylmercuric acetate
kills some of the cells before the entire tissue becomes

7I 5
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inhibited, so that the apparent (liffusioii coefficient
never reaches the minimum ind(ced by other inhibi-
tors. 'That this is not true is showni bv the fact that
even (lotble the minimumim effective concentratioln of
phenylmercuric acetate, when combined with the

miiiiiunimu effective conicentrationl of carboniyl cva-

niide i-chlorol)henv lhvd(lrazoine, still allows can ai)-
parent diffusion coefficienit in the neighborhood of
85 /2 sec-1.

The uniformiity of the al)l)arent (lifftusioni co-

efficient in roots treate( with several differenit inhi-
bitors is strikinig. The minimuiimii effective concen-

trations of 2, 4-dinitrophelnol, carbonyl cyanide m71-
chlorophenylhydrazone, N'-ethyl miialeimiiide, KF, and
iodoacetate all reduce the alpplarent diffusion coeffi-
cient to the samlie extelnt. These inhibitors do( not all
act at the samile point in metab)olism, and w\-idely (lif-
ferenlt concentrations are reqlulired for the different
inhibitors. Therefore it seemiis reasonable to sup-

pose that the apparent diffusion coefficielnt in iuihi-
bite(d roots in(licates the alpl)arent (liffuisioni coeffi-
cienlt when the cytoplasm is essenitially eliminated as

a possible routte for water movement. That is, the

apl)arent diffulsioln coefficient for water movemiient
conifined to the cell valls miiax- he 85 'p.2 sec-1, or

abotut 17 % of the 50( ,u' sec-1 for the unitreated
root. This 17 % may be a fair estimiiate of the frac-
tioIl of the miiovemenit which does lnot involve the
protolplasm in the normal root. The 85 u' sec-1 is
3.5 % of the diffusioni coefficient in free wvater, so

it cotuld represenit movement in the cell walls if the
cell walls occtipied slightly miiore thani 3.5 % of the
root volume amid if the diffulsion coefficient in the cell
walls were a suibstanltial fraction of that in free
water. Such a high permeal)ility of the cell walls

seeimis probable, in view of the high diffuision coeffi-
cienit observed in roots killed hot w-ater (table I).

Even thouigh most of the observed w\ater move-

menlt in norimal roots inivolves the protoplasm, the
great increase in apparent (lifftusioln coefficient tupon
the death of the tisstie iindicates that the protoplasm
must offer considerable resistance to water movement.
Calculation of the apparenit diffusionl coefficienit with-
in protoplasmii is possible froml the (lata presetnted
here, p)rovidedl that ino special (lualities are attributed
to the tonoplast anid plasmalemma, with the diffuision
coefficienit in the vacuiole taken to be 2440 po sec 1,

aild with the assumption that the saine amiioulnit of
water moves throutgh the ra(lial cell walls in the
normiial, the inhibited, ani(l tle (lead root. The ap-

p)arent (lifftisiomi coefficienit s(5) calculated for the pro-
toplasm proper is al)out 30 sec-1. The derivation
an(d actuial calculation are niot given for this estimate
because of the iiniimiero(is assuml)tions, anld because

an unknownvii !)ortionl of this apparent (li ffusioni co-

efficient multst be attribluted to cvclosis.
Exact comlplutation of perineabilities of slpecific

struictuires ofteni shotuld involve correctionis for tortuo-
sity and for variations in path cross section. No such
corrections have been made in the approximate cal-
ctilations presented here.

A seeming contradictioni exists, in that the analy-
sis of the equilibration curve failed to show atny
special route for water movement, even in the inhibi-
ted root, yet the apparenit diffusioni coefficient data
have been interpreted to show that water moves al-
most exclusively through the cell walls in the inhibi-
te(l root. The explaim-tion of this colntradictioni is
that the equilibration curve mlethod is not sensitive
enotuh to detect this size of special path. It was

previouslv caleulated thalt a cell peri;:-eal)iiitv of 1.4
X 10-5 cm sec-' or less wouild be necessary for de-
tection b1 this mlethod. If the apparent diffusioni
coefficient within the inhibited protoplasm is taken
to be one-tenth (3 /.L2 sec-' ) of that estimated for
the normal protoplasm, ancd the thickness of the layer
of protoplasm is taken to be 8 X 10-5 cim. the per-
meahilitv of a layer of protoplasm is founld to be

3.8 X 10-4 Cml sec-1, a figure smiiall enough to elinmi-
nate mlost of the water mlovemilenit througlh the proto-
plasm, but not sinall enough to be detecte(d 1y the
equilibration curve mletlho(l.

The exact relationship of these water mleasure-
mlenits to the apparent free space of roots is not clear.
'The apparent frce space concept is definied in teriiis
of salt, rather than water, and the times used in
apparent free space measurements are usually long,er
than the water-equilibration times.

It should be emphasized that the data presented
lhere were obtained in the absence of transpiration.
The data are not di!rectly a,ppli,cable to transpira-tional
wvater nmovemlenit for several reasons. but especially
because viscous water flowr (transpirational flow)
does not follow the samiie mathemlatical laws as does
diffusion. Of these 2 processes in the root of a
transpiring plant, difftusion (or (liffusioni aided by
cvclosis) is much faster thani tranlsl)irational flow.
The half-time for equilibration of these roots was
about 25 seconds, w-hile a rather fast transpirational
flow into the root surface may be 0.01 cm hr-1 (3),
which would give a half-time of about 4000 seconlds
for the transpirational rep'acemelnt of the water of
these roots.

Conclusions

The following conclusions are valid for the move-
meint of tritiated water within the plortion of a iatize
root a fewv centilmieters frotn the root til), when trans-
piration is preventedl.

The root is fairly utniformii in its resistance to
water mlovemenit, in that .\) the apparent (liffusioli
coefficienit withill the epi(lermis is no less than one-
third of the apl)arent (liffusioni coefficienlt in the
root as a wvhole: B) the apparent (liffusionl coeffi-
cient withini the end(lo(lermiiis is no less than one-fiftieth
of the coefficienit in the root as a whole.
In the normiial root, at least 70 %, and probably
about 83 % of the observed movemelnt involves the
protoplasm. In the inhibitor-treated root the water
movement is probably confined to the cell walls.
The diffusion coefficient in cell walls is probably a
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substantial fraction of the diffusion coefficient in
free water, regardless of the treatment applied. In
the dead root at least 70 % of the root volume is
available for water movement. Most metabolic in-
hibitors reduce the apparent diffusion coefficient in
both of 2 ways: A) by inhibiting, cyclosis; B) by
decreasing the permeability of protoplasm.

Summary

Equtilibration of maize (Zea inays L.) roots with
tritiated water was compared with theoretical curves
for the single cell, sheet, cylinder and sphere, and
was found to follow the cylinder curve. This was
interpreted to indicate that the epidermis does not
coonstitute a barrier to the entrance of water.

The stele was removed from roots after treatmiienit
with tritiated water, and the equilibration of the
stele was compared with that of the cortex. This
equilibration wvas not greatly different from the
theoretical equilibration to be expected of uniform
tissue. It was concluded that the eindodermis did
not conistitute a barrier to the diffusioni of water.

The apparent diffusioni coefficient of tritiated
water in a maize root at 250 was 5 X 10-6 cm2 sec'1.
The apparent diffusion coefficient was decreased by
metabolic inhibitors, or low-temperature treatment.
The apparent diffusion coefficient remained un-
changed with treatment by dimethyl sulfoxide or 2,
4-dichlorophenoxyacetic acid. The apparent diffu-
sion coefficient increased about 3-fold when the roots
were killed with hot water.
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