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Metabolic absorption of Ca by plant roots has
been reported to be extremely slow in comparison to
the alk?li cationis ad Mg(A,77 14, 15, 16). In cer-
tain root tissues, metabolic absorption of Ca was
difficult to detect if it occurred at all (1, 9, 14, 18).
Since the intact plants of most species are known
to take up a large amount of Ca, these results ap-
peare(l to support the hypothesis of solute uptake
bv bulk flow of the solution (1, 3, 14).

In contrast to the above findings, Handley and
Overstreet (8) reported a sizeable metabolic ab-
sorptioin of Ca by maize root segments 1.8 to 11.8
mm behind the root tip. A small. but nonetheless
significant, metabolic absorption of Ca by bulk ex-
cised wheat roots has been reported by Johnson and
Jacksoni (12). In addition, Lopushinsky (13) re-
ported that Ca was accumulated against a concen-
tration gradient in the exudate of decapitated toma-
to plants, indicating that a metabolic process was
responsible for the movement of Ca. Evans (6)
demonstrated that polar transport of Ca in corn
roots was under metabolic control.

In an attempt to reconcile these differences, the
absorption of Ca by excised barley roots has been
examined further. In the present study, the accu-
mulation of Ca in the exudate of individual excised
barley roots has been compared with the Ca absorp-
tion by bulk excised roots. The roots used in this
study were essentially the same kind of material as
that which showed little or no net metabolic absorp-
tion of Ca previous'y reported for excised roots in
bulk ( 14).

Materials and Methods

Experiments were conducte(d using excised roots
of barley (Hordeum vrulgae L. var. Hannchen, 1961
crop). The method of growing root material was
that (lescribed by Jacobson et al. (10) with only
minor modifications. The temperature during the
growth period was 220 ± 20, and the root material
was harvested on the sixtlh day after germination.
For the individual root studies, plants were selected
and the roots excised just below the seed. The
roots were washed several timles in (listilled water,
and the inidividutial roots were se!ected for the collec-
tionl of exudate. Roots were cuit to a iuniiform length
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of 5 cm behind the root tip and included both pri-
mary and adventitious roots. The ratio of adventi-
tious to primary roots for these barley seedlings was
about 4: 1. The individual roots at this stage of de-
velopment were relatively straight and had no branch-
ing.

Collection tubes with a constriction and a reser-
voir formed in the bore were prepared from thick-
walled capillary tubing. The constriction tapered
gradually from the original bore diameter to approxi-
mately one-half of the original. The cut end of an
individual root was inserted into a collection tube
until a satisfactory seal was obtained between the
root and the wall at some point in the constriction.
A plastic rack was placed over a tray containing
the test solution, and the collection tube with pro-
truding root was inserted into a hole in the rack.
Individual roots were placed into the test solution
at timed intervals, and the position of the collection
tube was adjusted so that the root was immersed in
the solution up to about 1 cm from the cut end. A
small gap was maintained between the bottom end
of the collection tube and the surface of the bathing
solution to prevent capillary rise of the solution into
the tube below the root seal. Approximatelv 80 %
(4 cm) of the root length was in contact with the
bathing solution. The arrangement of this appara-
tus is shown schematically in figure 1.

The bathing solution for the different exudate
experiments consisted of various concentrations of
CaCl, labeled with Ca45. The specific activity was
determined by chemical analysis and counting of an
aliquot of the solution. Four liters of solution were
used in a plastic tray, and the whole arrangement
was covered to reduce evaporation. The solution
was aerated during the experiment, and the pH was
adjusted periodically to 5 with 1 N HCl. The tem-
perature was 220 + 20 for the various experiments.

The exudate from the individual roots was allowed
to rise in the collection tubes during the course of
an experiment. At the end of the experiment, the
collection tubes were removed from the rack, and
the roots were taken from the tube and weighed
individually. Successive weighings of single roots
dipped in H,O between determinations showed a
variationi in root weight no greater than ± 0.1 mg
out of an average root weight of about 5 mg.

After the root was removed, the collection tube
containing the exudate was wiped dry on the outside
and weighed. The weight of exudate was obtained
by subtracting the tare weight of the collection tube
determined prior to the experiment. After weighing,
the exudate was quantitatively washed from the col-
lection tube into a stainless steel, 2.5 cm diameter,
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FIG. 1. Drawing of apparatus used for collection of
exudate from individual excised roots. Dimensions of
the collection tube are: length, 7.5 cm; bore diameter,
0.5 mm; outside diameter, 0.5 cm.

cupped planchet. The plainclhets were dried and as-

sayed for radioactivity with a tlhin window flow
counter.

The amount of labeled Ca in the exudate was

calculated from the radioactive assay data and the
specific activity of the ambient solution. The re-

sulting data were placed on a per kg of root basis
using the measured individual root weight. Dividing
by the length of the absorptioni period in hours re-

stilted in the accumulation rate expressed in meq,/kg
per hour.

The volume of exudate w as computed from the
determined exudate weight andl the exudate density.
Although the exudate density was not determined
exactly, it was estimated to fall within 0.998 + 0.003
,/cc at the temperature of these experiments.

The concentration of labeled Ca in the exudate
was computed from the volume of exudate and the
anmount of labeled Ca in the extudlate and was ex-

pressed on a meq/liter basis. The accumulation
ratio was then obtained by dlividing the calculated
exudate concentration by the ambient concentration.

At the same time the individual root exudate ex-

periment was done at 5 meq/liter, another experi-
ment was conducted to determine the net uptake of
Ca by bulk excised roots. Roots for this experiment

were excised just below the seed, cult inlto about 2
cm lengths and washed several times in distilled
water. The roots were centrifuged at 65 X g for
5 minutes to remove excess adhering water. Seven
g samples of roots were placed illto 7 liters of 5 me(i
of CaCl per liter. The solutions were aerated con-
tiinuously, and the pH wvas maintainied at 5 by peri-
odic adjustment with HCI. The uptake periods
ranged up to 24 hours. At the encd of each time
period, the roots were collected by pouring the con-
tents of the bottle over a nvlon screen. While still
on the screen, the roots were wNashed by pouring 3
liters of distilled H,O over them in approximately
10 seconds. The roots were dried in an oven at
700. After drying, the roots were digested in nitric-
perchloric acid, filtered and diluted to 50 ml. A 10
ml aliquot of the digest was titratedl with cyclohex-
anediamine tetraacetate to the calceini endpoint for
Ca (4). Uptake data were expresse(l in imieq per
kg of fresh roots and represent the net change in
total Ca conitent dturing the uptake perio(d.

Results

The results of the exudate experiments are stim-
marized in table I. The individual experiments were
done at different times over a period of several
months; therefore, comparisons between concentra-
tions cannot be made precisely. However it is in-
teresting to note certain trends. For instance, the
average volume of exudate increased with increasing
ambient concentration up to 1.0 meq per liter and
then declined. The average coniceintratioln of labeled
Ca in the exudate generally increased wvith the am-
bient concentration. The greatest accumiiulatioin in
the exudate against a conceintration gradient occurred
at ain ambient concentration of 0.1 meq ler liter.
At this concentration, the exudate averaged over 27
times more concentrated than the amibient. The
maximum accumulation ratio for any individual root
in the entire study was 58 anid occurred at this
same ambient concentration. At an ambient con-
centration of 25 meq per liter, the exudate concen-
tration averaged only about half that of the ambient.
All ambient concentrations except this one showed
a definite accumulation of labeled Ca inl the exuidate
against a concentration gradient.

The average rate of accumulationi in the exudate,
expressed in meq per kg of roots per hour, is showin
in the last column of table T. The rate increase(d
wsith increasing ambient conicentratioln but appeared
to level off at the higher conicenitrationis.

'l'he results of the conventionial bulk excised root
experiment are shown in table II. 'T'hiis experiment
was conducted at the sanme tiime with the same
batch of root material as the individuial root experi-
ment at 5 meq/liter, and the data therefore can be
directly compared. The results are similar to those
reported previously for excised barley roots (14).
There is an initial rise in the Ca content which can
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Table I. Accunittlationt of Calciumii in the Exudate of Inidividual Excised Roots

Ambient No. Collection Avg Exudate conc Avg Avg rate of
conc of time exudate (meq/liter) accumulation accumulation

(meq/liter) roots (hr) vol (,ul) min max avg ratio* (meq/kg per hr)

0.01
0.05
0.1
0.5
1.0
5.0

25.0

6
11
6
11
17
6
6

27.5
22.5
27.5
23.0
23.0
24.0
23.8

3.4
8.1
6.0

11.6
14.4
9.2
3.0

0.05
0.15
1.0
1.6
2.0
5.8
6.2

0.07
0.88
5.8
6.4
5.6

11
19

0.06
0.41
2.7
4.0
3.2
8.1

13

6
8.2

27
8.1
3.2
1.6
o.5

0.001
0.02
0.09
0.34
0.35
0.35
0.44

exudate concentration
Accumulation ratio -

ambient concentration

Table II. Net Calciumit Uptake by Imm7lersed
Excised Roots

The concentration of CaCl, was 5.0 meq/liter and the
pH was maintained at 5.

Time (hr) Net uptake (meq/kg)

0.5
1.0
3.0
8.0

24.0

1.7
2.0
2.0
2.0
.2

be all accounted for as nonmiiietabolic uptake (11).
This phase is complete witlhin 1 hour and amounts
to an apparent free space of about 40 % and would
include both the Donnan anid water free space.

From 1 hour through 24 hours there was an increase
of only 0.2 meq/kg. Assuming that this amount
represented metabolic absorption, the maximum ab-
sorption rate was less than 0.01 meq/kg per hour.
The average rate of accumulation in the exudate
from individual roots at this same ambient concen-

tration was 0.35 meq/kg per hour.

Discussion

The accumulation of labeled Ca in the exudate
against a concentration gradient is good evidence of
the metabolic absorption of Ca (13). No attempt
was nmade to determine the state of the Ca in the
exudate. However, if the Ca existed in the exudate
as an ion, the movement of Ca from the ambient
solution into the conducting elements would have
been against a free energy gradient and would have
required the expenditure of metabolic energy. The
requirement for metabolic energy to accumulate Ca
holds even if it were assumed that the Ca mav have
moved into the xylem in response to an electro-
chemical gradient set up by the active accumulation
of Cl in the exudate. If the Ca in the exudate were

not as the free ion but were instead bound to some

organic molecule, the binding agent would have been
of metabolic origin. The evidence is good, however,
that Ca does exist as an iOnl in the conducting ele-

ments (2, 13).

The data presented here for the Ca concentrationi
and the rate of Ca accumulation in the exudate
represent low values. Any isotopic exchange which
occturred as the Ca45 moved through the root to the
conducting elements would result in a decrease in
the specific activity (2, 14); therefore, the actual
Ca concentration in the exudate could be somewhat
higher than shown. The amount of Ca still in the
conducting elements at the end of the experiment
could not be determined and would not be included
in the calculations. In addition, only about 80 %
of the root was immersed in the bathing solution.
yet the entire root was used for the weight deter-
mination. Each of these considerations point to low
values for the computed accumulation rate, but in
no way do they invalidate the conclusions drawn from
this study.

In conventional excised root experiments, the en-
tire root is immersed, and any accumulation of Ca
in the exudate would not be detected. Ca which
was accumulated in this way would be forced out
the cut ends of the roots back into the external
solution. The failure of these barley roots to show
a substantial change in the net Ca content when
immersed in a Ca solution suggests that the bulk
of the cells probably were not actively involved in
Ca absorption. A group of specialized cells in the
root such as the endodermis cotuld be responsible for
the metabolic absorption and subsequent release of
Ca to the conducting elements. The endodermis
is the logical anatomical feature although a segment
of the root such as that reported by Handley and
Overstreet (8) for maize could be responsible. The
endodermal cells would likely be involved in the final
release of Ca to the xylem whether the accumulation
occurred over the entire root length or through a

restricted segment. Evans (6) concluded that the
polar transport of Ca in maize roots occurred in the
xylem and was preceded by an absorption step. It
was suggested that polar transport of Ca may be
linked to root pressure. TIf this is the case, then
the endodermis would likely play an important role.

The transfer of Ca into the conducting elements
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by) ain active process is also stlggeste(l bv the results
of Barber and Kooiltz (1) ati(I WR allace ('18).
These workers found tllat dliniitropihenol (D_NP)
ilnlhibited transfer of Ca to the shoot l)uit ha(l little
effect on the net uptake of Ca by the roots themii-
sqelves. Oni the basis of tllh(ir esult.s \\with 1)NP.
lkarber anid Koonitz coinclnd(1e(d that tlerl-e was a bar-

1ier in the root w\hich w\ould prev-ent frce Imovenment
of ionis inlto the xylem by a pl)assve process. Oni
tlle basis of free space measrti-emenlts. acobson et
al. (11) camiie to the samiie coiicltisionl and( suggested
that the eindodermiiis was that barrier. The presenlt
sttd(x' supports this viexx in that ac -umintilation of
Ca in the exudate against a substantial gralient could
not occur uniless there was a barrier to prexent back
(lifffusion. Using microautoradiographic techliqiues.
\V7eigl and Liittge (19) clearly sllhowe(d metabolic

tiptake of sulfate into the xylem elemients of maize
roots and stressed the importance of tlle elndodernlis
in this process.

The colnflicting viexx s oni the role of metabolism
anid transpiration on ion uptitake by intact lplanits have
been reviewed by Russell alndl Barber (17). Olne
view describes ionl uptake as entirely a metabolic
process and attributes the effect of transpiration to
a stimilulation in activ e secretioln inito the xylem.
The opposing view holds that a lportion of the ion1
ul)take cani be related to transpiration (lirectlv as

btulk flow of solution tllrough a conltilitiotis free space

systemi. The largely nonmetabolic nattire of nlet Ca
ul)take by bulk excised barley roots apl)eared to sup-

lport thle hypothesis of soltute tuptake 1v bulk flow
of soltitioni ( 1. 3, 14). \V ith ani active acetiIIiulation
of Ca in the exudate of this type of root miaterial.
it is niot necessary to postulate a hulk flow of ionls
in order to account for the tuptake of Ca 1b the initact
planit. The metabolic acetlluulationi inito the xylem
-otild appear to be stufficielnt to spll)l)lv the iltact

plalt's needs.

Summary

TI'he accumulation of Ca in the exudate fromii in-
dlividual excised barleyr roots (Hordeinni z'nlgarc L.
var. Hauinchen) was examinie(l. Ca wNas accumu-

lated in the xylem againist concenitration gradient
over a wide range of ambient cotncentrations. The
conicenitration of Ca in the exutdlate ranged up to 58
times that of the ambient. The observe(d accumu-

latioin againist a coicenitrationi gradienit \w'as takeni
as evidence of a mietabolically miiedliate( l)rocess. The
rate of accumulation of Ca in the exudate of indi-
vidual roots was compared to the rate of net uptake
of Ca by excised roots. At miieqi per liter ambient
conicenltration, the accumulationi of Ca in the exudate
wvas 35 timlCes miiore rapi(l than tlle absorption of Ca
1w the btlk roots. It xxwas coniclud(le(d thatt the miiajori-
tv of the root cells were nlot active ini Ca absorption
and that a grouip of cells sutcli as thle eioIlr(le nxrixis as

resl)Onsil)le for Ca accuntimulatill iltto the x1cim. ft

wvas stggested that the elndodermllis constittute(l a

barrier to the free movemient of iOlvs acr-oXss the root
anld tllat Ca moved metabolicall- across tllis barrier.
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