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Summary. The characteristics of ion transport to the shoots of youing corn seed-
lings were studied with respect to the nature of the isotherm throluglh a wide con-

centration range, the competitive influence of closely related ions ulpon the transport

of a given ion, and the influence of the counter-ion. Both with respect to 36Cl and
86Rb transport, the characteristics of the process in every way resemble uptake by
non-vacuolate root tips wherein the plasma membrane is the only membrane involved
in absorption, and where system 1 of the 2 systems which can be shown to partici-
pate in absorption by vacuolate tissue is the only system operative. Net ion luptake
by the roots per se was shown to display both the high affinity (system 1) and low
affinity (system 2) mechanisms. It is concluded that the symplastic theory of ionl
movement to the xylem is valid, and that the contention that system 1 operates at the

plasma membrane while system 2 functions at the tonoplast is strengthened.

A leading theory regarding the means whereby
salts from the environs of plant roots are absorbed
and enter the xylem is that of Crafts and Broyer
(1, 7), in which it is proposed that ions are actively
accumulated across the plasma membrane of the
cortical cells, and pass thereafter by diffusion
through a cytoplasmic continuum, the symplasm
(7, 20), into the stele, where they leak from the
stelar parenchyma into the xylem. In this view
the primary purpose of the endodermis is to prevent
the back-diffusion of ions in the xylary fluid to the
environment, through the water free space of the
cell wall. At the same time, free diffulsion into the
xylem from the soil solution is precluded. The
Casparian strips provide the means whereby the
endodermis fulfills this function (23, cf. 26).

In the last years a large body of evidence has
accumtulated that net ion absorption by roots and
other plant tissues involves a dual or multiple iso-
therm when uptake is examined through a wide
concentration range (8, 9, 10, 11, 13). Recently the
proposal has been put forth (25) that the high-
affinity, low K. system (system 1) which operates
in the range 0 to 0.5 mm, is involved in ion trans-
port across the plasma membrane, while the low-
affinity, high K. system (system 2), which operates
in the range 1 to 50 m'm, is related to passage of

1 Present address: Botanisches Institut, Technische
Hochschule, Darwstadt, Germany.

ions from the cytoplasm to the vacuiole. Inherelnt
in the proposal is the postulate that at high coIn-
centrations, i.e. at concentrations well in excess of
that which saturates system 1, ions enter the cyto-
plasm by diffusion, at a rate greater than that
implemented by system 1 transport. Under these
conditions transport across the tonoplast becomes
rate limiting, and it is for this reason that the
isotherm for vacuolar absorption is discernible even
though the 2 systems operate sequentially rather
than in parallel.

On the basis of the above considerations it was
postulated that since ions which are involved in
long-distance transport in the xylem arrive there
through the symplasm, the characteristics of long-
distance transport should be those of ion movement
across the plasma membrane, i.e. of system 1. To
examine this question long-distance transport was
investigated in 3 ways: by ion movement into the
exudate of excised roots, by ion movement from
the tips to the base of excised roots, anid by ion
movement into the shoots of intact corn seedllings.
Long-distance transport was foutnd to conform to
the criteria w%hich delineate system 1.

Materials and Methods

Corn seeds (Zcet inays) of the hybrid variety
Oh 43 Rf X C 103 Rf (Illinois Fotundation Seeds,
Inc.) were soaked overnight in ruinning tap water,
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rinsed in distilled water, andl germiiated and grown
in 0.2 mot CaSO, as previously described (6).
Seedlings were raised under artificial light in a
12 hotir photoperiod. Absorption aind transport of
""Cl and 26Rb (as a label for K) respectively were
followed at room temperatuire in 2 concentratioin
ranges, 0 to 0.5 mNi, andI 1 to 50 mnt, the low and
high range respectively. All experimental soltitions
contaiinedl 0.5 mri CaS )4. The pH rainged between
5.6 and 6.0, with an average of 5.8.

E.rudation Experiments. Roots were harvested

from 7 to 10 days after seed soaking. Primary
roots, 8 to 12 cm in leIngth, were excised for tuse.
The excised sttumps were each fitted into a length
of glatss capiltary jvust wicter thlan the root base at
the opening, ancl slightly constricted several milli-
meters behind. Each root was seate(d and sealed
into its capillary simply by the exertion of gentle
pressuire tiponi root insertion. Two suich capillaries
were held in a rtibber stopper, the stopper being
fitted into a large test tulbe so that the 2 roots were
hathed in 50 ml of experimenital soltution. The
positioIn of the capillary in the rubber stopper was
adjusted so that the level of the experimental solii-
tionl came to within a mm of where the root passed
into the capillary. Each experimeintal treatmeint
involv ed 10 roots 2 in each of 5 test tubes.
After 211 to 24 hotirs, the time requiired for appreci-
able exticlation, the taredlcapillaries were weighed
to (letermiine the quantity of exuidate, aind the radio-
activity of the extidate was measuired. The roots
were rinsed in ice cold water for 30 minutites, gently
surface (dried, weighecl, anid their radioactivity de-
termi ie(l.

Tw,o-Plate Experimiients. Excised roots, 9 to 14
cm inl lenigth, from 7 to 8 (lay old seedllings, were
takein in grouips of 10 (ca 2 g fr wt') andcl placed
w\ith 3 to 4 cm of the tip in a petri dish containiing
50 ml of experimental soluitioin, and with approxi-

mately cm of their basal endl in a small dlish, the
receiver plate, containing ml 0.5 m.\ CaSO. The
eintire s,-stem was kept in a satturatedl atmosphere.
At the etnd of an experimental period (anywhere
fronm 2-24 hrs) the radioactivity of the contents of
the receiver plate was determined, aind the roots
weere (liv-ided into apical segments, which had been
immerSed in the donor plate, aindI proximal sections,
which were otitside of the doinor plate. The root
segments were rinsed and weighed as above, and
their radioactivity determine(l. It is a simple matter
to remove the cortex as a uinit from excised roots

(3, 18. 19) anid to obtain cylinlers of cortex, and

intact steles some 10 cm in length. Both these
tissues, canl be uised separately in 2-plate experiments

and compared with intact roots.
hItact Seedlintg Experimlenlts. Filter paper dlisks

cmll in diameter were dipped inl melted paraffin
which was then allowed to hardein. Fiv-e small holes
wvere ptinchecl in each of the paraffiined disks, an(d
the primary root of a single see(dlinig was passed
throi-gh each hole. Sets of see(dling-s were thtus

floate(d oIn 200 ml of experimential soluitionl cointainiedl
in 250 ml beakers. Experimelnts were performe(d
at room temperatuire on the laloratory bench. All
treatments of a given series were carrie(l ouit at
once, so that any variation in temperatuire and
lighting, and hence in trainspiratioIn rate, was of nv-)
conseqILuence. In experimeInts involving "',Rb, root,
wxere rinise(l in unlabeled experimental solution
rather thain in water at the encl of the expernilvntal
perio..

Determination of RadioactivitY. "iCl Roots
were thorouighly dried andl (lroppe(l (Iirectly into
fluor for liqtuid scintillation cointing- A1iktnots of
the experimentat sottiotnois were drie(l onI circles of
Whatman glass filter paper (GF/A) andl the
glass paper placed (lirectly into flulor for cotuiting.
Alternatively samples were dried on planchets andcl
cotlntedl with a gas-flow micromil window (letector.
Shoots (ca 2 g fr wt) were extracted oIn a steam
bath with 20 ml 40 percent ethanol (v/v) for several
hoturs. The volume was reduicedl to 10 ml on a
steam bath, and 1 ml aliquiots were drie(d onl plan-
chets and cotunted. Stanidard cuirves were prepare(d
1)oth for gas-flow and for liquiid sciintillatioin CoulIt-
ing. In the latter instance standardls were prepared
both for ions adsorbed oIn glass filter paper anid for
ions adsorbed on root tissuie. Thuis all radioactivity
measuirements were convertible to comparable (quan-
titative tlnits. Uptake and transport rates were
calctulated from radioactivity meastirements and( the
determinedl specific activity of the experimenital
soltutions.

8fRb: Both roots aind shoots were extracted for
60 mins in 20 ml 1 :50 nitric acidl oIn a steam bath.
Aliqtuots of the extract were pipette(d oIn to glass
filter-paper disks together with a drop of polyvinyl
alcohol (Dtu Pont Elvanol grade 51-05) as adhesive,
ancI couinte(d with the gas-flov detector.

Results

As a (lirect means of studyiing salt movement
into the stelar vascular system, initial stuld(ies cen-
tered on the transport of ions from the external
soltution to root extudates, the latter being consideredl
to represent xylaryr fluid. In the low concenitratioii
range extidlation is constant with time for at least
24 houirs, as is the concentration of Cl in the exui-
date. By contrast, net uiptake into the root per se
is apparently completed in rouighly 10 houirs [cf
(14)]. In the low range, Cl is conceIntratedI in the
process of movement into the xylem, the so-calledl
accumuilation ratio ranging from 200 to approxi-
mately 30 as the external concentration increases
from 0.02 to 0.5 mai. In the high range there is
little evidence of accuimtulation, the ratio approxi-
mating 1.0 (fig 1). The isotherm for Cl tran.sport
to the xylary fluiid in the low range is hyperbolic,
as exemplifiedl by the double reciprocal plot of
figuire 2, and the K. for the transport process is
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Gl Concentration (Low Range: * |
0, 0,2 0.3 0.4 C

and in the last analysis, the most effective way to
study long-distance movement. Results with the
2-plate method were in most every respect similar
to those with young seedlings. The results which
follow made use of both methods, the choice being
determined by the particular nature of the experi-
ment, or by historical precedence, the 2-plate method
having led to experiments with seedlings. The
point of paramount importance concerns the relative

60F
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FIG. 1. Accumulation ratio as a function of the ex-

ternal concentration. Accumulation ratio represents the
quotient of the Cl concentration in the exudate divided
by that of the external solution.

akin to that for uptake by the root per se (table I).
A meaningful isotherm is difficult to obtain for the
high range in exudation experiments since at high
external concentrations water uptake is diminished
for osmotic reasons, the salt concentration in the
xylary fluid approximating the concentration in the
external solution (see fig 1). Consequently both
salt uptake and exudation vary with concentration,
the latter in a capricious way.

Long-distance transport experiments utilizing the
2-plate technique allowed examination of transport
characteristics well into the high range, i.e. to 30
mMi, with fewer osmotic difficuilties, on the one hand,
and otn the other, allowed for a separate evaluation
of transport in isolated cylinders of cortex and in
isolated steles. A further virtue of the 2-plate
method was the opportunity to study the basipetal
movement of ions into the root segment between
the donor and receptor plates. Transport to the
leaves of young seedlings offered the most natural,

A'r,p. -.
20 40 60 80

I/S [mM

FIG. 2. Double reciprocal plot of the isotherm for Cl
transport to the exudate in the low range. Concentration
range: 0.01 to 0.5 m%. Transport rate: pueq Cl-/hr g
fr wt roots.

shape of the absorption and transport isotherms in
the 2 concentration ranges, whether in intact seed-
lings or in excised roots. Nevertheless, an ap-

praisal of figures 4, /7 or 9 in relation to figure 5
allows a quantitative comparison of both absorption
and transport in the high range in roots of intact
seedlings and in excised roots, as well as a com-
parison of the relative rates of absorption and
transport in each case. Figure 3, in turn, permits
a measure of the relative rates of absorption and
transport in excised roots in the low range, while
table I compares the K, for absorption and trans-

Table I. K. for Absorption and Transport in the Range of System 1

Ion Type of Experiment

Exudation experiment
2 Plate experiment

Intact roots, low
salt status

Intact roots, high
salt status

Cortex alone

K Intact seed'ings

Cl

20

0
0
0

0

E
' IU
U

v !
ru 0~~~~~~~

0

0

I I 1

Absorption

mNI

Transport

0.15
Transport to
receiver plate

0.07

0.18

0.09
0.13

0.04

Transport to
proximal root

section

6.22

0.22
0.17

0.21

0.08
0.17
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port in the low range in see(dlings aind in excised
roots.

Table II affirms that long-distance transport
throuigh excised whole Iroots is throtugh the xylem,

FIG. 3. Isotherms for the absorptioni and transport of
chloride in 2-plate experimenits. Concenitrationi ranige:
0.01 to 0.5 irnls. Absorption represents total chloride
taken up and retaine(d by root tissuie in the donor I)late.
Chloride transported to the receiver plate, center figure,
is expressed on the basis of 10 roots. Chloride transported
to the proximal section, i.e. that part of the root outside
of the donor plate, Iowver figure, is expressed on the
basis of fresh w eight of proximal tissue. The means of
expression allow coml)arison of isothermiis w hile making
unnecessary the precise determinlation of the amount of
absorbing tisslue.

or at least thlroulglh the stele. Excised w hKe' roots
exulde freely, aIlld salt is carried in the exudoat,e at
essentially the rate that salt moves proxiimially- in
2-plate experiients.2 Since excisedl cortex al>sorbs
Cl as effectively as whole roots (cf fig 3. see table
I), yet neither exud(les nor effectuiates long-distance
transport in 2-plate experiments, long-distance
transport is apparently confined to the stele. Since,
however, decorticated steles as well nieither exii(le
nor transport salt along their length, a f irther wvord
is necessary. WN hile the absorbing capac.t-.- of the
cortex is muich the same in newly excised a.nd( in
aged tissue, (lecorticated steles only absorb) salt
markedly- follow-ing aging. Freshly excised steles
display little (Iifferenitial permeability, an(d virtually
no capacity for absorption (18). The condition of
the stele in sitti prestumably resembles newyl decor-
ticated stele. Thtis while aged dlecorticatedI steles
fail to exuide, anid to carrv ouit long-distaince tranls-
port, becauise the stelar parenchyma cells retalin the
salt they absorb alnd do not release it to the xylem
(table II), freshly excised steles fail to exud(le be-
catuse the parenchxma plasma membranes leak, and
the parenchyma cells are incapable of providing a
conceintrated salt solutionl to the xylem. In the
whole root, the cortical cells acculmulate salt in the
cytoplasm, anid pass it centripetally throuigh the
symplasm into the stele, wvhere it leaks iinto the
xylem. Osmotic water movement thereulponi cauises
exuidationi (in excised roots) and( long-distance
transport. The data of table II are in accor(d with
this view, which implies that the isothernm for iOnl
ulptake to the shoot, or to the receiver plate in
2-plate experiments, are in effect the isotherms for
salt passage to the xylem.

Isothierins for Absorption and for- 7 ransport.
The isotherm for both absorption an(l for long-
(listanice trainsport of Cl in the low range is invari-
ably hyperbolic, \vhether (leterminecl n 2-plate
experimenits (fig 3) or with seedlings. In the high
range the isotherm for absorption is mulltiple. mulch

2 The absorption and tranisport values for the various
tissue th pes bear tle same relationship to each other
w71hen expressed as V\.. values derived from, reciprocal
plots of absorption isotherms as when expres-edl for a
single externial conicenitrationi as in table II.

Table II. Uptake and T7ranspot i)f Chloridt' in 7Ticsses tf E.xt-i.sd Cor-n Roof/s
All tissues wvere aiged 24 houirs in 0.1 mnix CaSO. 10 Roots x-eiarlh approximately 2.0 g fr w-t. In 2-1;ate experi-

menits, the 10 apical segments in the donior plate represent about 1.0 g fr wvt. Absorption and transport Ti-ri(,I w ere
24 hiours at room temlperature. Externial concentration was 05 mat lKCl.

Absorlption and transport of clhloridle

T ype of experiment

Tissue
Decorticated stele
Cortex
Initact root
Initact root

Absorption

0.43

0.46

Fxui h.uttonl

,umoles/hr g, fr wN-t

2-Plate
traiisspwri

,umoles/lhr 10 rtiots
ca 0.0

001
053F.

l .34

I

0.25 0.5 0.25 0.5
CI Concentration (mml
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04-

0

I-

0

10 20 30 40 50
CI Concentration (mM)

FIG. 4. Isotherms for the absorption and transport of
chloride by intact seedlings in the higl concentration
range. Closed symbols, absorptioln. Open symbols, trans-
port.

as described by Elzam et al. (8) while the transport
isotherm tends towards the linear (fig 4). Since
in passing to the leaves ions are to some extent
withdrawn en rotute into the vacuioles of stelar
parenchyma and even into the cortex [see below
anid cf (29)], the high range isotherm for transport
may uinavoidably reflect the operation of system 2
to a small extent. Thus the h:gh range isotherm
for tralnsport is neither precisely linear, lnor expo-
nentially rising, as might be expected for system 1

alone in the high range (25), buit is nevertheless
grossly differenit from the absorption isotherm.
The high range isotherm for ion movemelnt to the
receiver plate in 2-plate experiments is somewhat
less linear than that for transport to the shoot, and
considerably less hyperbolic than that for root ab-
sorption (fig 5). Sutch a result is to be expected
if there is more absorption from the xylary stream
by conitiguious cells in excised roots than is the case

in seedlings, where a more effective transpiration
stream expedites movement in the x lem. It will
be noted that basipetal transport to the proximal
root section is essentially the same as to the re-

ceiver plate in 2-plate experiments. Since the cor-

tex is of no consequtence in long-distance tranisport
(table II), it follows that the cortex receives salt
via the xylem. As with extudationi experiments,
thoutgh less markedly, the effect of changing osmotic
pressulre on water absorption in the high range is
reflected in salt transport, and consequlently prevents
the acculrate determination of a transport isotherm.
When so-called high salt roots are prepared by
pretreating the seedlings in 40 mrt KCl for 26 houlrs

z
0

0L

0
(I)

m

cE

0

U)

z

before use, the high range isotherm for basipetal
transport is a straight line.

Ion Corn petition in Absorption (and Transport.
While the carrier-mediated uiptake of a given ion
is competitively inhibited by one or more generically
related ions (9, 10), the passage of an ion throuigh
a membrane by (liffilsion shoulld remain relatively
uinaffected by other ions. In this connection it is
noteworthy that both the absorption and the long-
distance transport of Cl in the low range is com-

petitively inhibited by bromide (fig 6), while only
absorption is affected by bromide in the high ranige
(fig 7). In the latter instance competitiveness is
readily demonstrated only in the lower part of the
range, since the affinity for Cl far exceeds that for
Br, and effective inhibition by Br at higher Cl
levels wotuld require inordinately high total salt
concentrations. The unreliable valuies in the high
range are therefore indicated by broken lines in
figure 7.

The Effect of Counter-Ions on Absorption adit(
Transport. In contrast to system 2, system 1 has

0

4-

0

0 6

4.;

*. 2
M

0

c Ol

0

02

.-

0 0.4

x 0.2

L.

I I I
10 20 30

Concentration (mM)

FIG. 5. Isotherms for the absorption and transport of
chloride by excised roots in the high concentration range.
2-plate experiment. Absorption and transport as for
figure 3.
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Discussion
DV

Of the major theories regarding the means

whereby salt from the milieu is (lelivere(l to the

25_ stele of plant roots, and more particularly to the
xylem, one theory suiggests that salts impinige uiponl

0 the endcloermis by (liffuision throuigh the free space,
aian( are subsequently secreted into the xylemi by

-cgoT enidodermal and(lstelar parenchy-ma cells, while the
10 20 30 40 50 other mainitaiins that salts are actively absorbed ilnto

the cytoplasm of the cortex cells and(I pass to the
xylem hy (lifflision withini a cytoplasmic conlitnllnn,

00 the symplasm (1,7,220). The first view assignls 11n
role to the cortex in long-distanice tranisport, i.e.

50- _ * rtransport to the shoot, relegating the electro-osmotic
010 work which is done to the endodermis, anid( perhaps

01 ^ l | 4to stelar parenchyma as well. The secondl Xiew
10 20 30 40 50 considers the cortex as a gathering agency which1oth collects and concentrates ioIns as a preliminary

to delivery to the xylem. It is fturther (lemand(le(
00' that accuimul1ation mulst take place in the cytoplasm

of the cortex parenchvma, and there is considerable
50_ independent evidence to indicate that suich is the

case ( 12, 21, 22, 24). The passive movement of ionls
O0 .-r-- ° . s < from the symplasm to the xylem is attribuitable to

10 20 30 40 50 the markedl drop in the differenitial permealbility of
I the living cells withini the stele, i.e. the leakiness of

I/S [mM CIJ their plasma membranes (18), while the retenition
FIG. 6. Competitive inhlibitioni hb bromide of chloride

absorption and( transport by excised roots in the low con-
centration range. 2-Plate experiment. Double reciprocal
plots. Absorption and(I tralnsport as for figuire 3. Open
svnmbols, clhloride only. Close(d symbols, 2.5 mn1\i Br
tlhroughouit. v = ,e(q Cl-/hr g fr wt for tol) anld bottom
figuires; Le(1110 roots for central figuire.

been shown to be indiffereint to the niatuire of the
couinter anion in the absorption of RI) (10). Simi-
larly Cl uiptake was (lemonstrate(l to be relatively
little affected by the couinter anioni in the range of
system 1 while proving marke(lyl suisceptible to the
type of cation in the range of system 2 (25 ).
Figture 8 demonstrates that b)oth absorption and
loing-distance transport of Cl in the low range are

muich the same whether Cl is presenitedl as the K or

Ca salt. Oni the other hand, while transfer to the
shoot in the high range is ind(lifferent to the nature
of the cation, absorption by the root is emphatically-
less from the Ca than from the K salt (fig 9).

The characteristics of K absorption antd long-
listance transport are muctich the same as for Cl
(fig 10). Thuis the isothermis for 1)oth absorption
and transport to the shoot are hyperbolic in the low
range. In the high range, uiptake by the root dis-
plays a multiple hyperbolic isotherm while long-
(listance transport is linear with concentration.
\While both processes are indifferent to the counter
anion in the low range, only long-distance transport
is relatively uinaffected by the natuire of the anion
in the high range; K albsorptioIn in the high range

is iinlch greater from KCI thacn from K..SO4.

2 .

1/V

Cl Concentrotion (mM)
FIG. 7. Conipetitive inilibitioi) by bromide of chloride

absorption and transport by intact seedlings in the hiigl-h
concentratioin range. Closed sYmbols, chloride onl. Open
symbols 10 mfm Br throughout. Circles, absorption; tri-
ai)gles, tranisport. Iinsert graph: douible reciprocal l)ots,
coi1centrationI range 1 to 10 111m.

N

z
0

CL

0

(I)

H-

0
a-
U)

H

3

N

3
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z
0

a-.

0
f),
o

-4--
0
0

b..

0'

0.51

4H -0.03

cLO0

a.

0 0.1 0.2 0.3

Cl Concentration (mfM
FIG. 8. The effect of the counter-cation on chloride

absorption and transport by excised roots in the low con-
centration range. 2-Plate experiment. Closed circles, KCI;
open circles, CaCI,. Absorption and transport as for fig-
ure 3.

ob

x

b-

"I,
0

FIG. 9. The effect of the counter-cation on chloride
absorption and transport by intact seedlings in the high
concentration range,. Circles, absorption. Triangles,
transport. Closed symbols, KCI; openi symbols, CaCI.,.

of salts in the xylem is considered to depend upon
the presence of the Casparian strips in the endo-
dermis (7, 26).

Several considerations favor the second alterna-
tive. 1) Disruption of the continuity between the
cortex and the stele markedly decreases salt transfer
to root exudates (20). 2) The rate of salt appear-
ance in the exudate of high salt roots is essentially
equal to the rate of salt uptake by these roots
(5, 14). If salt transfer to the xylem were limited
by the activity of the endodermis, the rate of tuptake
in the high range necessarily imptuted to the endo-
dermis would be far in excess of the maximal
absorption rates (2-4 Aeq/g fr wt/hr) prevalently
observed in a great variety of roots and other plant
tissues. 3) Under conditions where total absorption
is much the same, high salt roots pass the builk of
the salt which they absorb to the xylary fluid, while
low salt roots sequester a large part of the salt they
take tup in the root cell vacuioles (5, 14, 15). If the
endodermis and stelar parenchyma were primarily
responsible for the transport of salt into the stele,
the over-all salt status of the root wouild be of little
consequence, and the vacuoles of the cortical cells
of low salt roots would not serve as a diversionary
sump for salts en rotute to the xylem.

K Concentr.tion immi

FIG. 10. Potassium absorption and transport by intact
seedlings in the low and high concentration ranges. Closed
circles, KCI; open circles, K. SO .

Autoradiographic experiments involving the
movement of 35SO4 into the stele of corn roots anid
air roots of Epidendrtum imputed an active role in
ion transport to the endodermis and to the stelar
parenchyma (19, 27, 28) because the non-living
xylem elements appeared to be the most heavily
labelled on an over-all basis, suggesting an active
secretion of 35SO4 from contiguous living cells.
However, the method, while permitting the assess-
ment of the relative radioactivity of the various root
tissuies, was of instufficient resolving power to (lis-

1537
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tinguish betwxeen the vacuiole, cytoplasm and the
water free space of the cell xvall. Hleice the rela-
tive coIicenitratioll of 3 1S( in the synlpl.asm wv;a
undeterminable, and the foregoing consi(lerations
leave open the interpretation of the cited experi-
nilts, anid permit a reevaluatioll colnsistenit xxith
thIe views lpresente(i hereinl.

On the basis of xhat has been said it is to he
expecte(l that moxemenit of ions iintO the xxlem ill
reflect solely, the character-istics of noxvement of
iolls across the plasma membiranie of the cells of the
root cortex. In this coililectioll the poillt has pre-
vTiously heell made that ill roots Nxhere ahsorption
throuigh a wide conceiltrationi ranige is clhar-acterized
b)y a ltal isotherm, ulptake at very lox\ conceiitra-
tioins, implemente(d 1)x the so-called h-gh-affinity,
loxv Ks syTstem, is controlle(d by passag' through the
plasma memhrane. Absorptioil at higIh coincentra-
tions in tuirin, implemented l)y the loxx- aff;nitv, bigh
K. system, reflects the kinetics of traIloport across
the tonoplast (25). The latter jiud(gmelnt was made
oln the basis of the observatioin that ino)n-vactiolate
root tips manifest sYstem 1 alonie, while vactiolate
root tissues evince both systems. Furthermore, salt
uptake by) vacuolated root segments in the IoNlo coIn-
centratioll range displays all the featuires of sys-
tem 1.

In the studies hereiil, the passage of ions to the
shoot of yoIIng cornl see(llinlgs has been shown to
reflect the attributtes(of svstem 1. In the low%N con-

centration ranige, long-(listailce tranisport to the
shoot is characterize(d by hylerl)olic isotherm, by
the competitive inhibitioni of the tranisport of a
givell ioIn by a closelv relate(d ion, aild 1) the in(lif-
fereince of ion uiptake to the ilatlure of the counter-
iOIl. Ill the high coilceiltration rang(re, long ldistailce
tralspDrt display-s an esseiltially linear isotherm,
shows tlO competitive inhilhitioll (If iOin uptake, and
mailifests an indlifferenice to the couinter-ioni, as il

the low range. By' contrast, root ahsorption per se
il the high range is hy-perbolic xxith concentratioln,
competitive with respect to geilericallxy related ionls,
anid senisitive to the cotlnter-ioli. Thuis, in the high
raiige, root absorption reflects vacuolar ulptake, i.e.
iOIl passage across the toiloplast, xhile lonmg-distanice
trallsport reflects the passage of iOlns into the sym-

plasm, i.e. across the plasml memerllbrll-e. The im-
plicationl that only' the pllasma memhranie is iilvol'el
in long-distance tralnsport, \vhile 1)oth plasma menm-
brane anti( toIloplast are involved inl let ulptake 1)v
the root, is fuirther subl)stanitiated )y the fact that
root uiptake is dotIble(d lhen the exterilal colncenl-

tration is raised fromn the lo\x to the Iligh ralge,
wxhile long-distaince tranispoi-t is iiicrease(l 1t) tinmes.
Pitman (22) has recently enl)phasizedl th- par-a-
mouint role of the cytoplasm inl salt transport across

the cortex.
The conception of long-distanice transport xvhich

h.as Ileen presented represeiits a reaffirmation aindl
extension of the theories of Crafts and Broyer (7),

\risz (I), aind Ltindegardh (20). In additionl to

yenifying the p)resil lption that symplastic tralnsport,
wvherein the entire cortex participates, clelivers salts
to the xylem, the experiments herein make the a(ldi-
tional point that of the dtial systems operating in
net uiptake by the root, it is solely the high-affinit-,
low Ks system vhich accumu,ilates ioins across the
plasma mnicrbrane andclwhich is therefore involvedi
in svmplastic, anId igltdmatelylon>--distanice, trans-
port. It is a featuire of salt movement through the
plasmia membrane that whhln the exterinal conicenl-
tration markediv exceeds the concentratiotn for
maximal uiptake hy system 1, salt movement across
the plasma membrane proceeds by (liffLsiosl (25).
It is the latter phenomenoin which explainis the iso-
therms for long-distance transport in the high range.
Diffulsioni in the symplasm rather thani (liffulsion
throuigh the plasma membrane miglht have been
considere(d the rate-limiting event leadilln to the
linear isothertn for long-distance transport. How-
ever, on the one haind absorption by nonvacuolate
root tips displays the same linear isotherm (25), and
on the other, the rate of xvactiolar accemul1ationi in
low salt roots is virtuially equivalent to xylem tranis-
port in high-salt roots (5, 15), an observation
strongly implying that it is passage across the
plasma membrane which is rate-limiting in 1)oth
cases. Finally, it may be said that mtuch of the
historical contention regarding the (luestion of
whether long-distance transport is a metabolically
implemente(d process [see (4)] or is a combination
of passive movement and activ-e transport (16, 17)
maxv he resolVed in terms of the hypothesis being
offere(l. In the low conicenitration range, a ranige
encolintere(l ini the soil soluitioni in nature ( 2
absorption inlto the sv mplasm is active, alndlheilcC
long-distancce mlovemellt display s the featuires of
active tralnsport. In the high range, a ranige fr-e
qtieiftly enlcotinitere(l experimentally, movement ilnto
the symplasm is in large measture passive, and the
conseqtuences thereof are reflecte(d in long-distance
transport.
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