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Introduction
There is still no general agreement as to the

significance of transpiration in the overall process
of ion accumulation in the shoots of intact plants.
In a recent review, Russell and Barber (19) con-
cluded that ions are first actively transported into
the stele of the root and that thereafter transpiration
may or may not affect their rate of moovement to the
shoot depending on the salt status of the root, the
external ionic concentration, and the rate of trans-
piration. In contrast, Hylmo and his co-workers
(12, 13, 14, 16), while acknowledging the existence
of an active transport component, stress the impor-
tance of transpiration in the movemlent of ions to the
shoot. Since the present work was conmpleted. Falk
(15) lhas shown, for K and NO,, that active trans-
port predominates over the concentration range gen-
erally found in soil solution and nutrient cultures.
while at high concentrations (> 10 mii\i) milass flowr
in the transpiration stream becomes progressively
dcominant.

Moore et al. (17), concluded most, if not all, Ca
was taken up passively. They showed with excise(d
barley roots that 2,4-dinitrophenol (DNP) did not
iinhibit Ca uptake although it inhibited K and Mg
uptake.

Tf their conclusion is correct, Ca must accumulate
in the shoot independent of metabolism in the root
either by movement into the xylem vessels througlh
the synmplast (this assumes that at least part of
symiiplast is free space for Ca) or along cell walls.
The route along the walls wouldl quite probably be
blocked by the suberized thickening of the endodernm-
al cell walls. An alternative route would be direct-
ly up the root along the cortical cell walls, but this
route would seem to be quite slow. If Ca is ac-
cumulated in the shoot passively, then the accumula-
tion might be directly correlated with transpiration.
However, in view of the work of Epstein (7), Crafts
(6), and others, it seems more plausible that Ca
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nmoves across the plasmalemmiiiia by the expenditure of
metabolic energy (like other ions), into the symplast
and finally into the xylem.

In the present work, the Ca level, DNP level, O.,
level, root viability, andl transpiration rates were
varied to determine if Ca was actively accumulated
by the barley plant.

Materials & Methods
Seeds of barley, Hordeumn vuilgarL L. var. Arivat,

were soaked in aerated, distilled water for 24 hours
and then planted on cheesecloth supported by a stain-
less steel screen about 0.5 cnm above the surface of
an aerated 2 X 10-4 M CaSO, solution. The edges
of the cheesecloth dipped into the solution. After 3
days in the dark at 25 C the resulting seedlings were
sealedl into modified screw cap jars each containing
220 ml of a one-fourth strength Hoagland solution
(fig 1). Five seedlings were mlounted in each jar
and at least two jar-s of seedlings were used per
treatment.

The jars were wrapped in black paper and placecl
in a growth chamber maintained at 25 C with 40 %
relatve humidity andl a 16-hour light period of 1,000
ft-c.

After 2 days the Hoagland( solution was replaced
by either 0.5 or 5.0 mleq/liter CaCl, solution contain-
ing 10 ,uc/liter Ca42, with or without DNP. The
pH of the solutions was adjuste(d with HCl when pH
4 was required. The solutions were not buffered
and the pH increased from 4.0 to about 5.5 when
DNP was not presenit and(l to about 4.4 wheni DNP
was present. However, it Nas shown in a prelimi-
nary experiment that Ca uptake to the shoot was not
influenced by a nutrient solution pH between 4.0 and
8.0, but Ca taken up by the root was influenced, be-
ing only half as much at pH 4 as at pH 6.

In certain experiments the solution contained
both C14 labeled DNP and Ca4.5. Both radioisotopes
wvere determinedl in the same tissue after weighing a
constant amount of ground, (Iry tissue into a planch-
et. The tissue was glued to the planchet by moist-
ening and drying at low temperature, counted (C14
+ Ca45) with a proportional counter, and then after
the C'4 was renlovedI by cautiously heating the
planchet over a gas flamiie the ash (Ca1') was count-
edt. Self-absorption corrections were made, and the
cpm converted to weight units by using appropriate
reference samples.
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Investigations wvere ilade of the rates of trans-
piration and Ca uptake of plants maintained in Hoag-
land solution containing Ca45 to determine if single-
salt solutions were injurious to the plants and, there-
fore, influenced the results. The results did not
differ significantly trom those obtained with plants
maintained in single-salt solutions.

Results
Brouwver (2) found that 10- Ai DNP, while in-

hibiting chloride accumulation in the shoot of Vicia
faba seedlings, had no effect on water absorption-
thus allowing the two processes to be separated.
From our preliminary experiments, however, it be-
came apparent that transpiration may be strongly
inhibited and Ca accumulation in the shoot may be
enhanced or inhibited in the presence of DNP. de-
pending on the pH of the solution, the DNP con-
centration, the Ca concentration, and the period of
uptake ( 1 ).

I. Transpiration & Calcium Uptake at High &
Low Relative Humidity Levels: High and low rates
of transpiration were obtained by using two growth
chambers, one held at 40 % relative humidity and the
other at 90 %O relative humidity. Transpiration and
Ca uptake by shoots and roots from 0.5 and 5.0 meq/
liter CaCI. in the presence and absence of 10-5 At

DNP at pH 4.0 were determined in replicated treat-
ments.

Fig. 1. Apparatus for determining the rates of
transpiration and Ca uptake by intact barley seedlings
growing in aerated solutions.
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Fig. 2. The accumulation of Ca in the roots and
shoots of intact barley seedlings from solutions contain-
ing 0.5 and 5.0 meq/liter CaCIl, together with the amount
of water transpired at high and low relative humidity
levels, in the presence and absence of 10- 5 Ar DNP at
pH 4, over a 24-hour period.

In all cases transpiration was reduced in the pres-
ence of DNP (fig 2). Calcium uptake by the root
was significantly reduced by DNP at the lower Ca
level but not at the higher level. Calcium uptake in
the shoot wvas reduced by DNP at the lower Ca level
but increased at the higher level over the 24-hour
period. Prior to our work. Chasson (5) found
DNP increased Ca uptake by potato slices.

If Ca wvas accumulated in the shoot by the pas-
sive movement of ions in the transpiration stream.
then more Ca should have been accumulated in the
shoot at the high transpiration rate than at the low.
Further, if Ca was accumulated in this manner, then
the amount of Ca taken up. divided by the volume of
water transpired, would give a ratio (in concentra-
tion units) that could be compared to the external
solution. This value should be similar to the ex-
ternal Ca concentration and be independent of the
transpiration rate. Values of the ratio of Ca ac-
cumulated to water transpired are shown in figure
2. Under all conditions, except at high relative
humidity and low Ca, the concentration of Ca in the
transpiration stream must have been considerably be-
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Table I
Influenice of pH oni DNP Uptake in Slhoot & on
DNP-Induced Inhibition of Transpiration &

Calcium Accumulation*

Conc. DNP Molarity of DNP required to
in shoot ihlibit transpiration & Ca

pH 111 SllOOt uptake by 50 %c
,ug/g dry wt Transpirationi Calcium, shoot

4 725 6.0 X 10-6 1.9 X 10-6
6 60 1.5 x 10-4 3.8 x 10-5

From 0.5 mneq liter CaCl., solutioni over a 24-hour
I)erio(d.

cn
-e89 200

c

B 100
E

E

Control Dead Roots

8
.r

LI)

-2

Control Dead Roots

5.0

low that of the external solutioin. At the low Ca
level the ratio was twice as great at low as comilpared
with high transpiration rates, and( a tenfold increase
in external Ca concentration, in the absence of DNP,
cause(d less thaln a twofold increase in the internal
conicentration.

IT. Depeindence of Inhibitorv Actioni of Dinitro-
llienol on pH & Conlcentration: The action of DNP
was founid to dependl primarily on the pH of the
solutioIn (table I). The concentration of inhibitor
reqnired to reduce the rate of transpiration and Ca
ul)take to the shoot (froml 0.5 imieq/liter CaCL2) by
50 %; was 20 to 25 timiies as great at pH 6 as at pH 4.
A 50 C< reduction in the rate of Ca uptake was at-
taine(l at only onie-tlhir(d the concentration of DNP
liecessarv to re(duce translpiration 1b the samiie
al31Ouillt, at either- pH.

More C14-laheled DNP was accumutilated in the
slioots froIIm a 10" -.\r solution at pll 4 tlhan at pH 6
(table I). This accor(ds with the filndinigs of others
(4. 9, 11, 21') that the r-ate of absorption of DNP is
(lepenldenlt oIn the coIncenltr-atioIn of unliolnize(l DNP
molecules (pKa = 4.1) in the externlal solution.

The effect of DNP on tranispirationi appeare(l to
be related to the accumiiulation of the inlhibitor in the
slhoot since stomiatal closure was induced withini 45
miinlutes after addiing 10') ir DNP' at p'1 4, but not
at pH 6. It seemis unlikely that closure was (lue to
a (lecrease in the water conductivity of the roots
since in aIn uInreporte(d experimlent with bean roots it
xwas found that cod(luctivitv wNas increasedl in the
presence of DNP.

The C'4 activity in the shloot was not (lue to the
accumiiulation of breakdownv products of DNP since
paper chromiiatograplhic separationi of slhoot and( root
extracts showed ra(lioactivity only in a sinigle spot,
x\vhich corresponded to the inhibitor.

III. Trainspiration & Uptake of Calcium & Dini-
tropheinol by Plants With Killed Roots: The uptake
of Ca aind Cl4-labeled DNP, together with concurrent
transp)iration, were (letermiinied for plants which had
their roots previously killed by immersion in boiling
water. The external solution contained 5.0 meq/liter
Ca and 10-5M DNP at pH 4 (fig 3). As before,
in the presence of DNP the control plants showe(d
an accumulatioin of the inhibitor, a reduction in
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Fig. 3. The inifluenice of living and dead roots on
transpiration and the accumilulation of Ca and DNP by
the shoots of barle) seedlings over a 24-hour period.
The external solution conitainied 5.0 meq/liter CaCI., with
and wvithout 10- so DNP at p)H 4.

transpirationl. and an increase in Ca uptake to the
shoot. Killing the roots caused a sixfoldI increase
in the shoot Ca and a 45 % reduction in triainspira-
tion; neitlher process xvas further affected 1y DNP.
However, the mllost remiarkable feature of the results
wvas the fact that essentially no DN wvas preseint in
the shoots of the planits with (lead roots, whIlereas the
inhibitor xxas greatly accumulated in the slhoots of
the control plants. In fact, whei the quantity of
DNP taken up xxas (livi(led by the volume of water
transpire(l, a 17 fold incr-ease over the externial con-
centration xx as obtained.

IT. Elffect of Dinitr-oplheniol on Timiie Course of
Calciumii Uptake & Transpiration Determiinations
of Ca aind DNP uptake by roots all(n shoots and of
transpiration were mla(le at intervals over a 24-hour
perio(l. The external solutioin contained 5.0 meq/
liter Ca writh and without 10- si C'4 labeled DNP
at pH 4.

Changes in Ca and DNP uptake to the shoot
with time are illustrated in figure 4; transpiration
in the presence and absence of DNP are also shown.
The difference in the accumiiulation of Ca an(d DNP
notedl previously was again apparenit as was the lack
of aniy correlation betwveen the uptake of the two
substances and the rate of tranispiration. The up-
take of Ca xvas reduced in the presence of DNP over
the first 12 liuui s and thereafter xvas increased
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Fig. 4. Chaniges, with time, in transpiration and the
accumulation of Ca from a solution containing 5.0 meq/
liter CaCl9 by the shoots of barley seedlings in the pres-

ence and absenice of 10-5 M DNP at pH 4. DNP ac-

cumulation was also determined. The dark bar on the
horizontal axis represents the 8-hour dark period.

nmarkedly such that, in agreement witlh previous ex-

periments, after 24 hours more Ca was accumulated
in the shoots of treated plants than in the controls.
Over the period when Ca uptake was depressed (first
12 hr) the rate of DNP uptake was at a maximum
and thereafter fell to a very low level. The contrast
in the patterns of uptake of Ca and DNP is illustrated
in table II, where values are given for the ratios of
Ca or DNP accumllulated to water transpired and

Table II

Changes in Conicenltration of Calcium & Dinitrophenol
in Shoot With Time

Ca DN (Sot

6-hr (Shoot)** DNP (Shoot)

uptake H 0 HDCO
periods* Tranlspired Transpired DNP/Ca solution

Aeq/g***

0-6 0.23 39.8 475
6-12 0.42 25.4 163
12-18 4.85 2.88 1.6
18-24 2.31 1.00 1.2

* Plants in dark during 8-hour period between 11th
and 19th hours.

** Solution contained 5.0 ,teq/ml CaCl,.
*** Solution contained 1.84 4ug/ml DNP.

for the ratio
DNP/Ca shoot

DNP/Ca solution
for four consecutive six-hour periods (see fig 4 to
visualize dark period). This latter fraction should
have a value of 1.0 if Ca and DNP were taken up at
the same relative rate. However, throughout the
period of treatment the values were greatly in excess
of 1.0 during the first two periods and slightly above
1.0 during the last two periods.

Since, in previous experiments in which uptake
of Ca was determined for a 24-hour period there ap-
peared to be a DNP induced decrease in Ca accumu-
lation in the shoot with 0.5 meq/liter CaCl2 and an
increase from 5.0 meq/liter CaCl9, the time course
of Ca uptake fromii the lower concentration in the
presence of DNP was investigated. It was apparent
that at this Ca level also there was an initial decrease
in Ca accumulation in the shoot (0.024 geq Ca/g
water) followed by a nmarked increase (0.22 ueq
Ca/g water). However, the increased uptake dur-
ing the last 12 hours did not completely compensate
for the initial decrease, so that the total effect was
a reduce(d accumulation of Ca over the 24-hour
perio(l.

V. Effect of Aeration on Transpiration & Up-
take of Calcium & Dinitrophenol: Determinations
were ma(le of transpiration and the uptake of Ca
and DNP at pH 4.0 in the shoot when plants were
either aerated, not aerated, or when No was bubbled
through the solution at the same rate as air. When
No2 was used it was bubbled through the solution at
a rapid rate for 1 minute to help clear the fresh solu-
tioln of O.,. The external solution contained 0.5
meq/liter CaCl., with and without 10-' MA DNP
labeled with C'4.

The results, expressed as percentage of controls
(aerated), are given in table III. In the absence of
aeration, Ca uptake and transpiration were reduced,
and DNP uptake also was reduced when it was in-

Table III
Effect of Nutrient Solution Aeration on Calcium &

Dinitrophenol Uptake & Transpiration by
Shoots of Barley Seedlings*

% of Control

Treatment Calcium, shoot Water DNP, Shoot
Aeq/g dry wt transpired /g dry wtg/g dry wt LAg/gdyw

Air 100 100
No air 84 86
Nitrogen, 62 59
Air, DNP 15 31 100
No air,

DNP 28 38 68
Nitrogen,

DNP 44 47 78

* From 0.5 meq/liter CaCl, solution over a 24-hour
period.
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cluded in the solution. When N., was bubbled
through the solution Ca uptake andl transpiration
were further reduced, but DNP uptake was reduced
to a lesser extent.

In the unaerated an(d N., treatmients. DNP reduce(d
both Ca uptake and transpiration, but tllis redluction
wvas less than that obtainie(d in the aerated, control
plants. In other words, when DNP wvas preseInt,
aeration increased somiiewhat the inhibitorv effect
of DNP on both Ca accumuinilation in thle sihoot and
transpiration.

Discussion

Handley and Overstreet (8) showedI Ca uptake
into vacuolated cells of Zea niays root to be strongly
temlperature dependent and, hence, largely metabolic.
Prior to the above work, Mloore et al. (17) suggeste(l
that Ca uptake by excised barley roots at pH 5 wvas
largely non-miietabolic, since Ca uptake wvas insensi-
tive to low temperature an(d 10- 5m DNP. Our data
regarding Ca uptake by roots were not conclusive
as DNP only slightly affected Ca uptake by the
root, especially at the high Ca level at pH 6 and 8.
(DNP mlainly affected Ca accumlulatioln in the shoot,
wNlhere Ca wvas decreased or increased depending on
the Ca level of the solution andl the timle period.)
However, our overall data indlicatedl that mletabolism
was inv( l\-ed in the pi-ccess by which Ca was eventu-
ally accumiulated by the lbaley shoot. The following
experimeiltal results supporte(d this conclusioin:

I. By extrapolating water loss xs Ca shoot up-
take curves (figure not includel). approximately
70 ^, of the shoot Ca w-as takenl upl) at zerio transpira-
tioni.

TI. There was no consistent correlation between
Ca accumulation in the shoot anid( tral.l)ipratioll.

III. In an unreporte(l experimiient the Ca con-
centration of xylemi exudlate greatly excee(le(d the Ca
concenitratioin of the solutioni. (.\lso see \aa(lia,
22.)

IV. DNP greatly inhlibite(d Ca accuimulationi iii
the shoot (luring the first 12 hours.

V. N., bubbled through the solutionl bathing the
roots re(luced Ca accumlulationi in the shoot by 38 C.

VI. Killing the roots by lheating or freezing in-
crease(l Ca uptake to the slhoot. but greatlv reduced
the uptake of lipid soluble DN1) mliolecules.

No unlequivocal correlatioln was apparent betweeni
trailspiration and the accumuliLation of Ca in the shoot
in plants wxith healtlhy roots. This was (lemnl)oistrate(l
by investigating the effect of DNP onl the two proc-
esses, by dletermining the uptake of Ca at hliglh and
low rates of transpirationi. aln(d by comiiparinig the Ca
accumulation in shoots of lplants with kille(d roots
wvith that of control plants.

The rate of transpiration of plants with living
roots Nvas reduced with 10-5 Mr DNP at pH 4 under
all condlitions investigated. This reduction appeared
to be cause(d by stomatal closure (determiined by, a

poromleter) induced by the accunlsltilationi of the in-

hiibitor in the shoot. In contrast, Ca uptake to the
slhoots was first reducedlanld then increased in the
presence of DNP, apparently duie to the action of
the inhibitor on root processes.

If Ca accunmulationi in the slloot is plotted against
water lost by transpirationi for the experiments in
w-hiclh the transpirationi rate was varied. a slight inl-
crease in Ca uptake w itlh increased transpirationi is
ap)p)arent and(I influx coefficients (12, 15. 18) may he
calculated. The influx coefficient was 2.1 for the
lo\v Ca solution andl 0.17 for the higlh. Extrapola-
tion of the line shows that mlost of the Ca was ac-
cumiiulate(d at zero transpiration implying that m1ost
of the Ca wvas actively absorbed.

The present results accord with the hypotlhesis
of Broyer and( Hoagland( (3), Russell an(d Slhorrocks
(20) andl others that an increase in transpiration
loweers the ionic concentration in the xylem thereby
stimlulatinig active uptake. The relative inmportalnce
of these two p)ossible effects of transpiration have
been clearly (lemonstrated 1y Falk (15) who, fromii
an examiination of influx coefficients at various solu-
tion concenitr-ations, showed that at low solutioni coln-
centrations, as in the present exl)eriments, transpira-
tion stimlulate(d the active transport of K and( NO,
and(I that only at high concelntrations was mass flow
in the translpiration stream of mlajor importance.

Transp)iration was hardly affecte(l by either the
H or Ca ioIn concentration of the root solution, but
wvas markedly re(luce(d 1b killing the roots, by in-
cluding DNP in the solution, and by bubbling N
througlh the solution in p)lace of air.

The low permeability or a barrier of the root to
the passage of Ca to the slhoot of undamiiage( Iplants
is showvn by the fact that the concenitratioil of Ca
acculmiulate(d in 24 hours (3 ,uecq g fr wt) was smiall
coplI)are(d witli the external concentration (0.5
I(eq/nli) ad(l. when the solutioIn concentration wvas
raised tenfoldl. there \ as only a twofold increase in
accumlulation (6 /Ae(j g fr xvt).

Dinitrophenol is a wvidely use(d inhiibitor of ion
accumulation, vet it Nvas accumulated by barley
slhoots to a concentrationi 17 times that of the solution
bathing the roots. In the absence of aeration DNP
uptake was redluce(d (table III). When changes in
the uptake of Ca and DNP with timiie wvere (leter-
miiine(l, it was apparent that DNP was takenl up maini-
ly (lurilig the perio(l when Ca uptake was slow; i.e.,
during the first 12 hours before prolonge(d exposure
to tlle inhlibitor ha(d seriously (lamage(l the root
(table 1t & fig 4).

Alaximiiumi DNP accumulation -was obtaine(l in
the shoots of plalnts with live roots, wlhereas Ca ac-
cumulation \was greatest in plants with (lea(l roots
suggesting, that living roots are highly permiieable to
DNP, but relatively imiipermiieable to Ca. As cells
have lipoprotein membranes, the lipophilic property
of un(lissociate(I DN1I mlolecules (9) may well have
facilitate(d miiovement of DNP tlhrough such mlemii-
branes. I)NP uptake wvas so rapidl initially that it
may have ii oved pre(lominantly along the lipi(d pliase
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of the plasmalemma directly to the vessels. Ap-
parently an available supply of ATP is required for
Ca (& Rb, 10) accumulation, and DNP quickly re-

duces this supply by enhancing the action of adenosine
triphosphatase. Eventually the ATP deficit might
result in disorganization of the membranes allowing
Ca to penetrate freely but retarding lipid-s-oluble
DNP molecules.

The data, while not permitting any definite con-

clusions to be drawn as to the nature of DNP ac-

cumulation, emphasize both the low permeability of
the root to Ca and the necessity for the expenditure
of metabolic energy as a prerequisite for Ca accumu-

lation in the shoot, at least at the Ca concentrations
studied.

Summary

The uptake of 2,4-dinitrophenol (DNP) and its
effect on transpiration and the accumulation of Ca
in the root and shoot from 0.5 and 5.0 meeq/liter
Ca45C12 solutions was determined.
DNP reduced transpiration and initially decreased

Ca accumulation. However, when the roots were

exposed to the inhibitor for more than 12 hours,
the amount of Ca that accumulated in the shoots
was increased over the controls.

There was considerable accumulation of DNP
(C14 labeled) in the shoot and much more accumu-

lated at pH 4 than at pH 6. In agreement with this,
DNP was more effective in reducing transpiration
and Ca accumulation at pH 4 than at pH 6. The
effect on transpiration appeared to be determined
by the presence of the inhibitor in the shoot, whereas
Ca accumulation in the shoot was affected by the
action of DNP on the roots.

When the integrity of the barrier (probably the
plasmalemma) in the root was slightly altered by
non-aeration or by short exposure to DNP, Ca up-

take was reduced. When the barrier was drastically
altered by heating, freezing, or prolonged exposure

to DNP, Ca taken up by the shoot was markedly in-
creased, and DNP uptake was markedly decreased.
Under these drastic conditions the Ca barrier was

essentially removed, allowing Ca to move freely with
the transpirational water, and since the lipid phase
of the barrier was apparently disrupted, the uptake
by the shoot of the lipophilic and relatively large
DNP molecules was reduced.

These and other data support the concept that an

energy-requiring step is involved in the transport
of Ca from the external solution to the xylem vessels
of the root.
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