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It has been reporte(l that growth is supporte(l in
several species of algae when Sr is substituted for
Ca in the nutrient mie(lia ( 10, 12). Sr also has heen
rel)orte(l to alimiost coml)letely replace Ca in the vege-
tative but not in the reproductive growthl of several
higher- l)lant species (13 ). it is probable that in
these instances Sr supported or stinlaulate(l growth in
the presence of minute quaintities of Ca. IcHargue
(6) reported that Sr coul]( not conil)letely replace
Ca in certain highel- plants, but foundl that Sri if
present in modlerate quantities (5-10 g added to soil
of about a 6 incil pot ), brought about ani increase in
the growth of wsintel- wheat and oats, in the presence
of CaCO.,. Responses such as those (lescribe(l by
McHargue but involving so(limlil and potassium have
l)een designatedl as resultitng from partial replacemlent
(8)) pr-esunmably the terimi partial replacement. or
partial substitution, coul(d also be appliedl to this
response to Sr.

The plresent study xxvas carried out to learn if Sr
could partially replace Ca in the grow th of milaize and
tomiato anid if partial replacemient would produce mior-
phological chaniges. Tomato see(lling-s (lie(l x-ithin
2 (lays after they were place(l in a Ca-free solution
anicl the addition of Sr dlid not prolong their- life.
The remainder- of this paper dleals with the behavior
of miiaize.

Two related investigations x-ere un(lertakeni to
ascertain the mianinler- andl the extent to -which Sir
could replace Ca in miaize. In one, nutrient solutions
were p1reparedl with graded concentrations of Ca anid
Sr. an(l observations were malde on growthi of seed-
lings in these solutiolis. In the othier Ca 4 w-as sup-
plied, andl its absorption. distrilbution, and loss by
seedllings wvas (letermiine(l by autoradio-rap`hy an(d
othier isotope techiliq(ueis.
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Materials & Methods

Soluttioni Cuiltuire of Seedlinigs. Zeoc moys L.
seeds of the variety KYS (or Truckers Favorite
Sweet Hybrid, which behaved simlilarly ) wxere ger-
minated in acid-washed sand for 3 days, rinsed with
deionized wrater, andl transferred to nutrient solutions.
Culture vessels were one liter polyethylene bottles
covered externally witlh alumillum foil; see(dlings
wN-ere held in place in paraffin-coated wooden lids.
Seedlings transferredl to nutrient solutioins wxere ran-
domly selectedl. andl all plants xvere groxvn sidle by si(le
on a greenilouse bench tuul(lerisiilailar condition-s of
humidity and temperature. Solutions xx-ere niot
mechanically aerated.

The basal nutrient solution contained 0.004 m

KCI1 0.0018 -m AMIgSO4 7H1.O, 0.0021 m Ca(NO, ).,
4H.,O 0.0022>m KH11P0,I 0.07 mIm Fe as Geigy

Agricultural Chemilicals Sequestrene 330 Fe, 0.08 m-m
AInCL., 0.037 m-m ZnCl, 0.082imNr H.BO1, 0.0041-irm
(NH4 610o7O2 4H04 and 0.013 m-m CuCl., in dlis-
tille(d ancd (leioinize(l w-ater. The Sr solution contain-
edl ai eqjuivalent xveight of JohlInsoi, Alatthey and Co.
Specpure Sr ( NO:, ). substitute(d for Ca ( NO; the
Na solution, an eqjuixalent weight of NaNO, for Ca
(NO: ) .,. Ior spectroscopic (leterinaiiiitions 50 ml
of eaich of the tx-o replacemilenit solutions (Sr & Na)
xvere evaporated in Pt oni 50 lug Specpure granular
carbon; 40 mg xvere exposedl in a (I-c arc atnd the
enmitte(l lighit x-vas integrated oln infra redl plates be-
txveen 8087 and 3130 A. Estimiiation of content wx as
made bv the (lilutioni imiethodI of Mlitteldorf (9).

Three grade(d series of nutrielit solutionis xvere
prepare(l in xv-hiclh there were, respectively, stepl)ise
rep)lacements o-)f Ca by "Na, Cal by Sri.and Sr by Na.
Ther-e were 12 replicatte see(llinigs per treatment.
Measurements of sihoot and r1oot length wvere taken
at several perio(ls xvhile the plants xwere in the liti-
trient solutions. Plant rioot til) samlples xvere takeln
aIt initervx-als of growth. fixe(l. and examined imiicro-
scopicallv both before and after beinig sectioInecl and
staine(l. After- the p)lalnts had grown for 24 (lax's.
they were remo-ved fromii the nltrtieint soluitioIns, and
(leterminations of fr-esh \xveights of shioots and r1oots
xvere :nade.

Radioactivity of Sce(llozqs Sitpplied ('(14. 'Tr-uck-
ers Favorite Sxveet Hybrid variety maize was usedl
Ca45 xvas obtained in the fot()rm of CaCL in HCI
soluitioln from Oak Ril-e National Laboratory.
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Loss of Ca from roots of developing seedlings
was stu(lie(l by soaking dry seeds for 24 hours in
basal nutrient solution containing Ca45; at the end
of this period seeds were rinsed and germinated in
petri dishes on filter paper wet with distilled water.
Upon gernmination, 3 days after the seeds were soak-
ed, root systemiis of 9 seedlings each were immersed
in 100 nil of nonradioactive nutrient solution, either
the basal Ca-containing solution, the Sr-replacement
solution. or the Na-replacement solution. Radioac-
tivity of each solution was checked daily by conven-
tional counting procedures. Counts, uncorrected for
self absorption, were also made of radioactivity of
whole root systems before immersion in the non-
radioactive solutions and at the end of the 7-day im-
mersion period.

A second set of seeds was similarly exposed to
Ca45 and germinated. In this instance the seedlings
were immersed in a larger volume of nonradioactive
nutrient solution (2250 ml), 9 seedlings in each kind
of solution. After immersion, seedling root systems
were harvested at intervals, rinsed, and dried under
light pressure. When dried, they were placed
against Eastmiian No-screen X-ray 'film.

Results
Soluttionl Cultuire. Observations and measure-

ments were made on seedlings as they developed in
the three series of nutrient solutions. At age 6 days
seedlings cultured in the Na solution, free of Ca and
Sr, showed necrosis of leaves and roots; all these
seedlings were dead at age 12 days. Plants supplied
Sr, or Ca or both remained alive for 24 days or
longer.

Table I
Effect of Chaniges in Proportiontal Parts of Ca & Sr on

the Lentgtht & Fresh Weight of Maize Seedlintg
Roots & Shoots

Proportional
parts (Ca/Sr,
Ca/Na, or Sr 'Na) *

Ca/Sr
Shoot (cm) **
Root (cm)
Shoot (g)
Root (g)

Ca/Na
Shoot (cm)
Root (cm)
Shoot (g)
Root (g)

Sr/Na
Shoot (cm)
Root (cm)
Shoot (g)
Root (g)

1.0/0 0.1 /0.9 0/1.0

16.8 14.2
15.8 14.4
2.8 2.4
1.2 1.1

17.2
22.1
3.0
1.2

11.2
8.9
0.7
0.4

11.4
8.1
0.9
0.4

13.5 Dead
14.6 Dead
2.6 Dead
1.3 Dead

9.5
8.4
0.5
0.4

Dead
Dead
Dead
Dead

* Changes in proportional parts (Ca/Sr, Ca/Na, or
Sr/Na) of 0.9/0.1, 0.8/0.2, 0.5/0.5, to 0.2/0.8 had
little effect.

** All length measurements made at age 12 days, and
all weights at age 24 days.

Measurements of shoot and root lengtlh. miiade at
age 12 (lays (table I), showed that both shoot aind
root lengths were less when Sr replaced Ca. Except
for smaller size, the seedlings in Sr at these ages
did not differ macroscopically in appearance fronm
those in Ca. At age 24 days the seedlings w-ere har-
vested and root and shoot wet weights were deter-
mined (table I). At this age plants in Sr were
significantly lower in wet weight. Sonme seedlings
in Sr showed necrosis and browning of root tips
while roots in Ca appeared healthy. Secondary
roots of healthy root systems in Sr appeared to be
more numerous than those on the control seedlings
in Ca. Therefore, the full-Ca and full-Sr treatments
were replicated with 16 seedlings in Ca and 20 in
Sr, all selected carefully for uniformity in size.
These seedlings were grown for 14 days, at whiclh
time root system lengths were determined and the
total number of roots on each seedling was counted.
The mean root system length in Ca was 17.7 cim; in
Sr it was 12.6 cm. The average number of root tips
per seedling in Ca was 97 and in Sr it was 119. The
differences between both sets of means were shown
by the t-test to be significant at the 1 % level.

Microscopic examination of longitudinal root t'ip
sections taken from similar plants, age 14 days.
showed that cells of Sr-supplied roots were smaller
than those of Ca-supplied roots. Measurements of
root diameter were made and those in Sr were founcd
to have a mean diameter about 75 % of those sup-
plied Ca. As suggested by nmacroscopic observations,
cell elongation also was strongly depressed in the
Sr-supplied roots. Normal mitotic figures were
found in both types of root tips, apparently with
equal frequency. The root tips of Sr-supplied plants
differed from the Ca-supplied tips in that differenti-
ated xylem elements and secondary root primordia
were found very near the meristem region in Sr-
supplied root tips, and only at a considerable distance
from this region in Ca.

Spectroscopic analysis for Ca contaminatinig the
Sr- and Na-substitution nutrient solutions indicated
that the Ca content of each solution was about 0.8
Aglml: there was no detectable difference in Ca con-
tent between the two substitution solutions.

Radioactivity of Seedlinigs Suipplied Ca4 . Auto-
radiograms of maize seedlings, made of plants whicl
had been supplied Ca45 during germination and then
transferred to nonradioactive nutrient solutions, were
examined to determine Ca45 distribution in the roots.
In the inactive Ca-solution roots, elonigation conl-
tinued and, as the days progressed, the root en(ds
possessed progressively less radioactivity (fig 1. 2).
In the inactive Sr-solution roots, elongation also conl-
tinued and the pattern of radioactivity was similar
(fig 3). Roots in the inactive Na-solutioni elongated
much less an(d Ca45 activity in the tip region remiiaini-
ed higher (fig 4).

Loss of Ca45 from the seedlings to the nonradio-
active solutions w,as relatively rapi(d for the first 24
hour periodl (table II). Follow-ing this. a plateau
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FiG. 1-4. Autoradiogramii ( X 2) of primary roots
of nmaize seedlings prodluced fro(m seeds soaked 1 dav in

Ca4 -containing nutrienit solution, gernninatedl on filter
paper xvet xith dlistilled xater, anid transferre(d at age

4 days to nioniradioactive niutrient solutionis as iindicate(l.
FIG. 1. Root 4 days o1l(, before tranisfer. FI(. 2. Root 8
days old, after tranisfer to Ca-containiing solution. FI(;. 3.
Root 8 clays old, after tranisfer to solution xwith Sr re-

placement for Ca. FIG;. 4. Root 8 (lavs old, after tralis-
fer to solution xvith 'Na replacemelnt for Ca. Dashed
lines in(licate size and extenit of roots.

xvas reaclle(l, pairticularly in the Ca solutioii. uniltil
day six, after xvhich niet loss of activity fromil r-oots to

solutioll increased again. The amilololt of Ca14' loSt
to the Na solution was somexvhat Iligher on (la'y
seven thail tile aillouilt lost to the Ca and Sr sAlutions.
By this tullle physical damage to the roots in NTa xas

apl)pareilt. A Comilparisoil of the Ca4' activitx of root

Table II

Los-s of Radioactivi ty fromii Seeds Previootsly Soaked il
B a(Is / l tt1 i -let c( oit1 C i oiq ( '0 5

Specific activity of nutrieilt
Days after trainsfer solutioiis ill xvwhicll radioactive

of seedlinlgs to roots xere immersed,
solution c 1111.

(Ca+ - Sr++ Na

3
4-

6
7

c Mill11
5(8
56

61

63
62

84
131*

Ini1IC, 'nlini 'nil
81
63
76
73
81

113
130

C ilMill xiIi

72
69
87
88

91
124
177

* Represenlts allproxinlately fixe per celit ot tile ('a4'5
initially plresenlt in the roots.

systems l)efore immiiiiersionl in noii11adlioactive Ca-
solution wxith their radioactivitv seven dlays later,
when they were removed fronm the solution, shoxxe(
that these root systems retained approximicately 95)
of the original radioactivity, and that only- a small
prop)ortion of the Ca hadl been lost to the nutrt-ient
solution in which they w-ere immlilersedl.

Discussion
The maize see(llings grown in nutrienit soluitions

free of both Ca aind Sr exhibited sexere injury re-
semlbl iig the Ca-deficiencv symptoms (lescribe(l by
Banmford (1) ancl others (2 ) roots remiiainedI sholrt
an( failed to branch.l grox\-th cease(l. and the roots
turne(l browvn an(d gelatillnUs. In those see(IllingS
supplied Sr inl place of Ca, less shloot and root lengtlh
and smiialler root cell size wvere the only readily (le-
tectable symiiiptomiis that hlave been attributed to Ca
deficiency (3. 4, 5. lh. Burstrom (3, 4 ) ol)serve(l
a (limilinution in cell size in wvheat root tips, andl also
observed that the total cell number Xas less in dle-
ficienit roots. He concludedI that the Ca re(quiirelmleint
for cell enlar-gemeint of wheat root cells is highler
than for other growN-th processes in tllis root. Tt ap-
pears that in imiaize r-oots cell enlargement requires
Ca specifically in relatively large quantities.

The occurrence of dlifferenltiate(l xvleni elemiieilts
aii(l secondlarv Ioots n(l r1-Ot primordia near the r-oot
tip)s xx hen Ca xvas replaced xv ith Sr suggeste(l tiat
Si- may stimllulate differentiation. Tlle age Of thle
xylem initials is inot knowni1 aiil( thieir Occurrenice SO
near the tip maylhave been the result )f inhilbition Of
cell elongation. Hoxx ever, the (lata olbtaine(l clearlx
indlicatedl that see(lilngs in Sr produced ilmore sec-
ondarv roots than those in Ca.

Since the sl)ectroscol)ic analyses shoxwed thait tlle
Ca cointamination of the Sr-substituted solutioll Vtas
Inot (letectalblV greater than o)f the \Na-suibstituited
solutioI, it is conclu(lecl that the Sr supplied these
see(lliigs allowx ed in solime wax for a imiore efficient
use of the limiiitedI quantity of Ca availlable ftromi thle
seed. Various possible xavs to explain lhox thliis
mllighit hiave beeni achileved by the plants 1ax e been ex-
am i nedl.

Leaching of miineral elemilenits fromi nmots int)
niutrielnt solutionls hcas been stu(liell before. but ther-e
loes not appear to hlave been a specific studx of tlle
effect of Sir in inutr-ienit solutionIs on the leaching of
Ca froml roots. The groxth resplonse of these maize
see(lliilgs to the Sr-replacemenit for C,aas coml)ared
to the Na-replacement. sug,gested the niee(l for such
a study. One possible explanation for the contilnue
(levelopmllent of see(lliilgs in Sr- xas thait the Sr ill
solution allow-ed the inaize seedIilngs to retain Ca,
xlhereas Na in soluitioni (lid nlo-)t. Resuilts of the Cx-
plerinlent on loss of Ca4 froim seedliings, hoxx exver,
slhoxxedl thit loss xas not greatlx (lifferenit in thle three
nlutrieInt solutioins. These ain(d the resuilts of auto-
radliographv of the root tips served as a baslis for re-
jecting tilis explanlatioi fo,)r- til'e -roxx(11)ti ti iI nitti()1
!- Sr.
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The possibility that Sr, supplied to the Ca-de-
ficient seedlings, allowed for an internal redistribu-
tion of Ca toward the growing tip, which did not
occur when Na replaced Sr, was also considered and
investigated by autoradiography of seedling roots pre-
viously supplied Ca45. Some Ca45 was found in the
meristem of the Sr-replacement plants (also of the
nonradioactive Ca-solution plants) after these roots
had continued growing; however, this Ca45 was inter-
preted as being there because of dilution accompany-
ing growth, rather than by redistribution to the tip.
The low amount of Ca45 in the Sr-substituted tips
led, also, to the conclusion that these tips had grown
by utilization of Sr in place of some of the Ca nor-
mally required.

Root tips in nonradioactive Na solution contain-
ed larger quantities of Ca45 than did those in non-
radioactive Sr or Ca. This was surprising, in that
roots in Na ceased growing, while those in Sr, with
less Ca45 in the tips, continued to elongate. The
autoradiograms, with the observations on root
growth, verify an earlier observation of Bamford
(1), that roots normally need a continued external
Ca supply for growth and development. They also
confirm earlier observations that the mobility of Ca
within deficient plants is very low, and that Ca, once
bound, does not readily become redistributed (7).

Summary
When Sr replaced Ca in the nutrient medium,

maize seedlings remained alive when seedllings in a
Na-replacement for Ca died. In Sr, elongation of
roots and shoots was inhibited; however, develop-
ment of secondary root primordia was stimulated,
and differentiated xylem elements appeared near the
root apical meristem. In the absence of external Ca
in the nutrient medium, Sr, as compared to Na, did
not appear to slow down the rate of loss of Ca from
seedling roots, nor did it appear to allow for redis-
tribution of Ca from older parts of the root to the
root tip. It is concluded that Sr can replace part of
the Ca ordinarily required by these seedlings.
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