
Effects of Ca Upon Metabolic and Nonmetabolic Uptake of
Na and Rb by Root Segments of Zea mays"

Raymond Handley, Abdel Metwally, and Roy Overstreet
Department of Soils and Plant Nutrition, University of California, Berkeley, California

Introduction

Ca exerts a strongly (lep)ressive effect upoil the
iollmetal)olic diffusive enitry of \Na iilto thle cells of
the zonie of cell division (0-1.8 iiimi fromii the root
tip) of the primlary root of Zcal iwiays (9). Uinder
the experimental concditions imiposed in this previous
Nvork the maximum effect of Ca was achieved at a
relatively, very low concentratioln, about 0.10 meq
ler liter. It was postulated that Ca is active at the
cell stirface where it stabilizes anid alters the per-
miieabilitv of a barrier to nonmetabolic ion entry.
presumably the outer cell membrane. This supposi-
tioln is based upon early work dealing with the
penetration of dyes into animal cells (1) and recent
work with plants (3, 4,10, 12). The low amounts
of Ca which are effective also suggest an involve-
ment of Ca with the cell surface rather than com-
petitioln of Ca with Na for adsorption sites deeper
in the cell. Our previous paper (9) was concerne(d
onlyv with the effect of Ca (anld Sr) uiponi nono-
Mnetal)olic 'Na uptake since ollly the zonle of cell divi-
sioi1 was inivestigated anld this tisstue displays no ca-
pacity for mlletabolic accumulationi of Na, Ca, Sr or

Cl ioins (5, 6, 8). \Ve are aware that nonle of the
exl)erimenital criteria currelntly emiiployed to distin-
gtuish betw\eenl imletabolic alid noimetabolic ionl up-
take is entirely free of objectioni. Ftor instanice.
lowerinig the temperature drastically or admiiniisterinig
imletabolic poisonls may well affect cell permeabilit-
as well as preventing operation of metabolic accumu-
lation mechanisms. However, the simplest explana-
tion of the following observations would seenm to be
that ion uptake by the tip section is entirely free of
any direct connection with a metabolic ion pump:
1) Between 0° and 260 uptake is independent of
temperature. 2) Labeled ions are eluted from the
tissue into unlabeled solutions at about the same rate
as that at which they were originally taken up. 3)
Uptake of Cl is minute compared with uptake of
cations. 4) Anerobiosis actually increases greatly
the rate at which Sr (and probably other ions al-
thouglh we have not yet attempted to confirm this)
in the nmedium comies to an apparent equilibrium wvith

1 Received November 2, 1964.
- This report is based on work performed under Con-

tract No. AT-(11-1) with the Uniited States Atomnic
Eniergy Commission.

that ill thle tissule. ) Althoug11 Ca stimilulates thle
resl)iration of this tissule (7) it depresses the uptake
of Rh. ani ioin whose ulptake in1to iimatuire tissuie is
stimulated by Ca (12).

TI'he fact that Ca decreases thle perineabilitv of
cells to other solutes lhas beeni knowno for a lonig timle.
Equally well knownv- is the seemiiingly incongruous
fact first pointed out by Viets in 1944 (17) that
Ca (and other polyvalenit cations) often stimulate
the uptake of K anld some other alkali metal ionls.
It is clear that any reasonable hypothesis concerninlg
the effect of Ca upon ion uptake must accommodate
both of these facts. Our purpose here is to suggest
or perhaps merely to reemphasize that Ca exerts 2
essentially distinct and antagonistic effects upon ionl
uptake. The first of these is a nonspecific depres-
sant effect not directly linked with ion accumulation
mechanismiis and resulting from stabilization of the
cell membrane with a conisequent decline in permea-
bilitv. The second effect we believe to be a specific
onie resuiltinig from an inivolvemelnt of Ca wvith the
metabolic accumuiitilationi miiechaniismiis of certain alkali
cations anid resuiltinlg in an iniereased rate of ul)take
of these ioilS. To this end we have investigated the
effect of Ca Uponi Na and Rb uiptake in both
the zonle of cell divisioni investigated previously and(I
the zonie of cell elongation and vacuolation (1.8-3.8
mmni froml the root tip) where miietabolic ioln accumliui-
lationi takes place vigorously (5,6,8). Rb and Na
were chosen as ions which respectively do and do
not display the "Viets effect" at physiological pH's
(10). WNe have coupled this with a study of the
loss of endogenous K during ion uptake.

Since the appearance of Viets' paper (17) the
nlature of the effect of Ca upon ion uptake has beeni
the subject of maany investigations (3, 4, 9, 10, 12. 14,
18). Like other aspects of ion uptake by plants it
remains mysterious. Complete uniderstandinig miiust
await identification of the carriers or other agenicies
responsible for metabolic ion uptake. A few papers
which are especially pertinent should be mentioned.
In 1957 Kahn and Hanson (12) reported that where-
as Ca stimulated K uptake by excised maize roots
it depressed K uptake by soybean roots. They ania-
lvsed their data by the kinetic treatment of Epsteini
anld Hagen (2). This analysis indicated that in both
sl)ecies Ca exerted a stimulatory and a depressanit
effect upoIn K uptake. The stimtulatory effect pre-
domiiniated in maize. It was ascribed to anl increased
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a ffinity betwxceen a(ladam 1lypotwhetical carrier stlb-
s,talice becatuse. in both imaize anld sovlbeall roots. Ca

loxxered the calctilatecl dissociation conistanit (Ks ) of
the carrier-K comiiplex. The depressanlt effect pre-
(loiiiiated in soybean roots a(l vas reflected (in

1)0th species) ill lower calculated values of imiaxiltilim
uptake \ve1ocit\v. Th1le analytical iimetllod( emnl)lo(

(lidl not lpernlit a (lefilnite interpretationl ot the le-

p)ressalnt effect. Tlle atuthors proposed tllht it mig-ht
airise il eitller of xavs: Ca mi-lt in somle xxav

lox er the concentration of carrier or it mighlt (le-

crease tlle rate of K-carrier dlissociation. They did
not conisi(ler possible effects of (a upl)ol thle rate of
(lifftisioll (of to sites of mlIetal)olic utltake.

\V'aisel ( 18) oni the otlher hand has presenltedl
(lata in support of the idea that Ca affects uttake
of mlono'valent ionis miiainly thlrotigl its effects uponl
the permleability of the plasmialenmAla. H e nlotedl
that at lo-w concetltratioins of Na and(l Rb) in the

meditimi the (0) of the ut)take of these iolns by barley
roots wras relatively lowv, about 1.4 for Na uptake anid
1.8 for Rb) uptake. Sinice O-, s of enzymatic re-

actions are commonlv much higher he inferred that
the velocity of the metabolic uptake reactionis ot

)0oth of these ionls is nornialxv limilited bv their rate

of diffusion throtilgh the plasmalenmllma. Higher coni-

centrations in the external solutito)n yielded higher

nicastired(l xalties, representing accordlil-i to \Wai-
sel's interpretation, a slhift axax fro)ll a dlifftisioml

1liluite(d reaction toxards onie limllite(d bx the nietailolic
pt<ltl;C p)rocess itself. 'I'he preseclee ot Ca in the

of Na uptaIt(ke significantlyiiie(litimli loxxered the I0()-
at all concentrations of Na. Thle ( ), 1 t1i)take
\\.aS plerhalps very slightly higher ill the presence (If
Ca btt a statistical treatmlientl ould be rq(luiire(l to

estalblish this. \V aisel colnclud(le(d fromii this and(I other

evidelece that Ca catises ani ilncrease iil the nloni-

nietabolic tlifftisioin rates of K anld Rb) hbile (e-

creasing the diffusioni rates of Na. Li. ai(lI probtl-
bIv H. It is (liffictilt to imiiaginie a lbarrier wxhose
permeability to silimilar ionls silCh as 'Na anld RI)
cotld be altered in opposite xxavs by the presence of
Ca. Otir (lata iinlicate that Ca redtices the per-
mealilitv to both -Na andC] Rb. lioxvever, \Vaisel's
sulggestionl that the depressanit effect of Ca upon

Na uptake is dte to decrease(d )eri)leabhility of the

cell miemibrane anld his further stiggestion that diffu-
sioln throtglh the cell miemibrane is the rate limitigll

step in Na utptake are in agreemenit xvith otur results.
Inl a recenit paper b1 Foote anid Hamlsonl (4 ) it x-as

tlenlomlstrated that uptake of K by soybean roots

xvas iincrease(h by pretreatlmienit ith K-EDT)A to

renloxve part of the enldogeilous Ca. The ilncrease(I
uptake was largely dtue to stimuitilationi of anl initial
phase of K uptake initerpretedl as representing a

metahbolically conitrolled difftisioln of K through- tlle
olutei cell minellllramle int() tlle cytopilasmil. A sxeond
lhase of aectmutllatioll idenltified( b the authors xvith

(lepositioni of K ilnto vactuoles as little affected b)x

sll(o4t e~-m ( mimi ) prletreatieilli xxithl K-KI )'lA\.
I.(longer exposIure to K-E L)'DT \ caused (depIressionl of

thi 's phase. Foote all(n1 II alls)ll l)illeve tllt b)oth
phases ar-eii metabolically imie(liate(l. Our results
favor the view thlat pelnetratiohl of the cytoplasm
may take place p)assively althiouigh the permealilitv'
of the membrane is utildoulltedlv ilifltueliced 1w)v miie-
talbolism as w-ell as b)y the presence or abseuce of Cat.
lxcept for this differelice inl interpretation, Our1 re-

sulilts :mt(l concltisions are in accor(l xx ith theirs.
Kinetic stu(lies mille l)v Taliada ( 16) indlicate

that the stimitilatory effect of Ca upoll hl) tip)take is
due< to anl increase in the affinity of RX)h fol- an hlypo-
thetical carrier when Ca is l)resenlt. lie ilotes illso
that some tilime is nlec(le(e for suifficienlt Ca to peilR -

trate to I') tilptake sites to lpro(ltduce ai olbservalde
stimitilatioll. 'I'he iml)lication is that the site of meta-
blolic acctm.tilation of Rh) lies Withill thle Ilaslui-
lemma rather thiani at its omiter stirface. His data

represent on.y slol-t absorption periods ( (3) mi)
lbt appear to be in agreement with otirs.

Materials and Methods

T'he miaterials anid imietho(ds tise(l in this iinvestiga-
tioli were esselitiall1 the samile as those described
lpreviotisly (5) Five-d(la-ol(l corni see(llii;-s (Zca
10IN'S L. var. Peoria) grow ill 2.5 X 10- ' CaCI.,
ill tle d(ark at 2 w er-e again uisedC. Sections -were

ctit fromil the primary loot () to 1.8 and 1.8 to 3.8 mm1ll
from the tip. These ire (lesignlatedl sectioln I and
section 2. reslectively. Twx entv segilicits wverc used
tor each determination ( approx wt. 20) mg') with a

.soltltioll voltliie of 1()(1ml. Na and\i )bwere (leter-
miin1e(d bvx conventional tracer tecvhniq(ues. 'T'hle 0.015
N Soltitionis of these mino lise(I w ere labeled wvith
al)lproximately 0.03 /(c per ml. K wasi) (letermiiell
tising tlle Beckmiiani flamiie plhotomiieter, lModel D)l/
with a pllotomitiltil)lier. For this determinatiln the
root samiples were stilfate(d xwith 2 tIrops of a S %

soltitioni of H.,S(0)4 in 05 % ethl-, alcohol. The al-
cohol w-as evaaporated and the root samples then
dissolve(l anid partially oxidized vith about 1.(0) nil
of 3() % H*O., und(ler anl infrared lamip before lbeing
ashed at 550 for 1 hlotir. 'T'he restilting ash wvas
free of carbonllparticles anid w as taken uip in 10 00
ml of 5(0 % methyl alcohol, ).01 N' in HCI. Flamiie
standards w-ere preparedl in the samie soltition. Na
22 wvas ol)tained from the Nuclear Scienice and En-

gineerinig Corporation. Rb) 86 was obtained from

the Oak Ridge Nationail Laboratory. 'I'he labeled
0.005 N solitionis of NaC1 awl(l b)Cl were l)rel)aredl
b)y adding the al)propriate quantity of the carrier-
free radIioisotoIpe to 5.00 ml. of 1.()0( N salt in a Teflon
heaker. Th'lie imixttire w-as evaporated to dlrvness.
rewvettetl anid againi evaporated before (lilutioil to I
liter. Thlis l)rocedlture removes IICI. TI'he 1) 1 of
tile soluitiolns wxas abotit 5.8 and did lnot challe (lurilln,
the exper-imienital )eriodls. RZecryxstallized 'NaCl, glas's

redlistilledl water aln(d polyethylene ware x-were tlse(l.

P mits (011 thic -rp)11 lepli'selit thle' axviiltas ( ,f 31
(letermlinations.
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Results and Discussion

The initial K content of this tissue in both sec-
tions studied amounts to 80 to 100 meq per kg on
fresh weight basis. Relatively large amounts of
this K are lost to the mediumi when the sections are
placed in pure water or in NaCl or RbCl solutions.
Losses to H.,O at 1.00 are shown in table I. The

Table I. Loss of Endogenouts K to I-HO

K lost, meq/kg fr wt

Time (hr)

1

5

Section 1

7.3
11.9
14.4
22.8

Section 2

5.8
14.6
22.2
29.3

loss of K to water takes place over an extended
period of time. At the end of 5 hours roughly one-

third of the K originally present has disappeared
from the tissue. It appears certain therefore that
the loss involves hydrolysis of K originally adsorbed
upon cytoplasmic proteins. It is a puzzle whv large
amotunts of K remain labile in the vacuolated sectioni
(1.8-3.8 mm) which almost certainly has the capac-

itv for metabolic accumulation of this ion. The
roots are grown in a medium essentially free of K
consisting of 0.00025 N CaCl.2. The K found then
must derive from the seed. One would expect such
K to be rapidly accumulated into vacuoles and thus
renidered relatively unavailable for hydrolysis or ex-

chanige. The presence of smiiall amounts of Ca
greatly reduce the loss of enidogenous K to H2O.
In 0.0001 N CaCl2 at 1.00 only about 10 %° of the
original K was lost in 5 hours from sectioni 1 (0-
1.8 mm). This undoubtedly explains why large
amounts of K are retained in the tissue duiring the
period the roots are growing in CaCl..

The uptake of Na and loss of K inl 0.005 N NaCl
at 1.0° by the first section (0-1.8 mm) is shown in
figure 1. K loss exceeds considerably the amount
of Na taken up. This is to be expected since K
is also lost to pure wvater. In NaCl the losses of
eni(logeilotis K are larger andcl reflect both hydrolysis

E

y2S

IL

Time in hou

FIG. 1. Time course of Na upt
Nr NaCI. SectioIn 1 (0-1.8 mm i

and exchange for Na. Similar results were obtained
with this section at 260 ; neither Na uptake nor K
loss was appreciably affected by the temperature

increase.
Corresponding data for the seconld section ( 1.8-

3.8 mmn) are presented in figure 2. These curves

resemble greatly those obtained for the first section.
Again in the absence of metabolic uptake (this being
suppressed by lowering the temperature to 1.00) the
loss of K exceeds Na uptake. Figures 1 and 2 show
that despite large anatomical differences existing be-

tween the tissues of the 2 sections their patterns of
nonmetabolic uptake of Na and loss of K are virtu-
ally identical.

E

50 0No+

0K_
E1

o //

t 4 S

Time in hours

FIG. 2. Time course of Na uptake and K loss in 0.005
N NaCl. Sectioni 2 (1.8-3.8 mm from root tip), 1.0°.

The relationship between Na absorption and K
loss is significantly different in the secondl section
when metabolic activity is allowed. This is apparent
in figure 3 which depicts the course of Na uptake
anld K depletion by the second( section at 1.00 and

26.0 . The loss of K is entirely inidependelnt of
tenl)erature in this range whereas absorptionl of

Na is muclh greater at the higher temperature. Ap-
plarently the metabolic uptake of Na induced by

raising the temperature is not related to the loading
of the cytoplasmic proteins with Na and the conse-

quent displacement of K from these sites. Foote
anld Hansoln (4) have previously suggested that

cytoplasmic sites freed of Ca and MIg by treatmlenlt
with K-EDTA do not appear to be involved in tranls-
port of K to the vacuole. The presenlce of large
amotunits of labile endogenous K in sectioni 2 also
favors the idea that Metabolic tuptake (loes nlot pro-

cee(l via anl exchange difftusionl stel) to deposition
inito the vactuoles. This problemii is worthv of fuirtlher
study. It miuist be pointed ouit that the apparent
ini(lepenidenice of K loss foundI here miiay be illusory.
It is entirely possil)le. for example, thlat some K
disl)laced bv Na mav' be mietabolically reabsorbed

i.e.. the actual displacemlient of K mllav exceed the
nlet loss.

S The concavity displayed by the Na uptake curve
sr* of figure 3 deserves some comment. The rate of

take and K loss in 0.005 metabolic Na accumulation increases with time. It
from root tip), 1.0°. seems likely that this may be due to the effect of

0
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i(;. 3. 'lTimie cotirse otf Na iptake ai(l 1K loxss in 0.005;
N Nat I. Sectioln 2 ( 1.8-3.8 tuit fromil r-oot ti)).

Na itself tupoll the p)lasaLlemmlia. Since these roots
are grox nl in a (lilutte Ca sotlutioni ilUtist suppose
that initially thle cell membralie is partiailly saturated
xvith tllis ioni aiicd is thier-efore aL reasollbldv stable
struictiree ptresenting cosideral)le resistance to Na

entrv. Uip)on expostit-e to pure NaCI sxoluitions loss
of stabiilizing- Ca max le l)resuitedl to occur ith
progressive loss of thils resistance. As befo)re ilitedl
the (ldata of \Vaisel (18) si-ggeste(l that lietetratioll
of the p)lasmaletnima is rate limiting in Na uilptake
as do(lodLta to be l)resetnte(l lere.

\e tuiril nox to the effect of Ca upo( Na uptake
and 1K loss. Figure 4 (lelpicts the effect of increasing

u

l00
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50

Fi (; 4.

K loss iii
ro(ot tilp)

o uptake, I-C

O No uptake,26-C

* K loss, -

* loss,26C

02 04 06

*CaC12 ,meq. per liter

Effect of Ct tintpoin the 5 lotir Na uptake ain(l

t).005 N NACT. Sectiotn I ( -1.8 tnt fr-olm

conecitratiotus of ('a itlloti tIme Na abisinblid(l mLd(l 1K

lost bl thle first sectioti, in xvhichi nio metibdolic ac-

cu11mulatiotio0 occuirs. I'h'e experimental lperiol x-as
515 -hours. UTptake an(l loss are expuressed as liercent

of those occurring in the absence of adldledl Ca. In

this sectioin at bothl tetmupetatures. increasing colnceni-
trationis oif Ca haxe simuilar inmhibitory effects upion
Na aindl 1K loss. It is especially to lie muote(d that
the greatest part of the inhibition is achieved at a

relatixely' loxv level of Ca. Concentrations of Ca
abov,e ((03 miieq per liter (3.0 X 10I 2N 1haVe vir-
tually nio fuirther effect upon the loss of K. Al-

thoughl considerable exchanigeable K is present it

apparently cani not lie removed fromii the tissue in

thle presenuce of Ca. 1)ata sticlh as thiis wxx believe

east (mlo)t uplon tile C()inlllll)Ipractice ()t estimliatillng>
tilhe inoniietaibolic ( ftee iSpace ) up)take 1y) IXashillg
tisstle after ain absorption period ill COl(I CaC(Il.
Stuch washing prol)rylal reoxes completelI jlos ad-
.sorl)e(l tnponl the cell w\ ails. h owever, the results
lerel- snggest str-oinly that lionllmetalolic p)elietra1tiOll
of the cVtoplasm may account fo- a considerablle
l)art of the total liptake (fi 3 ). It is evident from]
the (lata of fign-e 4 that this portion of the nionl-
metabolic uiptake wonl1 lnot be completely removed
)v -washin-g witlh CaC ,. At cnncentrations above

0.03) imleqi per litel- Ca causes a ftil-thier- alheit small
re(ldutiotl in Na nl)take. This is prohablx (tle to

complietitiOI hetwxeen Na amil(I Ca for- access to the
already satnrated(l 1arrier iiemlbralle. Tx further
cliaracteristics shonld he,- noted: .\t each temlera-
tnlre the effect of Ca is l)prol)ortioniately greater tnponl
Nauptcte than up)on 1K loss and the effect npon
omdh is greater at the higher telnl)e-pratnire. 'T'lhc first

characterlistic mav he related to changes ill membrane
p(re size inl(dticed( bN- C a. Althoni-h thle existenlce of
pores inl the p)lasmalen1in may be considered 11n1-
l)roved( since no snctlh strnctnrcs have vet been ac-
tnallv observed. the assumpltion of their existenice
helps to explaill the lpassive (lifftnsioni of nonlipid
soluble sutibt, nces throtugh natnral memhranes.
\[easnrements of eqoivalent pore rad(lits lased uponi
the osmotic pressnre developed across membralies ill
the presence of diffisal)le solntes have been made
OlvSolon-on and othier-s (15). Values for a innilber
of (liffte-ent animal membranes ( red cell, sqntli(
axon, etc. ) ranged from . to O. .\. \Whittembtirv,
Sug,imi. an11(l Solomon 1( )19 have Shoxxwn tlait th
mneasnredl pire rad(lins of \ ectmi;'urs kidiley cells 1be-
comes sigitificantlx lar-er \\hen Ca is remove(l flro
the mled(linilim. 'i'li xxork-irll icates that the C('at
effect npon lpore sizet ccnrtll9 at Ca colncenltrattionls
beloxx 1 .(0) 'I'le Sizes of the hiydrated radii of
Na and 1K are givenbx telnav nldReitenleier ( 11
as 7.() A and 5.32 \, respectively It is thus pos-
Sible that Ca m11av gl-ytlv restr-ict tei passag-e of Na
xhile affecting the (lifflisioln of 1K to a lesser extenit.
'I'lTe very large inhilitor etffect of (AL tilon I.i
pl)take reported 1!- Jacobson ct al. (10) cotild( be

axscribhed to this effect. T'h1e hyvdirated( raditus of tle
I, io1n is 10.03 \ (1l). Th'llevinaleliminiationi bv
Ca of Na initer-fer-enc xx ith 1K nptake rel)orted l
,psteiln ( 3) conid(l dso() 1w explained onl this la)si.>.

Thle tml)eeratiure effect i11)p1n Ca inhibition otf Na
il)take and(l K loss )ttel xith this sectioln indicates
that metabolisn is c( tlicerlmedl to S tue extent xxitil
thle in1or-porationl of (L ilito tiet Strticture of thle'
oiter cell inebilrame. Since tile effect is; reativxlv
smIllall xve mailaperhalLs l)pecuilate that thle effect
mnetal)lisill i.s 111(il ect, p)ossil)ly havill- to (lo x iti
1)1illnctiol of bionding sites. FIoote amdl lanlsonl ( 4)
rel)ort ilncrease(l Ca binding at the expense of A'I'I'
ill Corn-1 shoot iitoclhond(lr-ia. ,in onr xork -with Si-
uI)take (8) wxe have fotunid that the barrier to ioni
entry is a labile structure stbjbect to in j urv or dissollu-
tiO1 if not ma.intainled olntiltuotslvl)kb processes de-

; I (
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Fi(;. 5. Effect of Ca uponi the 5 lhour Na uptake anid
K loss in 0.005 x NaCl. Sectioni 2 (1.8-3.8 mmni from
root til)).

l)endent upon aerobic metabolism. It is therefore to
be expected that incorporation of Ca inito the mlemii-
brane anid henice the effect of Ca in redtucing its
permeal)ilit woulcld be greater at the higher temlpera-
tture.

Similar (lata for the second segmenit are presented
in figure 5). The effects of Ca upon Na tuptake at
the 2 temperatures resemble closely those found for
the first segmi-ent. That is, inhibitioni of metabolic
Na accumtulationi closely parallels the blockage of
nonnm,etabolic plenetration. This is in agreement with
\\Waisel's suggestion that penetrationi of the plas-
mlalemmlia constitutes the rate limiting- step in me-
tabolic Na uptake. These dlata however do not tell
tus wlhethier or not Ca may also exert an effect tuponl
the metabolic phase of Na tiptake. Is the Na whiclh
(loes penietrate the plasmaleimma more or less effi-
cientlv seqtuestere(d in the presence of Ca? To
aniswer this question the following exl)eriment wvas
performed: Root segmenits of section 2 were allowed
to absorb labeled Na at 26.0° from 0.005 N NaCl
+ 0.0001 N CaCl, and from 0.001 N pure NaCl.
Approximiiately equal amounts of Na are absorbed
in 3 hours from these solutionis. After 3 houirs the
root segm'entsxwere anialyzed for total absorbed Na
1y coutnlting in a sealed planchet and(l theni immiiiiediate-
lv tralnsferre(d to unlabeled 0.005: N NaCl at 1 00 for
a fturther 3 hoturs, after which the Na remiiaininig was
(leternii ine(l. The final determiinlationi relpresenits miie-
tabolicallv absorbed Na. Thlie restults are showvn in
tab)te I I.

It is al)l)parent from tllese (lata that the metabolic

mlechallismii for 'Na al)sorp)tioll is very efficienit. On
the av-erage imore thani 80 % of the total Na absorbed
is found in the difficulty exchangeable fraction. Ca
appears to be without significant effect upon the
metabolic phase of Na accumulation by this tissue.

Another experiment was (lone which supports
this conclusion. In this experiment 3 samples of
the tissue (sectioln 2) were allowed to absorb labeled
Na from 0.005 N LNaCl for 3 hours in the cold
(1.0°). After measuring the amount of Na taken
up they were transferred to (1) cold (1.00) 0.005 N
NaCl, unilabeled, (2) cold NaCl + 1.0 meq per
liter CaCl, and (3) warm (26.0() NaCl + CaCl..
for 3 hours. 0 % of the absorbed Na was lost to
the cold pture NaCl and 20 and 15 % to the other
2 elutants, respectively. Mletabolism thus appears
to plav only a small role in the inhlibitory effect of
Ca upoIn loss of Na. The slmall effect observed is
explical)le in terms of better miainitelnance of the
nmembranie in actively metabolizing tissue. The temi-
perature effect tupon K loss oln the other hand is qilite
striking in the second segment (fig 5). At 1.00
a concenitration of Ca as snmall as 0.002 meq per
liter produces the maximiium effect, a reduction of
abouit 30 % in the K lost in S hours. This conceni-
tration is about one-tenth that reqtuired for maximiiumii
effect upoIn the first section. The reason for this is
not known. It may be related to changes in the
plasmalemma with cell developmenlt or to the relative
lengths of the (liffusion Iaths Ca mutst traverse in
the 2 tissues. At 26.0° loss of K by the second(
segmenit is virttually abolished when the Ca concen-
tration approaches 0.03 meq per liter. Stuch a large
effect cannot be ascribed to better mainitenlanlce of
the barrier memJbrane in actively metabolizing tisstue.
particularlv in view of the small telmperatture effect
fotund for the retention of Na in the presence of Ca.
It is miuch muore likely that Ca promotes the rapid
metabolic reabsorption of K displaced by Na (and(I
by hydrolysis). This appears to be a mianifestationi
of the Viets effect. That 2 separate effects of Ca
are involved is also suggested bv the fact tha-t about
15 times the Ca concelntration reqiuire(l for mlaximuiu
effect in blocking K loss at 1.00 is reqtuired for
mlaximum effect at 26°. W\e interpret this to mean
that the site of the Viets effect lies deeper in the
cell. perhalps at the tonoplast. The experiments
(lealinig with RI) uptake supl)ort this colncltusioni.

The effect of Ca up)onl the 5-hour uptake of Rb)
fromil 0.005 N RhCl and upon tlle accompanying loss

Table 11. Effect of Co u(poni N Reten'tiouI

Absorption medium

0.005 N NaCl
+ 0.001 N CaCl,

0.001 N NaCl

* meq /kg, fresh weight.

Total Na*
absorbed

Na found*
after elution

11.3
10.6
9.7
8.7

Na retainie(d
(Io

9.3
8.7
7.9
6.9

82.3
82.1

81.4
79.3
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of K fromii the first se(egmllent ix shownu ill figlure 6.
'I'liis exlperiment was (lone at 2(0') ulItt relpresents
llonmetalolic iuptake siulce uio mietabolic absorl)tion
takes place in this segmlient (0-1.8 mmni) of the root
tip). The curves generally resemllle those ohtainied
for Na uptake by this sectioni (fig 4). There are.
however, 2 signiificalut differeuices: Ca exerts aii
ap)preciably smiialler effect uipon RI) upltake thanm uipoIn
Na uiptake in this range of colncenitration andi the
effects of Ca upon RI) uptake and K loss atre ilmore
nearly equal, the inhihition of K loss leing slighltly
greater tlhani that of Rh uptake. Na uptake is in-
hibited considerablI imiore thaln K loss in this section
(fig 4). 'T'hiis is in agreemenit \ith the suigestion

ad(le allove that the inhihitorv effect of (a. i.e..
its effect up11on0 the rate at which a givell iOIl call

enletrate the lplasmalemlma sholdi(dleleen( upon the
position of the ioln in (qtuestionl in the lvotropic se-
queice. Th'le hydrated radlius(of Rh) is 5.0)9 A
slightly less tllanl that of K. 5.32 .\ (11). 'I'lle data
of figutre 6 (do niot support W\.isel'.s ( 18) conclusion

0 02 0 04 006

Co C12 meq. per liter

Fi (;. 6. Lffect (If Ca uoln the ;s lhour ulltake of RI)
;iii(l lOss ()f edl(logellotus K ill 0.005 N 1)t1. SeCtiOnl 1
( -1.8 mim froim ro(ot tilp ), 26.0

thlat Ca actually increases tl.e pletrmlleablility of tlle
cell membrane to R\Zb. R1ather, in this tissue thle
effects of Ca UPoI 1)Rb utptake are similar in kind
but niot so severe as tllose tipoii Na upItalko'.

TI'ie effects of Ca upon R) ulptalke by the seconid
sectioli at 26.0( are shown in fi-lure 7. II ei.e the 2
postlilate(l effects of (a 1p1)11 nio pulltake caii be
clearly seeii. At very low conceiltratillis of Ca a
fairly well miiarke(d inhihition of I ul)tutake is oh-
serve(l. .\ concentration of approximately 0.00)2 mieq
per liter- (2 X 10" N) is apllareiltly suifficielnt to sat-
trrate tllh iieimbrane adl(l thluis hlin(l- ll) penletrtionl.
Note that this collnceltration is quiite close to thlat clans-
inig miiaximumtiiii inhibition of K loss at 1.0( (fig 5).
.\s the conlcenitrationi of Ca is ra-isedl above 0.0(02 ime(q
pier litel mietallolic illptake is stimulated iiiOtr and(I
miiore. .\t a Ca level o(f 1.0) imeq p)eir liter. Rb illtake
is slighitly ,reater tIlail that taking pllace in thte aIliseice
of Ca. Siiice the 2 effects are comlllementary i1pon
K1 retenitionl tlhe loss of K becomies almllost nlil at a
very low Ca conicenltrationi. 'To the best of our
knlowled-e Ca is the only inhibitor of ioil llptake
that shows the typle of coincenitratioii dependence

E

V0 02 0 Rb

CaoCI2 ,meq. por liter

Fi 7. l ffect o)f Ca uponl thle houir uiptake of Rh'l
aud lo)Ss ni tundo-enous 1K InI 0.005 bC.Section 2 ( 1.8-
3.8 mml troul ro-ot tip ), 26.0

shIown in figuire 7.We believe that the coinceiltratiolls
of Ca produtcing- eithier ani overall stimulation or an
overall dlepression of RI) absorption are (leplentlent
liponl the absorption lperio(l chiosenl. The (lata of
figuire 8 suggest that althioughl the (lel)ressant effect
Is mianiifestedI very qulickly the stimutlatorv effect
reqluires a rathier longer period of timie to hecomle
app)larenlt possibly becauise diffuisioni of Ca to sites
of active RI) accuimulationi is involved. Fig-ure 8
dlepicts thle couirse of RI) uiptake anid K loss over anl
8-houir period at 26.0' 1y the seconid section without
aiddedI Ca an(l with 1 .0 mieq per liter Ca. At thils Ca,
level the inhibitory effect predloiliniiates dutring- the
first houir or so and( this is reflected in a markedly
lower initial rate of Rb]- uiptake. Following thlis, tile
ra,-te quilckenis anid eventually exceeds considerably
that obltainingi in the absence of Ca. Th'Iis is in
agreemenit wvith the result-, olbtainedl 1w Tanada (1,6)
who also foundl( that somie time is needed foi Ca-
to peinetrate thle cell to sites of active absorption.

WVhereas the timie curve of 'Na uptake in the ab-
seilce (It Ca is slightly concave (fig 3 ) that for RXb
lipltake IS conlVex. Ibis Is in harmn)nv with thec sugi
ge-stioil that the resistince to2 peiietratimli of thec
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plasmalemma depends upon the size of the hydrated
ion. Rb apparently encounters little resistance com-
pared with that encountered by Na.

After 6 hours the rate of Rb uptake in the pre-
sence of Ca drops sharply (fig 8). This slacken-
ing after a relatively long absorption period may
be due to depletion of substrate or other causes un-
known. It is apparently accompanied by some loss
of K. In the absence of added Ca, accumulation of
Rb l)roceeds for a longer period. Ca stimulates
the respiration of this tissue (7) so that earlier de-
l)etion of substrate is to be expected. Also, K and
Rb are very probably transported by identical me-
chanisms (2, 3). In the presence of Ca and Rb,
therefore, we must suppose that the amount ot
cations transported by this mechanism is represented
by the sum of Rb absorbed and K retained over that
which leaks out in Ca-free Rb solutions. If this is
the case an earlier slackening of Rb uptake in the
presence of Ca is perhaps to be expected. It is
clear, however, that this explanation will reqtuire
further verification.

The delay involved in Ca stimulation of Rb up-
take can be eliminated by pretreatment of the tissue
with CaCl,. This is shown in figure 9. To obtain

75
2

CL 502

06
25

o 2 4 68
Time in hours

FIG. 9. Effect of Ca pretreatment upon subsequent
Rb uptake in 0.005 N RbCl + 1.0 meq/liter CaCl.,
Section 2 (1.8-3.8 mm from root tip), 26.00. 0 =
Tissue pretreated for 2 hours in 1.0 meq per liter CaCl2
at 26.0°. 0 = No pretreatment.

these data the segments (1.8-3.8 mm) were placed
for 2 hours at 26.0( in a solutioni containing 1.0
meq per liter CaCl2 and subsequently transferred to
0.005 N RbCl with the same concentration of Ca.
The results support the hypothesis that Ca mllUst
penetrate to sites deeper insi(le the cell than the
plasmalemma before its stimulatory effect upon Rb)
uptake is manifested. Note also that the slackening
of Rb uptake occurs 6 hours after the sections are
exposed to Ca rather than after exposure to Rb.
Quite evidently Ca initiates or greatly stimulates
some process which entails an increased rate of Rb
uptake but which is either completed in 6 hours or
ceases because of substrate depletion or other causes.

Summary
The effects of Ca upon nietabolic and nonimetab-

olic uptake of Na and Rb by segments of the pri-
mary root of Zea wnays were investigated. The re-
sults obtained support the hypothesis that Ca exerts 2
antagonistic effects. The first effect is inhibitory and
results from a modification of the permeability of the
outer cell membrane. This effect reduces the non-
metabolic penetration rates of K, Na and Rb. The
second effect is stimulatory and results from an
involvement of Ca with metabolic uptake mechanisms.
The site of this effect apparently lies deeper in the
cell than the plasmalemma. Only the first effect
was demonstrated for Na uptake. Both effects are
apparent in the effect of Ca upon Rb uptake and
K depletion.
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Colony Formation by Isolated Convolvulus Cells Plated on Defined Media 2,2

Elizabeth D. Earle, and John G. Torrey
The Biological Laboratories, Harvard University, Cambridge, Massachusetts

In recenit years the cultiv-ationi of smiiall cilumps
of vegetative cells and( even sxingle cells fromli higher
plants lhas been achieved in several laboratories.
Mluir, Hildebrandt ancd Riker (14, 15) established

the first lplant tissue culture clonies (callus tissues of
single cell origini) by placing single cells on filter paper
over nurse callus cultures. T'orrev (22) was able
to demonistrate division of sinigle isolated pea root
callus cells set arouni(l a callus piece oIn y-east-
extract medium. Joines et al. (11) showed that
single tobacco cells could clivide and survive for
]ong l)erio(ls in a microchamber containing liquidl
mlledium in which calltus tissue had previously been
gYrown (coinditioned miiediuim ).

Suspension cultur-es of plant cells in agitate(d
liquid milediuiil Isee (20) for review are useful for
large-scale quantitative exxperiments w\-ith cell popu-
lations, btut the fate of individual cells cainnot be fol-
lowed in suchi ctiltures. A. plating techniique de-
xeloped by Bergmanini 1() miade it possilble 1)oth to
hand(lle malny cells at a timile a(lI obtain siligle cell
clones. In 1 experimenit, Bergmiianuii found that 40 %
of plate(l IPhasco/hs cells dividled at least once, and

13 % fornmed clones of more thani 32 cells. The ef-
fectiveness of Bergmanin's technique of plating fil-
tere(l cell suspenlsions in agar me(liumii has been

confirnimed usilig cells of Co;ii'ok'lthis arz,cosis (24),
Haplophappuis gracilis and carrot (3, 8), and tobacco
( ).
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TI'he mie(lia tsied in exl)erilments with isolate(l cell.,
liave alm,,ost always been complex i-athier thaii (de-
fined, containing coconitit milk or xyeast extract or

having beeni cond(litionied by the presence of large
numibers of cells. Isolated sinigle cells have shown
quite exactinog nuitritional requiremilenits. Kato ani(
Takeuchi (12) foutid that 1 carrot cell alonie dividede
onllv on coniditionecl yeast-extract mie(liumil while manly
single cells together on the samile plate cotil(ldivide
on unconditioned yeast-extract miediumil. In a re-
cenit paper, Blakelyr anid StewN-ard (3) reporte(l that
free carrot cells divided mltuchi more freqtientlv wvhen
the cells were plate(l in conditionie(d coconiuit mililk
media ancd wheii carrot root explants were l)lace(l
on the miieditim niear the cells.

D)efined media. have usually proved inadequate
for stipporting (ivision in inocula as large as

several hiiindred plate(l cells. l'ergmann (1) and

Torrev anld( IReiniert (24) reported that cells plate(d
oni media lackinig cocolinut iilk or east extract
were capable of a few divisiolis but nlot of coitillue(1
g,rowth. fin their experinments nio atteml)ts \were
made to replace the comilplex components of the
miledia with vitamins, hormones, or aminio acids;
however, Gibbs aind lDougall (9) also failed to ob-
taimi clones froml tobacco cells plated oni a (lefille(d
medliumi which sulpported growth of tobacco callus.

The onily report of sustaine(d (livisioin of simiall
ntimbers of single plant cells on1 a definiedI me(liti
is that of Reinert (17). WNThen friable crown-gall
callus fromii l'itis ziinfera was spreadl on agar miie(li-
tim colitainiilig only- salts, gltcose, and thiamini, 40 %
to 70 % of the single cells preseint divide(l. Soime
eventually lproduced clones. Larger cell mlZasses
were also present oni the agar in this experimenit.
It seemils significanit that success was achieved wx ith
crown-gall cells, wlhicil have greater synithetic ca.-
l)acities and less elaborate niutritionial requiremienits
thain nlormial cells (5).
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