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Introduction

I'llis. paper presents evidlence tllat so(itiiii is es-

seiitial for tlle growth of Atriplex vcsicaria Heward
ex Ientlh. ( Bladder salt lulsh'). Prior to a pre-
liiininar rel)ort of this work (4), Allen anid Arnon
1) hlad slhovil s1oditin to he essenitial only for the

1)lue-green alga A4 iabac(ca cy/indrica. The optimiium
g+rowth of the alga was ol)tained in media containing
218 ue(l/'liter ( ppml) or higher of sodlium. The
re(luireiiieint for sodiumiii was specific; lithiumii. po-
tassiumi.l rutbidium,. and caesiumll did niot substitute for
so(li.tinl.

''lie effects of sodiumii oni higiher plants lhave not
l)eeln clear. In manv- observations the dry weight
l)ro(luction of l)lants growving in the fieldl or in soil
cuilture has increased following the application of
salts of soditi(i. TI'le literature (lealing with siclh
ol)servations has been reviewed bv liarmiier and
lBenie (5). Lehr (Q,10) anid Wvbenga (17). The
resuilts of these inv-estigatiolns although of l)ossible
economic signiificalnce give little information on the
actual role of sodiumiii in plant nluttritioni. Suclh in-
creases il y-ieldl coul(d have been (Ilie to the effects
of the salt in eithier modify-in,g the soil, or ini in-
creasing the uptake of the othier iObus or to the
auuioui associate(d witi the sodiiium being- involveed in
the nutrition of the l)lant.

An incr-ease in (lr! eighit occurs follow-inig the
al)plication of salts of sodiuimii to various highier plants
gro\ving in low lpotassiuim cultuire soluitionis (13).
'T'his would suiggest that so(liuiim partially replaces
l)otassiuim in somiie species. TI'lere are also sug-
gestiolns in the literature that thle dry weight of
somie p)lants. mostly iiemlibers of Cllcinopodiaceac,
increases in solutionis containingt, a(lequate potassium
following the application of so(liuimi (6.8.14.16).
This lattel evidenice suggests that sodiumii miay have
ani indepenidenit role as a nutrienit elemenit.

The possibility existed that higher plants miiight
require sodliuii. but in suchi small amounts that these
nee(ds xvere always satisfied where plants grow un-
der natural conditionis. If so, evidence that sodium
is essenitial for highier plants would be obtained by
studying their groxvth only under conditionis in which
sodiunii wvas rigorously excludedl. Such conditions.
dute to the thibquitv of so(1itiim are difficult to
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achieve, anld tlle possible sotil.ces (of sodiuimii, the
see(l, inttrienit salts, water, cullttire v-essels, and the
atillospl)lere, wvere c(ritically exaninied.

This paper descrilhes techliniqtues tised to re(dtice thle
sodiuim conltamination fromli these sources and a

series of exlerimiieilts in which so0(itmim wvas show il
to b)e essenitial for -ltriphlc. ' csic(lri(l. This splecies
occupies large areas of ari(d Australia, and \vas
chosenl for investigation as it acctimtilates large
(Itlailtities of soditimii ill its leaves (1.5).

Materials and Methods

I).lcriZt,1ui,ciouz ofjWodjlimi. Sodium wvas (leter-
iiiiie(l inl distilled wvater 1)v carefullv evaporating it
downl to oule-tllotisaid(ltlh of its original v-olumnie i i

silica beaker. A filter flamie photomneter was tise(l
in these (leterminiationis.

\Vhell estimatig, so(lium \ith a filterl flame
lhotometer ini soltmtioius of lntr-ienit salts. larticuilarly
in those of calciumiii an(d l)otassitimi, the relative errors
dule to initerferenice 1v otller iools inicrease(l as tlle
salts were progressively l)urified. Inltelferenice wvas
also experienced to a less extenit, ini the estimation
of so50i(mmi in solutitils conltaininig iroin, boron aln(
l)lposlpliate. Estimations of sodium w itll a atomic
ahsorption inistrumiiieiit ( 3) wvere virttuallv free of
inlterferenice huit hllen estimating so(diniiii in highly
coincenltrate(I solutionis of nutirient salts and digests
of planit miiaterial. the response lb the inistrumtiienit to
so(litimil wvas re(duicedl. tUI(ler these coni(litioins, it wvas
necessary to prepare calibration ctirves sho\w i, the
responlses of the atomiiic absorption instrmnenit to
knowni colncenitrationis of sodiiium inl solutionis similllar
to those ii which sodiuimllwas to be estimilated.

Sodium wN-as estimiiated il l)laiit material 1b the
followinig miietlho(l. From filnely grounlid planit ma-
terial 2 relpresentative fractions wvere taken of less
thani 0.5 These were dried at 95° until thev had
reached conistant wveighlt, an(d thenl place(l in a
(lesiccator. When at roomii teml)erature, they were
reweighed andIplaced iil qtiartz Kjeklalhl tibes of
approximately 15 ml capacitv anld digested with 1
ml H.,SO( (S.G. 1.86). 1 ml HCLO (S.G. 1.70),
andt 5nl HNO.- ( S.G. 1.42) (wlhich ha(l beenl re-
distilled in silica). The digestion was carried out
in accordanice with the metho(l described bv
Piper (11). Wheni the (ligestiol was complete.
tlle (ligest was mia(le tup to a suitable volume
with distilled water, and the conicenitrationi of
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sodiuml determiined with the atomic absorption
instrumient. Digests from material containing only
very low concenitrations of sodium were made up

to small volumes so that sodium would be at a con-

centration high enough to be determined with the
atoimic absorption instrument. It was found that
the response of the instrunmenit to known concen-

trations of sodium in these highly concenitrated solu-
tionls w,as less than in water. The depression in
the responise to sodiumii in the solutioni was found
to be attributable to the amounlts of sulfuric acid
nise(l in the digestionl of the planit miiaterial anid cali-
bration curves were l)repared usinig simiilar almlounts
of sulfuric acid.

PIur-ificationt of [Iater. Rainlwater conltainiing
approximately 8/7 eq/liter (2 ppm) of sodium was

passed throtigh a commercial deioniizer consisting of

columnis of cationi and anion exchange resins ar-

ranged in series. Treated water contained 3.5 leq/
liter (0.08 l)pn) of sodium. This water after dis-
tillationi in a silica still contained less than 0.0087
1xeq/liter (0.0002 ppm) of sodium and was stored in
stoppered polythene containers.

Pur -ificationi of Air. In a preliminiary experiment
carried out in a glasshouse of convenitionial design,
anialysis of plant organs anid culture solutions at the
eni(l of the experimiienit showed anl inicrease of about
294 txeq of sodium above the amounts supplied in

the culture solution and seeds (table I). This sug-
gested that cultures had received sodiumii possibly as

cyclic salt fromii the atmosphere. This possibility was

tested by placinig 4 filter papers lhorizonitally in dif-
ferenit sites withlinl the glasshotse, anid determiinling
the inicrease in sodium of each paper at the end
of each week of exposure when the papers were

replaced by aniother set. The mlieani amounit of
soditiuil collected per Cm,l2 per week (dtirinig the whole
perio(I was 0.02 /eq. Subsequenlt experiments were

conducted in a small greenhonse dlesignied to prevent
conitamilnationi of plants and their cultures by sodiumii

from the atmosphere. A slightly positive pressure
was maintained within the greenhouse by a com-
pressor which supplied air continuously to both the
cultures for aeration and to the greenhouse itself,
through a series of Whatman No. 1 filter papers
and washed absorbent cotton wool containied in metal
cylinders.

The amount of sodium known to have been pre-
sent in the culture solution, water and seeds of cul-
tures to which no sodium had been intentionally
added was approximately the amount of sodium re-
covered in the culture solution and plant organs at
the end of an experiment in this greenhouse (table
I). No increase in the amount of sodium could be
detected after the cultures had remained in the ex-
perimental greenhouse for 49 days.

All air entering the compressor was drawn
through Whatman No. 1 filter papers which were
changed at 24 hourly intervals and the sodium they
had trapped determined. The amounts of sodium
trapped per day (from about 105 liters of air) rose
and fell periodically (see fig 1). It was found that
the amounts were greatest when strong winds blew
from the west (the seaward side). Under these
conditions opening of the cabinet and manipulation
of cultures was avoided.
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FIG. 1 Amounts of sodium trapped
air drawni through a Whatman No. 1
about 105 liters of air passed through the

per day from
filter paper;

filter per day.

Table I. Sodiumti Supplied; Sodiumit Recovered

Conditions of
experiment

Amount supplied (,ueq) Amount recovered (,ueq)

Culture Stems Remaining
Seeds Water' Total Leaves and Roots in culture Total

solution petioles Solution

In conventional
glasshouse* 3 (10 Seeds) 43c** <

In pressurized cabinet* 1.07 (4 Seeds) 5*

80 126 153 33 117 117*** 420

0.04 6.11 1.52 1.64 1.66 1.13*** 5.'.95

Ten plants of Atriplex vesicaria were grown in 4.5 liters of basal culture solution to which no sodium had been
intentionally added. Experiment was of 93 days duration.

k* Four plants of Atriplex vesicaria were grown in 2 liters of basal culture solution to whlich Ino sodium had been
intentionally added. The experiment was of 48 days duration.
These data wvere obtained using emission flame photometry. Due to positive interference from ions in the
culture solution, these values are generally higher than they should be.
Water used in the experimenit in the glasshouse contained 4 jueq Na/liter and water used in the pressurized cabi-
xlet contained 0.010 yeg Na/liter. Amounits of sodium were calculated oni the total volume of water supplied to
the culture during the experimenit.
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I,Preparatio,n ofNj /rin /, Salts ( onltzining oily
.illinm,tc Amomits of Sodimii. Tlle following- pro-
cedures Nvere use(l in the l)rel)aration of nlutrient salts
containiniig onily the smiiallest conitamiin1ationis of sodi-
urm. Ini table TII colncenitrationis of sodiumii in solution
of purified salts and( Ulltlteate(l salts are compared.

talciuini Nitrate: .\l)out 700 g calciulmii salicvlate
\ ere l)rep)are(l by slowly add(ling M)) g salicvlic aci(d
and 0)() g calcium Icarbonaite simultanieously, w\ith rap-
id stirring- to 2 liters of (listilled wvater at approximate-
lv ( . 'I'lle resuilting soliutioni \was heated w%vith rapid
stirringuinitil the evolution of CO., ceased, ainId was
tllhen filti ed, \vhile still hot, throughi W\hatilman No.
I filtel- palper at a re(luce(l l)resslire. 'I'lhe filtrate,
riu iiito 800 ml silica evaporating- (lislies. vas lplaced
inl a refrigerator overniglt. Thle calciuim salicvlate
\w,as recrvstallize(l a furtlher 8 timiies. h'lle crystals
ol)taine(l w-ere tranisferred to a platinim v-essel aiid
heated strongly over a bmUsen biurner. A fter a short
tilie, the calcium salicvlate burst ilnto flaiiies. leavingl
black ashes. T'hese were theni place(l in a imiuffle
furnace an(I lheated for about 5 hours at 500 \Vrhen
the conltenlts of the vessel had l)een converted to a
\0-hite P)ow(ler of calciumii oxide free fromii larticles
of carboni, the vessel was lplaced ini a desiccator and
coole(d to roomli teml)erature. This was qtuickly
\veighed and(lan equivalent aimiouilit of HNO(). (which
had been re(listille(l in silica) w\vas slowlv added to
the oxide to forimi a soluitioni of calciuimilitrate. A
slihlit excess of calciuim oxi(le as ad(l(le(l to eslutire
coimpl)lete nletitralizationi of the acid. 'T'lie conicenltra-
tioi of calcium of tilis soltitionl \was compared \vith
that of a stan(lar(l solitioni of calciuim niitrate by
flame l)hotometer. 'I'hle soluitioll. (lilite(l to g,iv'e a
colicentrati0i 4(10 times that re(litire(l in tle full
cuiltinrc sollitiiil \vas stored inI a sto(ppered polythenle
b)ottle.

Potassium Nitrate: About 100 to 400 g of KNO3
to be p)lirifie(l \as dissolved in t\wice (listilled water

in a silica vessel to give an almost saturated soltitionl
at 90C. After filterinig the soltutionl throtigh \Vhat-
man No. 1 filter paper hel(d in a l)olytheile ftiuniel
inlto a silica evapo)rating dis.h, the solutionl \\as cooled
to roomli teml)erature and l)lace(l ill a refrierator
oxerinight. Thle crystals forilmed were washed (iluick-
1v ithi chille(d (listille(l w ateir. aftel- the suiperniatanlt
flulid lha(l been (liscar(le(l. The recr-ystallization lpro-
cess was rel)eate(l lp to 12 timiles without ftirthier
filtration and thle resulting crystals were (1lrie(l ill
an oven at 600 and l)lace(l ill a desiccator.

P'otassiuii )illydrogen Phosphate : K I1-.I ( ), x as
recrystallized ( times 1b the procedure (described fol
tile recvrstallizations of KNO...

DiiammiOlitilni P)IOsphate About 80 1111 of phos-
lphorts oxychloride (bh.p. 105' ) wxas redistille(d (in
silica ) and(I collecte(d in a lplatinum vessel. The
amilounit of l)lhosphortis oxychlorile equal to a third
of its molecular veight (51.13 g) was -weighed otit
andl an equivalent amotint of twice (listilled water (ill
silica ) was catitiously added with a silica l)il)ette.
Tihe restiltinig solutioil was then1 boiled wN-ith slighlt
excess of water iuiltil nio further HC1 w-as evolved.
'The1ormality of the lphoslphoric aci(l l)ro(luce(l was
fouind( to be 3.77 by carrving outit a l)otentionmctric
titrationi of all aliquot ag,ainist a stan(lar(lizedl solultion
of NaOll. 1y the addition(of 31.8 mil of the 3 77 N

p)llosphoric aci(l to ( nil of 60.67 N ammium11Olli1ll ll\h(vldrox-
i(le ( re(listille(l in silica ) 10.55 g of (liamillonlin
phosphate wx as for-liled. \When thlis was made up
to 100 ml it hial a concentration 400( timies as g-reat
as that iln the fill Concentration cuilthir-e solution(land
had a 1)l1 of 8.10.

M agnesiuim Sulfate and \l alln llese Sulfatet
m-Srec()rwrec-vsta(llize(l 6 tielies and1 \lMlti( ),
timlies 1b tile procedire (descril)e(l for 1K NO.,

Boric Acid : A saturated( soluitionl of boric acidl
in ethaniol ( redi.tilled in silica ) was miiade uip in tlle
boiling- flask of a silica still. T'lhe boron was vola-

ab1le 11. So d(Ii ( in Co t)iltrlf((Id to th(' CltiI't iS lutiO)n aS Imiiipuritics of CotOl)nptono Xoal/ts b)e,fore
)1(1 oftfer Plrific ltioni

Salt Conic. of salt in
cultuire solutionl ( A\ )

Calcium11i niitrate
Potassiumii niitrate
Potassiumi (diliydrogeni phosphate
1)ianinionium phosl)lpate
Magnesium sulfate
Boric acid
Md anganese sulfate
Copper sulfate
Zinic sulfate
Ainmionium molybdate
IFerric aiiinloiliuiimi ethylene tetra acetate
A\inn01iunini chllori(le
Total sodiumii in culture solutionl due to
si(liliill impurities of all comillloilelet salts

4,000
5.(00
1,000
1,000
1.000

46
9.1
0.31
0.76
0.10
90
t)0(

Sodium conitribute(l
componenit salts

lUntreated analytical
reagent salts

4.35
0.52
2.18
0.52
0.26
0.0026
0.0252
0.00026
0.0065
0.00022
1.39
(W.05o()

to culture solution by
(,ue(1q2-1 culture )

Prepared salt;-

0.0174
0(0109
0.0174
(0.0347
(0.00174
0).00087
0.01320
0.00026
(0.000435
0.000218
(0.0347
().(00)56.o

(0.137
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tilized as the etllyl ester of boron and the distillate
collected in a lplatinum vessel. After slowly drying
the distillate in a water bath, boric acid remained.
This was placed in a desiccator until its weight was

conistanit, then made up into a stock solution 10.000

times as concentrate(l as it was in the final solution.
The concenitrationi of sodium was reduced from
435 meq /Kg (10,000 ppmi ) in boric acid (to which

sodituni had beeni previously adde(l) to less than 218
ueq/Kg (5 l)pm) in boric acid purified in this way.

Copper Sulfate, Zinc Sulfate, and Ammiloniiunli
Molvbdate: Soltutionis of copper sulfate, zinc sulfate,

n(ld ammiiiioniitumii nlolvbdate were mlade ul) froml A. R.
grade salts 20.000 timles as conicentrated as they were

requiired in the fiiial culture solutionl without purifica-
tion as the amiiotunits of sodium they contributed to
the culture solutions were extremely small.

Iron: Iron was stupplied to cultures in a single
a(lditioni of ferric ammoniumii ethylenie diamine tetra
acetate. This Nvas prepared by a mietlhod similar to
that of Jacobson (7) for the preparation of ferric
potassium ethylene diamine tetra acetate except that
anmmiionium hydroxide was used in the place of
potassium hydroxide in an equivalent amount.
KOH. which contained much sodiunm as anl impurity
Nvould have been difficult to purify. whereas the
ammiiiioniium lhydroxide redistilled in silica contained
aln amiiounit of soditum too smiiall to be detected. Other
coml)ounds tused in the preparation of ferric am-

miomium ethylenie diamine tetra acetate were purified
by the followinig methods. Ferrous sulfate was re-

crystallized 6 timies fromii solutionis acidifie(d with
smiall qtuantities of H.,SO,, and the resultinlg crystals
were drie(l in ani oveen at .500. Ethylenie (lianiliile

tetra acetic acid was dissolved in 2 N ammiiiioniitumii

hydroxide (redistilled in silica) anid tlheni precipitated
by the addition of 2 N HCI (redistilled in silica).
This procedure was repeated 4 times and the re-

stulting precipitate was washed in several changes of
distilled water and dried in an oven at 50°.

Ammonium Chloride: NH,CI was formed by the
addition of ammonium hydroxide to an equivalent
amount of HCI (both redistilled in silica). The
resulting solution was concentrated by boiling, cooled
to room temperature, and placed in a refrigerator
overnight. The ammonium chloride crystals formed
were dried in a desiccator to constant weight and
made up in a stock solution 20,000 times the con-

centration requiired in the full conicentratioln culture
solution.

Culture Apparatus. Seeds were germinated on

nylon gauze sewn onto a circle of polythene tubing
to form a flat disc which was supported by poly-
stvrene legs in a circular polythene vessel. Water
or culture solutions in this vessel were aerated
through a fine bore silica tube.

Culture vessels of 2-liter capacity were made

froni half-gallon polythene colntainers by cutting off
tlleir tops.

The vessels ha(l covers of black or grey Perspex
whichl held 4 exenily spaced plants, secured by wNhite

terylene (equivalent to Dacroni) fibres washed in
many changes of silica distilled water, clamped
betveen split corks made from polythene tubing.
Cultures were aerated continuously, with air filtered
through cotton-wool and bubbled through frequently
changed distilled water and filter papers, l)y means
of centrally placed silica tubes dipping to the bottom
of culture vessels.

Paper, black on 1 side and whlite on the other,
was wrapped around each cutlture vessel to exclude
light froml the culture solution anid roots of the
plants.

Samlples of all nmaterials associated witl tlle cul-
tuires were boiled in smiiall amiiouints of concentrated
H-NO. (redistilled in silica) ; the amiounits of sodiuml
extracted by this drastic treatmenit were small in all
cases.

Ccrnposition of Culture Soluitioni. The comiiposition
of the basal culture solution. expressed in umoles/
liter was as follows: KN03, 5,000; Ca(NO0)2,
4,000; MgSO4, 1,000; (NH4)., HP04, 1,000;
KH2PO4, 1,000; H3B03, 46: M\inSO4 - 7H20, 9.1;
CuS04 * 5H20, 0.31; ZiSO, 7FH.,O, 0.76; (NH,),
Mo7 024 4H,0, 0.1; NH4 Cl, 350. Iroll as sup-
plied as the ferric ammoniium ethylene dianmine tetra
acetate ( see above) at 90 unioles/liter in the basal
cutlture solution.

Procedutre. Seeds of Atriplex'vcsicar-ia were re-
moved from their bracteoles and washed in many
clhanges of distilled water until the amlotunit of sodium
in the wash water coutld not be detected withi the
flamiie photomleter (adj usted to its maximum selisi-
tivity) ; the seed tlhen conltainied a mnean amiountt of
0.27 ,ueq of sodiumiii per seed. The washed seeds
were germinated on distilled water in the seedling
culture. After the emergence of the radicle, the
distilled water was replaced by the basal culture
solution of one-fifth full concentration. \Vhen 11
to 14 days old, the seedlings which lhad acquired
cotyledons and apical buds were selected for uni-
formity and transferred to the polythene culture
vessels containing 2 liters of culture solution. Dif-
ferent treatments were applied at this stage.

At harvests, the tops of plants were removed by
severing the hypocotyl at the level of the top of
the cork. The tops were rapidly separated into
leaf-blade and stem and petiole fractions, which
were weighed immediately to obtain their fresh
weight. The roots were removed from the culture
vessels, and, after they had been dried between
cleansing tissues, they were dried on aluminum foil
trays (previously washed in distilled water and
dried) placed in a well-ventilated oven at 950. Af-
ter 36 hours the various fractions were cooled in
a desiccator to room temiiperature and their dry
weights obtained.

Results

Experimilenit A. Effect of Smiiall Graduated
Amuotunts of Sodium ont Growth of Atriplex vesicaria.
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labile 111. ),i(,/( ]of Atriplcx z,CSicaril( follotwini tI/c Applicationl of thli S'id/hit/'s of .odio,iii aiind IPoIssii in
All values are tlh imieanls ot yields fromii 4 2-liter culturei of 4 Ip ants eachi. Thle 4itatistical treatimieilt of total

lry weight data vN as as follows: II > I at 1 %i# level of signiificanice; Ill > I at 0.1 ,', level of significance;
III > II at S ', level of signiificanice.

Fr wt/vessel ( gc)
1 eaf- Sterins anid
hlades lpetioles

1{oots Total
l)rv \\-t/vcessel ( p, )

ILeaf- Stemiis and( Roots
l)lad(les petioles

No addition
0.02 nie(l/liter Na.,SO
0.10 me(l/liter Na SO
0.60 ime(l/liter Na.,SO,
0.60 me(l/liter K .,SO

Different treatmienits were applied to the cultures in
each of 4 blocks (table III).

The conicenitrationi of so(iumll in the full coilcen-

tration of culture solution dtue to the sodliuml con1-
tribtited 1b potassium suilfate was redutced from1 7.1
to 0.039 ueq/liter by recrystallizing the potassium
sulfate 5 times. The cultures witlhini each block were

placed ini randoml)positions at the beginning of eacl
experninlent.

llI' the twenlty-fifth day after germination.
plants which had not received sodium sulfate could

lbe (listiligulishle( fromi those wlhich had, 1b their
vello\v color and fewer leaves each of smzaller area.

\White necrotic areas appeared alonlg tips anid miar-

gin1s of tlhe cotyledonis ancd older leaves on1 the thirti-
ethl (day. Som1e planits (lied by the thirty-fourth day.

\ planlt \w1ich sho\wed symiiptomls just described alnd an-
other \which had(ldie(l, vere examinied by plant pathol-
ogists at the \\Waite Agricultutral Research Inistituite
for- the presenice of pathogenic organlismis. Nonie were

found(1 ill these plants. WNhen harvested on1 the forty-
eightlh day, plants which had received sodiumli sulfate
appeared imarkedly different fromi those which had
not, havinlg mzaniy more leaves of darker green colour
\which showed no necrosis (fig 2).

T'he differenice between the root systems of plants
roWvn1With anid without the addition of sodiumi sul-

fate was o0)servaable at a very early stage (fig 3).
I'roimi the results showni in table III obtained

whenl plants were harvested oni the forty-eighth

(lay, the yield is seen to have increasedI asymptotic-
allyv with inicreasing sodium stlfate. As pllants wNhich
received 0.60 meq/liter of potassiunm stldfate a coni-

cenitrationi equivalent to the highest conicenitratioln of
sodium sulfate treatment in their cultures, could n1ot
be distinguished from the plants grow\vn in the "nlo
addition" cultures, it was evident that the increase
in yield with inicreasinig sodium sulfate was not due
to the sulfate but to the sodium of the sodium sul-
fate treatmlenit. This also showed that the part
playe(l b1 soditimi in the nutritioln of A triplex zyes-
ic(ria coIll(l not e l)ertormed 1y aIdditionlal l)otaSSIlimn
whenl supplied in ani amiiount equivalent to the high-
est so(litmii suilfate treatmnenlt. Tlhe lowest sodium
sulfate treatmiienit for Imlaxiimiluim dry eight produc-

tioll \ as ahout (.2 ine'! 2-liter- etiltture ani(d the leaf

mzaterial conitainiedI about 80 seq (dry basis). Al-

thou-h these (lata wotild lie expected to varyr marked-

Ui (.. 2 Comparison hetw een the grow th of topis (if

lait.s oif .-1 Rtiple.e ' 'iC(i'ItIo wng ill the basal cul-
ture solutionl with the adldition of 0.60) me(q/liter potassi-
uirn sulfate (left ), xitil nlo addition ( celter) and with

0.02 mileq/liter sodium sulfate ( right ) Thle plants ha(l
a heighit of approximately 2.5 cimi (left), 2.15 cmi (cenitei
and(l 5.1 cim ( righit ) Photograph w as takenl onl the
forty-eighth day.

Fi(;. 3. Comparison hetween the tol) ali(i root growth
of plants grown in the basal culture solutioIn whici
received ilo addition ( left'), and( 0.60 me(i/liter so(liumil
sulfate ( right ). The heights of the tops of the lplants
w ere appr ximiately 2.5 cmll ( left ) and6(.4 cim (right)

JIhleilcpotoraph was tak'ii on the forty-eighth (lay

Treatiient

I .

11.
III.
Il.
V.

0.301
2.101
2.920
2.940
0.436

0.021
0.144
0.224
0.228
0.019

0.221
1.441
2.148
2.940
0.326

'T'otalI

0.543
3.686
5.298
6.108
0.781

0.(0324
0.2354
0.34(8
0.347/;
0.0433)

0.0042
0.0212
0.0324
0.03,55
0.(H)31

0.01,53
0.09)13
0.1357
0.128f
0.020(,

(.0(5 hI)
0.3479
().5 149)
(..1 16(
0.0670
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ly according to the conditionis of the experiment, the
sodium requirements by Atriplex vesicaria were high
in comparison with the requirements of micronutri-
ents by plants of other species (17).

Recovery of Sodium Deficientt Plamits of Atriplex
vesicaria Followintg the Application of Sodium.
Fourteen days after germination, plants selected for
uiniformiiity were transferred from seedling cultures
to culture vessels containing the basal culture solu-
tion without added sodium. On the sixteenth day
sodium sulfate (0.10 meq/liter) was added to 1
set of culture vessels and 7 days later plants groving
in these cultures could be distinguished from the
colntrols by their darker green color. Symptons
simiiilar to those obtained in the previously described
exl)erimienit again appeared in cultures which had
not received sodium, and by the thirty-first day,
wlven a second set of deficient cultures received a
treatment of 0.10 meq/liter of sodium sulfate, sym-
toms were severe.

Four days after receiving this delayed sodium
treatment, plants showed signs of recovery by a

progressive change of color in older leaves (and in
some cases cotyledons) from yellow to green; green-
ing commenced at tips and around midribs, and
gradually spread over the laminae.

Planits growing in the set of cultures which re-
ceived no sodium treatment throughout the experi-
ment became progressively more chlorotic, making
little further growth. On the other hand, marked
growth occurred in both sets of cultures which re-
ceived added sodium. When harvested on the forty-
ninlth day, the results in table IV were obtained.

The complete recovery of plants growing in cul-
tures NNhich received a small addition of sodium
sulfate (even though they were adequately supplied
with sulfate), is convincing evidence for sodiunm
beinig an essential nutrienlt element for Atriplex
vesicaria.

Experimentt B. Effects of Lithium, Sodium, Po-
tassinmn or Rubidium ont Sodiun-Deficient Plants of
Atriplex vzesicar-ia. On the fifteenth day after
germination. seedlings selected for uniformity were
transferred from seedling cultures to culture ves-

Table IV. Fresh anid Dry Weight Changes after Recovery of Sodiumiii Deficientt Plants of Atriplex vesicaria fol-
lowizng the Application of Sodiumiit Siulfate Trcatmiientts

All values are the means of yields of 2 vessels of 4 plants each. The statistical treatmenit of total dry weight
(lata was as follows: III > I at 1 %lc level of signiificance; II > I at 0.1 % level of significanice; II > III at
5 % level of significance.

Fr wt/vessel (g)
Leaf- Stems and(I Roots
l)ladles petioles

Total
Dry wt/vessel (g )

Leaf- Steis and( Roots
blades petioles

I. No sodiumIi sulfate
11. 0.10 mleq/liter Na.,SO4

applie(l on day 16
111. 0.10 meq/liter Na.,SO4

applied on day 31

0.877 0.078 0.671 1.626
8.139 1.007 6.923 16.069

3.713 0.334 2.800 6.847

0.0124 0.0481
0.1619 0.4810

0.4713 0.0544 0.2133 0.7390

Table V. Effects of Equtivalenit A)imounts of the Sulfatcs of Lithitumi, Sodiumiii, Potassiumiii or
Ru1bidinumiz wemhci Applied to Cuiltu(res of Sodimimii-deficiemit Planits of A triplex vesicaria

Plalnts were harvested on the forty-fourth day. The statistical treatment of total dry weiglht data was as fol-
lows: III > I, II, IV, V at 0.1 % level of significance; I, II, IV, V, indistinguishable.

Sodium/2-1 culture
(Aeq)

Treatment

i. Control
II. Li2SO4 0.10 meq/liter

III. Na,SO4 0.10 meq/liter

IV. K SO4 0.10 meq/liter

V. Rb2SO4 0.10 meq/lite.

As impurity of
basal culture

solution

Due to
treatment

salts

0.14 (No addition)
0.14 0.052

(Impurity)
0.14 200

(Treatment)
0.14 0.017

(IImpurity)
0.14 0.069

(Impurity)

Total

0.14
0.192

200.14

Yield
(Each value is the mean

of 4 replications)
Mean dry wt/culture (g)

Leaf- Stems and Roots
blades petioles

0.179 0.030 0.061
0.163 0.027 0.051

Total

0.270
0.241

0.761 0.183 0.288 1.232

0.157

0.209

0.169 0.024 0.049 0.242

0.220 0.045 0.071 0.336

Treatmlent Total

0.1499
1.6665

46-5



PL'I.ANT 1'1 1 IOIA)h\

.sels whiich \were placed ini the lpresstsrized greenhouse.
On the twenty-second day, wheni symptoms of sodiumii
leficiencc were clearly recognlizable. 4 cultures each
conitaIiniing 4 plants w\\ere harvested. T'lle meai (Irv
\eig,ht per cultuire was ().()18/ + ()0.0012 g. On the
samie day, the differenitial treatmlenits shown in table
V' were applied to the ctultures of eachi of 4 blocks.
'I'he colncenitrationi of so(iiim in the ctilture soluitioni
(Inc to the so(diumiii associate(l vith the treatmiienit ap-
lilication is also given and was not greater than
0.035 ue(l/liter (0.0008 ppm) ini aniy of the treat-
milenlts other than that of sodiuimii sulfate. On the
t\wety -seven1th day, l)lants whicl had received the
sodiiumii suilfate treatmiienit showed signis of recovery.
I'lants growing in cultures Avhich received no sodiuim
treatments 1ecame pirogressivelv-more chlorotic. mak-
illg little further growth. On the other hand,
iarked growth occurred in the set of cultures
\\whi.ch had received sodiumll.

I lanlts in unitreated, anid inl lithliuIml, potassium
and rubidium sulfate treated cultures were indistin-
g,uishable. Bv the thirty-third day. somiie plants had
(lie(l in the cultures which hald inot received sodium.
'l'he mean y\lrvweights per cultur-e of 4 plants oh-
tainedl for each treatment on the forty-fourth dav
are shoxvn in table V.

At the finial harvest, the planlts in cultures which
received sod(1imii sulfate had mlade about 4 timies as
uclh growth as the p)lants in the cultures which lha(d

received the other treatments. The results of this
experimenit showv clearly that the essenitial fulictioil
of so(diumiii ini the nlutritioni of Atriplc.r v-esicaria canl-
nlot b)e per formed by equivalent amiounts of lithiumi,
l)otassitimn, or rubi(dium. 'T'his finding is simiiilar to
thlat of Allen and Arnol (1) whlo showed that the
bilne--reeni alga, ,inabacena cylidrica Lemill. lhas a

sp)ecific requiremiienit for sodiumil in its nlutrition
whicll is not satisfied by supplyiing any of the other
group I elemenlts in the same concentrationis.

Uptake anid Distributiont of Sodium antd Potassi-
m1l ini Plaimts of Atriplex cesicaria. The effects of
gra(luatedl amounits of sodium sulfate oIn dry weight

pro(luctioni and oin the conicenitrationis of sodiumil anid
potassium in leaves, stemiis and( roots of A triplCx
eSi-learia are shown- i in table \t. Seedlinlgs were
transferred to cultures () days after germlinationi, the
(lifferent treatmlenlts applied on the tenlth day, and
the plants harvested oIn tlle fifty-first day.

The drv weight production iiicreased asymptotic-
ally with increasio apl)lplications of so(liuimi stulfate.
Tlle conicenitratioins of sodiumii iniereased strikinglN ill
all fr-actioIns. especially in the leaves where the in-
crease was imiore thani 100-fold whell 0.60 mlieq liter
Of .a. S()4 w%vas stil)u)lied.

The coincenitrationls of lpotassitunm in leaves, stelis.
and roots inlcreased wshein 0.01 meq/liter of Na.,SO1
was stul)l)lie(l. but decreased w-heni the amotulnts of
sodiutllmi snlfate were fturther ilicrease(l to 0.60 meq,'
liter.

Discussion

Experiments have been descril)e(l in which sodiumii
was shown to lie ani essential nltitrienlt elemiient for
A4tiiplcx esiclaria accor(lintg to the criteria of Arlnon
andl Stotit (2). Planits, p)rotecte(l fromii atmosplheric
colntaminiationl of so(litimii. grown in ctultture soltitions
conitaininlg only slmiall amotunts of soditim showed
clharacteristic deficiencv symlmtoms by the vellowing
of their leaves and (levelopmenit of white nlecrotic
patclles oln tlleir tips and margins. Plants developed
few or n1o secon(lar slhoots a(li( in soille CaseS (lie(l
ait an earv sta-ge lio p)athogellic organ.llisills co111d be
fotiln(d ill their tissties. 'T'hlus. the first of the criteria
of Arnon an(l Stouit (2), v-iz.. ai (leficiellcv of it
makes it impl)ossille for the plant to coml)lete its life
cycle," Was satisfie(l.

In the secoli(l experiment described, so(litumii-
mleficielnt plants recovered after ani application of a

siiiall amiiounit of sodiumiii whichl had been delayed
until tlle oniset of severe sypll)tomls recovery took
abouit a week.

Table V1. Elffccts of 7'I-catmtlcnits of Sodium Sulfate on1 I)r (1 cighlt Pri-odutctiont and Cmincentrations of Sodium 111(1

Polassiiji ini lea.ves, .S't('1ins (od Roots of .tripleCX VCstil-iro

Thle istatistical treatment of total dry wxeight data was as follows:s I, V, [V, 111, 11 > I at 0.1 ( level of
si-nificance; VI > VT at 5 "/e level of significance II, III; IlI, IV IV, V inidistiniguishable.

Dry wt (g)
.A\l values are the meani of 5
cultures of 4 pilants each

ILeaves Stems Roots Total

Conic. of sodIiumii anid potassiunm (meq/,Kg)
All values are the meanis of (lilulicate samples

takeii fromii 5 repilicated cultures of
eaclh treatmenit

Sodlitili
Leaves Stenms Roots

Potassiuimi
Leaves Stenis Roots

1. No sodium sulfate
11. 0.01 meq/liter Na.,SO

Ill. 0.02 meqI/liter Na..SO
I V. 0.06 mecI/liter Na.,SO
V. 0.10( meq/liter Na.SO
VrI. O/.0 niqiliter Na. SO,

' rreatmnent

0 0560
0.257
0.377
0.461
0.489
0.685

0.008
0.043
0.066
0.088
0.089
() 149

0.022
0.098
0.138
0.173
0.193
0.267

0.086
0.398
0.581
0.722
0.771
1.101

10.0
47.8
78.3

213.(0
295.7

1,129

7.1
6.5

11.7
20.2
51 .0

338.7

2.6
(6.5
7.0
11.7
29.1

257.8

2,834 1,913
4,450 2,583
2,504 2,197
2,476 2,169
2,225 2,205
1,688 1,934

1.547
1,442
1,563
1.540
1.683
1,445

--()()
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The results of the third exl)erimenlt showed that
of the group 1 elements, lithiuttm, sosdiulmi, p)otassium
or rubidium only sodium broutgctt aboutt the reco\er\
of sodiumll-deficient planits of Atriplex. ZCsic(tio(.
TI'he plaits receiv-in-g lno so(litmmi ad(litionis to their
cultutres couldi niot le distiligutished fromii those re-
ceivi-g thie treatmenets of lithiutmii, potassium or rul)i-
(uitmii. It ap)peared, therefore. that the second of
the criteria, viz.. "stuch (leficielncv is specific to the
eleniielnt in quiestioll anld cani only be prevented by
suppl)lyiiig this element," lhas almllost certainly been
satisfied.

Tlhe ftulfillmenit of the thirdl of the criteria (2),
viz., "the elemiienit is (lirectlx involveed in the nuttrition
of the l)lant qtuite apart from its l)ossil)1e effects in
correctinig somie unifavorable microbiological or
chiemilical coniditioni of the soil mieditim," is difficult
to achiieve. How\ever,ler lants in these experiments
were gro\\vn in soltution ctilttire so that the sodiunm
supplied ini the treatmenits was imiore likely to hav,e
exerted its effects directlv in the ntitrition of the
planlt thcaln if miiore comilplicatedl nie(lia liad been tised.
Ev\eni so the possibility still exists that the sodiun
correcte(l aii uinifavorable chemilical or microbiological
con(litioln of the cuiltuire soluitioni, and this possibility
caniniot be (lisiiissed uintil a specific essenitial role of
sodilium in the metabolism of the planit has been
(lemolistrated. TI'hese experiments were of short du-
rationi so that the l)ossible comiplicatilln effects dete
to the depletion of nuttrienits in the cuiltuire solution
\were avoide(l, aiid the risk of the heaxvy infection
of the cuiltuires y organisiis suichi as algae, fungi
ali(l bacteria \vere miIiiiimize(I.

T'he lpotenitial souirces of so(liulimi to the l)Ianlt are
the cuiltuire soluition, water. culltuilre vessels, air inl
g,reenhouse and see(l, \xvhich aill requtlire fuirther cri-
tical examiniiatioln if v-ery lo\\- so(diuimil coln(litionis are
to l)e achieved in cuiltuires.

T'he salts of the cuilture solutioln contribute less
thani 0.07( eq "liter (0 0016 ppm) of sodliuiml to the
soltitioln. 'I'his amouint is calecilated fromil the sumii
of the impurities of sodiuimii remilaininig in the conl-
cenitrated solutionis of the iiidividiual salts of the
clultuire soluitionls. T'hese m-ere estimiiated with ani
atolimic absorption instruimielt, which was \orking
in some cases at the limits of its sensitivity. T'o
lmke fuirther progress in the plurification of certaini
salts a mior-e sensitixve instriuimlenit vould be needed
to dleterminle the efficiency of the proce(lires uise(l.

'I'lhe cultuire vessels al)l)eared satisfactory as the
amiiotinits of soditiuim they contributed to the cuiltuire
solitioni couil(l not be (letecte(l, nor couild any increase
in the so(litiuim in the w-ater they conitainie(d be detecte(l
after open cultuire vessels had( remained in the
pressurizedl greenilouise for a fortnight. However,
the concentrationi of sodiumii in \\ater in a culture
vessel after a fortnight of contilnuous aeration even
when covered, increased by 0.4 ,ueq/liter (0.01 ppm).
.\t this rate of conitaminiationi, tile aiioutint of sodiumin

in the miiost highly purifiedl soluttion tise(d in this
sttl(lv wottld b)e inlcreased many tinlmes in exveni a
slhort exl)erimient. However, in subsequent exl)eri-
ments the air tise(d for aeration wvas effectively free(d
from sodiunm by passing it through (listille(d water
contained in a traini of l)lastic vessels.

\Watet fromii the silica still conttaiin(e less than
0.0087n xeqi liter (0.0002 ppm ) of so(liuiim: thlis is
low comnared with the conicenitrationi of sodiumiii in
the cilttiure soluitioni aili would inot be an imhportant
souirce of sodiumiii excelt iin an experimiienlt in which
a lar-e amioutint of svater was Lis5e(l. The aiiouinit
of so(itiim contributed to a cilitture by the seed,s of
AtriplA' 'cesicaria wxas al)l)roximatelv 0.27 ,ueq per
see(l after washing in several changes of (listille(h
\water.

Summary

1Methods are (lescril)e(l by hich l)lants were
grrovnl iun(ler coniditiocns fromi which so(lititil was
carefully minimiized. Cuiltuire so1utions prel)ared
froml purified salts containie(d less than 0.07 peq/
liter (0.0016 pl)m) of sodiuim as ani imptirit anid
water containied less than 0.0087 ,ueq liter (0 0002
ppmii) of sodiumii.

Cuiltuires w%ere protecte(d fromil atmosplheric coni-
taminiation bv sodium in a smiiall greenhouise maill-
tained at a slightly positive pressure by a continuous
supply of filtere(d air. Uiidler these conlditionis it
was not possible to detect any increase in the amliouinit
of so(liimim in a cuiltuire or its planits over the perio(l
of an exlperiment.

Characteristic (leficieincv s mlptolis developel onl
about the twentieth dav by plaLints of Atriple.r- z esi-
caria Hlewar(l ex Benth. (Bladder salt bush') which
ha(l not receive(l an application of sodiuimi to thceir
ctultuires. Leaves becamie chlorotic and( develope(l
necrotic patches at their tips anidl along their margins
after which little fuirther growth was maade. fly
about the thirtv-fifth day somie plants diedl. Planits
receiving 0.02 imeq/liter (046 l)pnm) Na.,SO mliade
favorable growth atiid when harvested onl the forty-
eighit (laY hla(l ap)proximately 10 timiles the dry
weight of plants wvhich had not received sodiuiii.
Plants which had developed severe symptomlis of
sodiulmil deficiencv recovered within about 7 dlay s of
receiving all al)l)lication of sodilitil to their cuiltuir-e
solutions.

Only sodliiium of the grotil) clemilenits effected
the recovery of so(iuimid-deficienit plants of A!riPlc.r
vcsicaria. Plants receiving equivalent amoulnlts of
lithiuimi, p)otassiuili or rubidium in their ctilttires
coul( iiot be (distinguished from those to which no
additioni of sodiumii hadl beeln made.

It is conclided that small amounts of sodiiium are
essential for the growth aiid(developniienit of AtriplcA-
ves,icaria.

4o,,
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