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STUDIES ON THE ABSORPTION OF
SALTS BY PLANT ROOTS.

Salt absorpbion by plants iz generally concidered to bo a two
atage provess, ono phase of which is depondent on the motabolism of the el
The experimental evidence on the subjeet is limited and the proposed’ mechan:
of abgorption are based mainly on theoretical conaiderations.

The purpose of this thesis , therefore, iz bo study the upbake o
salts using rodicactive tracer techniques and to identlfy the oeéntre of cac
phage of the absorption nrocess in plant voots, A technique of sutoradis
hag been developed for use with water goluble isotopes, giving rosults ob b
cellular level with thin sections of root material. Four lons, celclum,
rubidinm, sulphate and lodide, were used in thess experimenta,

It has been shoun by this technigque that there are two phases in
the process of salbt absorpbion by exelsed plant roots and the existence of
tactive' phase has been esteblished. Hbymvﬁr, contrary to an assumptlon mad
in the mothed of isotople exchange, 1t has been shwwﬁ that the material rob
after oxchange ls not all actively absorbed.

The pasalve phase of sbsorption is associated with the epidernmis
the hypodermis end the endodermiss The ions telen up by the epldermis were
fomd to be readily exchangeable., The nature of the 1ocalisatid§ in the
hypodermig is aspumed to be a binding of the ion which has a low degree of
exchongeabilitys It is proposed that the endodormis acts as o bavrier to
diffusion in that pord of the voot beyond the reglon of ealeium accumlatilo

The agbive phase of abgorplbion is primarily associated with the

parenchyma of the domtox in the apical vegion of the root, this region bein
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tormed the reglon of csleiunm aacumulaﬁion; Cotione appoured to be localised
in the praﬁdﬁyieﬁ inttlel colls and in the ceniral cells of the root cap.

Catlon absorplion ocours in the opidermis, hypodermis, endodermi
cortleal pavenchyma of the aplcal region of the root and in the protoxylem
initlal cells. Anion absorptlon doss not appeer to oceur in the epidermis .
protoxylom initlals or in the contral cella of the rool dap.

On the sutoradiograpbie evidence, it is proposed that vacuolaer
accumnlation of cations ocourn in the corbical porenchyws in the region of
calelun ascoumulabions Anlon accumlabion does not oceur in the vacuoles bu
the cosd of sulphate lons, it is locslised in the rogion of the nuclous of
the eell, It is proposed that anilons are sbsorbed intu~theiﬁ regpective
mebabolic cycles in the cytoplosm of the eells fThe resulis obtolned with
gulphate iona suggest that the site of protelin metabolism in The cell, is
redtricted to the reglon of the nucleus of the cell.

The avtoradiogrephs show that there iz an intense localisetion o
non=exchongeable iong in the cortex in a region of the oot in which the
endodormls does nol robain iongs It i possible that these accumulated ion
form an osmotdc pump which promotas the £low of jons by diffusion fron the
axbornal solublion directly inté the stele in this reglon of the root, The
roglon of maximum salt gbsorptlon, therofore, is also the region of muximum

tranglocation.

Heleon P,V. Langloy
September 1961
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1.

The work desoribed here is part of a general programme of
research into the ccourrence of radicaoctive fallout in plants.

Salt absorption by plants is generally considered to be a
two stoge process, one phase of which is dependent on the metaboliam
of the cell. The experiuental evidence on the subject is limited
and the proposed meohanisns of absorption are based mainly on
theoretical considerations.

he purpose of this thesls, therefore, is to study the
uptoke of salts using radioactive tracer techniquea and to identify
the centre of each phase of the absorption process. The technique
of auntovadiography was considered to present the most practical
approach to the problem. The major parit of the work is therefore
concerned with the developument of a sultable teohnigue for use with
water soluble isotopes and with the establishment of this method by
repeated observations on root material.

Tour ilons, caloium, rubldium, sulphate and lodide were used
in investigetions on plant roots and the results obtained at the
celiular level of aubtoradlography are discussed in relation to proposed

hypotheses of salt absorption.







2.
GENERAL.

The absorption of salts into plant roots has been a subject
for aiaeusaibn for many years bub with the introduction of new technidues,
prineipelly using isotopic tracers, a ceriain amount of experdimentel
evidence has been obtained. These data, however, only apply to
‘?;Mfgl partioulor points in the process of absorption and the major part B
| remains purely hypothetiocal. o
In this introduction it is intended to review the literature

on salt absorption and to summerise the mechanisms of absorpilon proposed

previously, thus forwing o basis for further d&issussion.

REVIBY OF 708 LITBRATURD.

Tt is now sstablished (1-7) that there are two phases in the
sbaorption process, one vassive and one‘active in the sense that it

is assosiated with the expenditure of energy by the sell.

I} ABSORPTION,

Diffusion:-

Diffugion is the first step in the process of absorption and
it has been established that lon upbake by this means is o rapid and
reversible process (9-11).

It has been suggested by different workers that the region of
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the cell accessible to diffusion includes the cell wall and part of

the oytoplasm (12) or the cell wall and 211 of the oytoplasm (15~1¥) or
the botel water space (2,18,19). Hope and Stevens (20) have demonstrated
the existence of a Donnan equilibrium with the external solution due to
the presence of immoblile anions or cation exchange spots. These spota
are considered to be located in the cell wall {21-23) and are therefore
included in estimations of the space penessible to diffusion. Jence

the term Apparent Free Space {AJF.8.) has arisem whieh inoludes both the
space aceespible to diffusion and the Donnan Free Space (D.JF.8.).

The ﬁaﬁhamaﬁica off the measurement of Apparvent I'ree Space have
been exawmined by Briggs and Robertson (18] and values have been reported
ranging from 8~34% of the volume of the tissue deponding on the material
used and the particular ion under investigation (15,94=26). Levitt (24)
eriticises these estimations on the grounds that the bathing golution
is not completely removed from the material during blotting. It has also
been shown that the concentration of the solution immediately around the
specinen during treatment is greater than that in the bulk of the
solution (27). This surface film effeot would inerease the amound of
salt lef't on a speoinen and add to the value of the Apparent Free Space.
Estimates of Apporent Free Space are higher in exelsed roots than in
roots of intact seedlings (28 of . 29) which would suggeat that the

Apparent Pree Space of inbact roots does not extend into the sbele.
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The barrier to diffusion has not been positively identified
but some recent Pindings uphold the classical view of o functional
plasualenma(d0#35), Mochobbie and Dainty(36) by inserting miérawelectroﬂeg
into dlfferent regions of a cell, have shown thot the oytoplasn is bordered
by barriers to diffusion both at the inper and outer surfaces. In relation
to the movement of sodium, the latier appears 10 be move resistant to
diffusion(37). For caleium, the opposite has been found using bean
planta(58) .

Catlon Exchange:w

The ocourrense of cabion exchange is well attested in storage
tissue and in the roots of higher plants(l2,39«41). 1t is greater in
lesa netive tissue ( e.g. storage tissue coupared with meristematic tissue)
(3) and greater at low consentrations(42wd4).

Epstein and Leagett (45) have shown that the strontiun®®
absorbed into barley roots in the first relatively rapid, psssive uptake
is readily replaced by other cations and by hydrogen ions when the roots
are placed in weak aeid, It has been reported that z cation can be
replaced by one of greater valency (45~48) and that two cations of
sinilar valencies compete for the same site.

Cation exchange has been demonstrated in ether killed roots
(49,50) bubt Helmy and Blgaby (48) have also shown that the groups
responsible for cation exchange are easily déstrayeﬂ by killing the roots

with heat. Poisons may dinminish the nunber of sites available in the
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tisaue {H1) but in conbrast, 2.4 dlchlorophenoxyseetic acid ,by providing
adddbional “sites’ ocan ineresge the cation exchange capacity (52).
Several authors have presented theoretical discussions (535-55)
on the exchange of dons on single molecules which are capable of binding
both andons and cabtions tul since at normal exterwmal pH levels, acid
dligsoeintion pba&amin&tea, adsorpbive lon exchonge is larsely cationic(20).
The nature of the exchange sites is uncertain but they are
balieved to be lovabed in the cell wall {21#25,50«32) and the more recent
papers attribute lon exchange to unwethylated carboxyl sroups of the
gell wall copstituents {50,31). Despite the diversity in terns used to
deseribe these sibes, there is general agreenent as to thelr neawing,

vize,Pived or ot least congirvained negative valencies to which cationa

are atbracted.

Relation to Metabolismiw

Hoagland (56,57) has demonstrated that salt aseumlation is
supprossed under oconditions unfavourable to respivation and an increuent
of respivation has been observed to accompany the absorption of selts by
o cell (58,59 ).

By the use of vespiratory inhibitors, it has been found that

the sbsovpiion of both cabions and anions ds suppressed by substances




which inhibit glyeolysis and the Krebs oyale (60-64) . Lundeglrdn (59,65-67),
however, bases hls aschene of active absorption of anions on the spesific
abimulation of a oyanide-gensitive system, the latter being distinet
fron the ground respiration whioch is ingsensgitive to gyanide. The
osourrencé of the ayanidegengitive rvespiration and the light reversible
inhibition of ion absorplion by earbon manoxide (64,68) has led ImndegSrdh
(59;65%67) and others (68-76) to consider the cytochrome system.

iddleton {77) has found that dinitrophentl; glucose and
potassiun chioride all stimdate respiration in the same way and has
concluded that the stimulakion of a cyanide-sensitive system is a general
consequence of stimulating the respiration, however caused, rather than a
direct specifie stimulation of a teruinal oxidese; oytochrome oxidase in
the hypothesis proposed by Iundegfrdh. Hiddleton has suggested that the
sbtimdated respiration may be cyanide-sensitive because the cyanide~
ingensitive aystem is of limited capacity. I the total rate of
respiration exoeeds that of which the latter is capable, any cxcess
would be carried by the ¢cyanidessensitive system. This hypothesis
would explain the partiélly oyanide~gsensitive veapiration found in
beel discs by Robertson (G8,78).

It is not known whether both anions and catlons ocan cause this
“salt® vespiration (60+64) or whether only anions are responsible(59,65-67).
Buteliffe and others (77,70+85) have suggested that the presence of
potassivn alone can cause salt respiration.

Absoiption of eations in excess of anions has been demonstrated .
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This excess oation uptake is believed to be balanced by the production
of organic seid anlons and by the replacenent of previously absorbed
oations (98,83,84). 4t low pH iavels, carhbon dioxide is believed

to take the plade of blearbonate (85). Since these recetions do not
ocour under conditions of rapid upiske when both ions of o salt arve
equally abaorbed, it would appear that this exchange is a secondary

ef'fect related to the mointenance of slectrical neutrality,

Isotopic Bxohanget

The later experimental evidence supporting the theory of active
absorption has been derdived using isotopic exchange teechniques. In this
nethod the material is treated with a labelled ion for such & time as to
involve all phagses of sbsoprpbion. Subsequent treatment with the same but
unlabelled don replaces all tha‘gxchangaable paterial with the inactive
ion, leaving the actively acoumilated material in the Hlssue, presunably
behind & highly imperumeable harrier (46,86).

This work hes led to the suggestion that absorpbion involves the
operation of carricrs (86«88). It is assumed (2,5,5,8,80-93) that the ion
forms a complex with the carrier molecule, passes through a barpier
{ presunably the tonoplast ) between an ouber phase ( eytoplasm ) and
an inner phase ( vacﬁalar sap ) with the release of the ions in the

inner space, as surmarised in Figure 1.
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Kineties of Acbive Absorpbionsw

Tpstein and Hagen (86) have compared ion absorption involving
carriers with enzyme cataelysix. In both cases, the agent (ion or enzyme)
combines with & subatance (carrier ox substrabe) to form an intermediary
ocomplex which subsequently breaks down, transport or catalysis thus
having taken place.

On plotting the rate of active absorption of an ion obtained
by dsotopie exchange, as a funotion of its concentration according
to the Linewenver-purke method, a chavacteristic enzyne saturation curve
is obtained (45,86}. The analyses were developed further using the
Michaelis-Henten theory to determine whether cations were competing with
one another for the same carrier molecule. On plotiing the reciproaals
of absorption rate and concentration, stralght line graphs were obiained,
Goupetitive interierence was reflected in these graphs by an inerease in
the ratio of slope to interdept. Nonwsompetitive interference, on the
other handy caused no increase in either factor. Table 1 summarises
these inbteractions (45).

It wounld appear that iouns of similar chemical behaviour act
as metabolic analogues and compete for the same carrier. At high
conoentrations some non-competing ions have heen shown o be competitive
(3) tut the effects are not all antagonistie. Synergistic effects have
been observed by Viets (46) and Overstreet and Handley (47) who find
that absorption of monovalent cations is promoted by dlvalent and poly=

valent cations., Inereased absorption of sulphate (26), potassium (93),
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rubidiun and phosphate ions (42) has been observed in the presence of
oaleinm ions. |

The natupre of the caprriers is unknown but it has been proposed
that nore thon one corrier might be involved in the absorption of a single
ion speocies (968-99). Fried and Noggle (98) suggest that one carrier
might dominate at low ﬁanaenérati@na ani another at high coneentrations.
Taties (100) has presented evidence that carriers are generated by the
cell prior to the absorption process.

The evidence on gelectivity of the carrier asotion and none
selectivity of the exchangse process would suggest that the enbibies
involved in euch case are not identical. ZAssuming the entities to be
the same, oarrier formation would be expected to take plase at the site
of sxchonge abaorption which is generally understood to be the ¢ell wall.
The carvier progess wonld then entail the movement of the carrier couplex
aorosa o possible harvier in the plasmalemna, through the oytoplasa and
aoross the tonoplant. The reduced carrler would then be reguired to
return $o the cell wall. The suggestion that mitochondria sot as curriers
introduces similer problems o the system of identical exchunge and
carrier molecules.

It is uvncertain whether an initial exchange precedes active
ascumulation. Russell (101) and others (80,102-104) consider this
intermediate stage to be necessary but Hylmo (105) has suggested that
the ivmediate subsirate for active absorpbtion is the solution in the free

space of the tissue which tends to equilibrium with the external solution.
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Figure 2. Phosphorylation Mechanism after Robertson (8).
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3. SUGGESTED MEGHANISNS OF AGUIVE ABSORPYION,

Various theorias have been proposed as to the nature of the
carriers , thelr wode of aotion and the source of encrgy for absorpition.
No single hypothesis attenpts to explain all three points but the

following ave the wost comprehensive,

Phosphorylation Nechanlisnsiw

Robertson (8) postulates that the Pirst act of secretion op
aotive sbaorption,depends on the separation of positive and negative
charges (H* and €*), An ¢lectron is believed to move through an electron
carrler system in a mewbrane and lead to the formation of a hydroxyl
ion at the other side off the membrane. Bvidence that an anlon ocorpier
might also be involved, suggeated thal o subsbonce which carries an
glectron in ope direction wight be able to carry an anion in the opposite
divection. It is essential to this hypothesis thot a complex between
the anion and the oxidised redox substance is formed but the complex
mist ooeur in the lipoid mewbrane ao that the anlon cesses to exist as a
negative charge in water and becones part of a moleculs in a mermbrane
of low permesbility to the free ion. Cations may then move along the
electrochenioal potential set up by the ackive absorption of the anion.
A dlegranmatie representation of this hypothesis is shown in Pigure 2
with the proposed nechanisn of engrgy production by phosphoryiation in
Pigure 4. “

Several nethods have been based on the ubilization of phosphate
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energy but differing in the nature of the carrier. Ribonuclele acid (108),
phosphatidic aecid (107) and lecithins (108) have been suggested as
possible carrders and sald upbalke has been linked with protein synthesis

(109), the proposed carviers being auphoteric nitrogen compounds (110).

Redox Byabengiw

| The &unﬁeggrdh bypothesis (111) is similer o thait of Robertson
in that only aniéns ave considered 4o be aobively accumylated. These
are agein exchanged for eleotrons but whereas Roberison does not specify
the electron transport systenm inﬂﬁlved,‘&ﬂn&egﬁ&dh proposes the
sytochrone pathway as detailed iln Figure 4. Both 6f these avithors and
others (5,112,113) esnéider*that asonimlation of fons tokes place in the
mitochondria. The hypothesis laid down by lundegfindh has received mieh
eriticiam and he has modifled it to apply to the halogens only.

Gonway (114) has proposed o mechenisa for the transport of
cations which resenbles that of Lundepfrdh for anions. He has suggested
that o eation begomes bound to a redused respiratory intermediate which
becomes oxidised on the other side of the menbrane by transferring an
electron to another oxidised substance which he does not specify. The
oxidised carrier retubrns aovoss the nerbrane where it is reduced and

becomes capable of aocepding another ion.

Albernatives o the Careier Hypobhesigse

1. & vevent poper (115) desoribing inveginations in the cell
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walls of plants gives support to Bemmett’s theory (116) that ions become
bound to the ouber surfase of the membrane and are transferred to
isolated vesieles within the menbrane by invagination and pinching off,
The membrane surrounding the vesiele is then decomposed and the iona
are released in the free stuate.

2. Hutton (117) has suggested a mechonism in animal cells which
pay be applicable to plant cells. It involves reversible hydration and
dehydration of the mewbrane and pernits a unified explanation of the
electrical behaviour of cells and of differential permeability.

3.« Saltman hos proposed that anions and some cations { zinc and
copper) are abaorbed divectly into metabolic eyeles which would imply

that the link with respiration is indirect (118,119).

4, TRANSLOCATION.

Tt is gonerally accepted that the movement of salts seross

the cortex is passive. The cortex is considered to act as a single cell
in passing lons across successive layers of protoplasm - a synplast (69,104,
Plasunodesmata are known fo permeste plant oell walls giving o eontinucus
cytoplasn across the coritex (120,121).

| It has been suggested that the non=metabolic flow of salts may
be caused by the concentration gradient (2) or the inoreasingly anaerobic
econditions in the region enclosed by the ondodermis(117). However this regio

is considered to be adequately aetnted by the interecelliunlar spaces (124).'
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fona are knqwn.to be able to move against a2 high concentration
gradient (122) into the stele which would necessitate the expenditure
of energy to transport ions into the xylem. The conclusions, thgrefcré,
are that the endodernis acts as o high resistance barrier and that 1ts
sotion is comparable to the tonoplast of a single cell (28,123). Hylmo
agrees with thls suggestlon and proposes that salts alse enter the stele
p&aa;vely by breaks in the éndoﬁérmia and are actiVvely acoumilaoted by
tﬁa protogylen (105). |
- »Mwhe ions for transpord inﬁo‘%he‘sﬁeie are oenéider&d to be ;
derived frbm those freely moving in the symplast (1~7§.‘ he vaaualek
is réggr&ea a8 a cul de sae (8,7,194-126) but fpstein (3) considers that
ions m;y be relessed from the vacuoles for tranépért to the shoot in
sages of stevvation. Lundegdrdh (2) has proptsed that the salts present
in the vacuolar sap act as an osmotic pump which promobes the flow of ions
into the stele.

Upward movenent of gsalts 1s generally understood to occur in
the xylem (18,38,127) but several authors consider that they are
transported in the phloenm {128+150). Lateral transport la assuned
to occeur fvom the mylem to the cells along the path of transport by
exchange and aotive acounulation. Downward movement from leaves of
nornally immobile caleium has been demonstrated in the xylem in the

presence of diethyl ether (38).
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SUMMARY OF THE PRESENT STALE OF KNOWLEDGR.

It is established that the passive phase of absorption includes
cation ezchange, adaorption and diffusion resulting in a Donnan equilibrium
with the external solution. - These are essentially physical processes
and will proceed at low teumperatures or in an inert gas. The regions
of the cell accessible to diffusion are not certain and values of the
Apparent Free Space have been found t¢ be dependent on the plant material
and the ion under investigation., The tonoplast is considered to form
a barrier to diffusion while the plasmealemma may or may not constitute
& barrier. The nature of the cation exchange spots is not known but
they are congidered to be located in the cell wall.

The dependence of aotive uptake on the metabolisnm of the vell
is asoepted but the source of energy for absorption and the link with
regpivation are not clear. It has been proposed that the latter nay
be direct as in the 1un&eggrah hypothesis or indireet as indicated by
Niddleton. Anions alone or the presence of anions and cations together
may be requirved to csuse salt respiration.

The carrier mechanism is generally regarvded as presenting an
explanation for the spatial transport of ilons across a membrane. Several
compounds have been suggested as carriers bub none are based on
experinental evidence.

It is unlikely that the carviers in active absorption are

identical to the entities involved in cation exchange. The latter process
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is not generally considered to be a necessary step preceding active
aceunulation. The substrate for adtive abgorption dis taken to be the
freely diffusible materdal in the Apparent Free Space.

Pable IT stmmerises the date on the two phases of absorption .

Tranglocation is believed o ocour passively by diffusion and
nass flow across a sywplast. It ig ye#&ihle that the salt assumulated
in the vacuoles formg an oamotic pump bto promote the flow of selts into
the xylem. = The endodermis is considered to form a barrier and it is
coneinded that there is ap acktive process involved in transporting lons

across the endodermis to the xylew for transport to the shoot.

It is evident from the survey of {the literature on salt uphake
that, although the existenve of o two stage sbsorptlion process is
generally sccepted, very little is known of the setive phase. The
 mechanisn involving the use of carriers is hypothetical as are most of
the proposed mechanisms. fHrom investigations using the technique of
lsotople exchenge, Epataﬂn and others have built up a pattern of the
inkerrelationships of dilfferent ions on salt uptake. The remaining
experimental evidenve 1s not great and is concerned with isolated
details. The field for experimental iuvestipgation is therefore extensive,

It was Peld thet an atbenpt shonld be nmade to establish the
site of cation exchange and of the astive process in plant roots and

in individusl cells. The technique of sutoradiography was considered to
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afford the most prectical cpproach to the problem. The firvst experiments,
therefore, are concerned with formdating the conditions of treatnent
af the root material. The use of waber soluble isotopes has nocessitated
the developuent of a method of fixation which would prgv&#ﬁ any
ddgplacenent of the seld in the material during the prepavation of the
autoradiograph.

Awtoradiographs oblained with o monovalend onion and cation
end with a divalent anlon and cation are deseribed und are discussed in

relation to the hypotheses of uptake deteiled in the intwroduction.




PART 1. THECHNIGUE.



FORMULARION OF THE CONDITIONS
OF TREATHMENT.

The technigue of isotopic exohonge has been used to obtain
guantitative estinations of the absorption of several anions and of
potagsium and strontium in barley, pes and bean roots. In the present
investigation, the seleotion of the root material was determined by the
sise of the cells, the ease with whioh the material could be hondled and
sectioned and by the avellability of o large nuuber of roots of uniform
size and stage of growth at eny given time. Allium cepa, Narcissus sp.
and Amaryllis hippeagtrum wers found to give suliable roots when grown in
consbantly aerated top webter. Roots of Dendvebiun sp. were of inberest
later ginge they have a meny layered epldermis and a elearly defined
hypodernis. These were obtained fron the Botenic CGardens, Glasgow. Ixcised
roots ware vaed in all expériments and were consldered to absorb salds in
the same way as roots of intect plants except that the vessels of +the steie
were open at one end to the bathing solution , thus removing the effect
of trengpiration, The roots were assumed to be viable since plasmolysis
of the cells could be demonsbrated.,

Becsuse of the dultlal conmeetion of this work with fall~out
studies, atbtention was directed to strontiun. However, caleium, the
webabolic analogue of strontium, was chosen since it is more sultadle for

antoradiography as will be shown in o later seetion. 0a'*® as a solution
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of galoium chloride was obtained fron the Radiosheniecal Centre, smershan.

1. Bffeot of Concentration:=

To determine the optimum concentration for the absorption of
caloium, onion roots were exclsed 1 inch long and were treated at 509
with labelled oaleium chloride solutions having concentrations ranging
from 55~ 0+005meq.0a/l. Roots were removed from the tubes at regular
time intervals and rapldly rinsed three tines in delonized water. The
waterinl was blotbted and welghed before ashing at Y00°C¢ for 2 hours.

The ash was dlssolved in dilute hydrochlorie acid and made up to 25uls.
1 ml. of this sclution was dried evenly on a watch glass () inch) and
counted with a Geliger Miller end window counter. %he weight of ecaleiun
chloride on the wateh glass was less than 0+Qlgm. and self absorption
was negligible. The counts were converted 4o c.p.m./zn. fresh weight
of root material and these values were plotted against time for sach
concentration of eoleium in the exteornal solution (Figures Sell1).

The ratio of the actlvity in the root (c.p.n./gn. fresh weight)
to the setivity in the externsl solution (c.p.mv/ml.) at a given time
will be referred to as the concentration factodr, In Figure 12 the
results of the above experiments are summarised vhere the value of the
concentration factor at 400 ninutes Pfor each concentration used is plotted

agalnst the concentration of caleium in the external solution.
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It would appear fron this curve that the amount of osleium token up
by the roots deoreases as the eoncentration of caleium in the external
golution is inereaséd;

P 1 me%»yﬁf galoiunm is taken to oontain a certain amount of
activity and the relati?e asmounts of aotivity absorbed at each concentration
ave calovlabed using the concentration factor, then an estimate of the
absolute activity absorbed is obtained, It was found by this ealeulation

that absorption was maximal between 0+5 and 2°0 med. Ca/flitre. (Table IIT ).

2. Active Absorptionie

In the original upteke ourve (e.g. Figure 7) the part of the
curve above the shoulder { BC ) is taken to represent the period of
active absorption (45,86). By extrapolation of this line to zero time,
( BA ) an estimate of the asetive uptake is obtained from the difference
between the count at 1440 minutes ( O ) and the count at zero time ( 4 ).
This caloulation was made at each congentration and sonverted Ho percentage
aotive uptake of the total uptake at 1440 ninutes. This percentage was
related to concentration as shown in Figure 13.

A saleulation of the astivity abaorbed by active processes
as absolute activity showed that the latter inoreased with decreasing

gongentration of caleiun in the external solution.

3. Effect of pH level:m

Caloiun chloride sclutions of 0+5 meq.Ca/l. were prepared with




B.‘,Vigﬁrefi@.a The eff‘ect of‘ ilfferent pH levels on the‘iabsorptlon
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hydrochloric acld and ammonium hydroxide such that a range of pH values
was oObtained between pil 2.8 and 9+4, ag measured on o Garbridge pH
neter. Mgure 14 represents the uptake of c¢aleium by onion roots
(e.pwm./gn. Fresh wt.) at various pH levels. The results agree with
Olsenss findings (131) that at pH levels above 5'5, cation uptake is
incressed while below this level, the uptake is diminished. It would
appesr that at pH 55 anions and cations are equally available for

absorption.

4, Uptoke from a Full Nutrdient Solubtlon:e

The abgsorption of ealoium firom a full nutrient solution was
followed by repeating the uptske procedure for o single salt but using
o Hoogland solution containing CGa*® (Figure 15). 'The presence off other
cationg did not appear to alter the absorption charvacteristics but the
concentration factor was less than that obtalned from a single salt

treatnent, using a2 solution off the same caloium concentration.

DXCHANGE 0F CALCIUN.

1. Oxebange Curvesw

Onion roots were treated with a labelled caleium chloride
solution of 0*5 meq.Ca/l. for 240 minutes at 30°C, rinsed three times
in deionized water, blotted and transferred to an unlabelled solution

of the same concentration of ecaloium. Samplea were taken off oiter
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several time inbervals and counted as before. The exchange curve of
copeits/gn. fresh welght againgt time is shown in Pigure 16. It s
avident from this curve that exchange did not go to completion under
the conditions of the experiment. The activity (e.p.n./gn.) left in
the material was 1456 times the eount per ml. of the labelled treatment
solution and approximately 40 times the count per mi» of the exchange
solution after use. The calcium rempining in the roots after exchange

is considered 4o be sotively absorbed.

2. Bxzchange in Several Solutions and at Low pH Revelas.

To determine whether ezchange wes vomplete under the conditions
outlined above, exchange was carrded out in three successive solutions
containing 0+5 meq.0a/l., The effect of a low pH on the exchange of
caleivm was alao investigated by exchanging in a calaium chloride
solution prepared with hyﬂrouh;er&a acid to give o pH of 2°8 . The
resulls ore presented in Figure 17. It would appear that there is no
difference in the exbtent of exchange when fhraa successive exchange
solubions are vaed. At the lower pH Jevel, exchange sppesred to continue
after & hours ané wight have gone 4o completion wlih increased exchange
times, This weﬁlﬂ suggest a loosening of some bin@ing of ealolum which

does not oceur at the normal experinental pH of 5+85 .

3 Eﬁcﬁange‘in & Full Nutrient Solubionie

An exchange curve was obtained by repeating the above procedure
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nsing o full nutrient solution for exchange (Figure 18). The exchange
characteristios were similar to those obtained by ex¢hange in a single
salt solution. The final dount per gm. of root material was found to

be greater thon the count per ml. of the uptake solution from which it

is agsumed that the caloium yetained by the voot was actively acoumnlated,

ROOT MATERTALS.

The uptake and exchange characteriastios of roota of Narcigsus
spe«, Dendrobiun sp. and Amaryllis hippenstrum were obtained by repeating
the procedure Pollowed with onion vodts. The caleiunm concentration
used was 0’5 tieq.Ca/l. and the resulis for the four different materials
are compared in Pigure 19. where the concentration factor is plotted
againgt tine. Awmaryllis hippesstyum appesrs to absorb galeium very
slowly ond under the conditbions of the experinment, the count per gu.
of roots did not equal the. count per ml. of the external solution. From
ﬁhe‘differendea obtained in the congenitration with thege roots, it would
aﬁpe@r that the absorption of celéium by excised voots varies greatly
fron genus to genus though the physiologieal stote of the plonts nay
have a congiderable effeoct. |

It was decided as o standard procedure to treat onion roots
at 50°C with G2*® as a solution of ealodun chlovide containing 0+5 meq.la/l.
at & pi of 8+5 for more than %00 ninubtes to include the active phuse of
abaqrption. Diehange would then be carried out in one selution of ¢aloium

chloride of the sawe goncentration,pH and tenperature for the same tine.
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DEVELOPMENT OF A METHOD
OF FIXATION.

The sucaessful applicetion of the autoradiographie method at
the cellular level requires that the method of Pixation shall prevent
the displacement of labelled dons or molecules from the locations which
they ocoupy at the end of the exoerinmental treatuwent. The difficulties
of achieving this avre maximal when, as in the present investigation,
the material heing gtuaied is largely in the forn of freely soluble,
readily diffusible dons. While it was realised therefors; that the
classical nethods of liouid fixstion were likely to be of little use in
this case, tests weve carried out o determine whether some significant
froction of the absorbed tracer was present in & form not reedily

removable by the Liquid treatments.

1. Roots btrested as deseribed in the previous section were
fixed in Carnoy le Brun £ivid for lSminutes, washed in aleohol and teken
through xzylol to paraffin. Counts on the solutions after use showed that
considerable leaching of Ga*® had in fact osourred, mainly in the fizative
but also in the aleohol washes. Autoradiographs of the apleal region
of tha root showed many large reduced grains after very short exposure
tines. These appeared in the same focal plene as the autoradiographic

f.1n and were not due to precipitation of the stain, It was congldered
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that an artefact bad arisen due to some constituent of the Pixative.
ga*® was locoted only above the outer layers of cells of the root and
there was no visible loocalisation in the cortex or endodernmis of exchanged
or nonwexchanged roots ag was found with the {reese dried material.
Tt was assuned therefore, that most of the Ca*® had been leached Prom
the tisane.

2. Soobtt Russell (132) has detailed o methed of precipitation
“in situ® of water soluble F*® with 2 basie lend acetate solution in
aleohol at -70% . A parallel precipitation was carried out on voots
labelled with Ca*®, Aloohol saturated with oxalis acid at «-70°C was
used but on counting the solution after use, it was found that practicully

all the valeium had been leached from the tlssue.

Frozen sectioning was atbempted on a horizontal sledge miorcionme
with the blade cooled by sarbon dioxide. BJeotions were immediately
brughed onto slides eooled on o dish of drikold and fransferred to the
darkroom, Hections were pressed against slides previously prepared
with antoradiographic i"lnm and expoged in 2 bin of drikold. The
practicabllilty of keeping the sections frozen and the unavoidable
formation of a layer of ice cryatals cbove the frozen section resulted

in o sertain amount of leaching and loss of resolution. In addition the
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displacenment of the sections during development prevented an accurate
aspsociation of the antoradiopraphic dmage with any tissue. Realignment

was not successful and the method was not further investisgated.

PREDZE DRYING.

The primary concern is o prevent movement of water soluble
ions in the material during Preesing and drying. A temperature of -40°C
is considered Lo be necessary to prevent enzymatic decomposition of the
tissue (183,154) and it has been proposed that a specimen temperature
of ~55°¢, ai the eutecble polnt of the salt systems in the tissue, should
be maintained durding drylng to prevent movement of' inorganic ions. Gersh
and Stephenson (155), however, consider that data on the eutectics of the

various salts have no bearing on the problen.

1. Apparatusye
This temperature requirement has deterwmined the design of

the freese drying apparatus o be used. Glick and Malmstrom (136) have
devised an apperatus for drying at very ow tenperatures but which consists
of a single unit involving compliosted glass blowing. The important
features of their apparatus have been incorporated into the final design
used in the present work. 9The appavatus is shown in Figure 20.

The drying chanber consisis of an oubter glazs tube of 9+5 inches
diameter with a ground glass connection 0 an inner glass tube or liguid

nitrogen probe. During the primery dvying the water drawn fron the material
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1s condensed on the surface of the probe and s later removed when the
deying under liguid nitrogen is complete,tc a phosphorus pentoxide trap
pleved above the pump. The sysbtem is evacusted by means of a Speedivac
Rotary pump No. 29650. {with air ballast) which is capable of a vacuun

of below 0001 m.m. meroury when liguid nitrogen is present in the syaten.
Vacuun nessurements are made on a Plranl gauge oconnected directly to

the dehydration chamber. Obther designs of apparatus conneot the gauge
between the pump and the drying chanber but it was conslidered thot a

nore accurate value of the vacuum in the chamber itself would be obtained

by plaging the gauge af'ter the chamber in the appavatus.

22 Drying Rotetw

To obbtain the maximam drying rate of the waterisl ; several
features of design and operation were considered. It was necessary that
the material to be dried should be held at a distance of less than the
nean free path of water molecules from the condenser surfuce. Under
the expected drying vacuun, the caleulated dlstance was 4 cung. An
aluniniun stege 2+5 inches in helght and drilled to a depth of 0475 inch
wags deslgned to carpy the roots at the reduired dlstance from the probe.

The rools (1 inch in length) as used in ihe uplake experinents,
although off small diamcber, requirsd excessive drying times. Therefore
hali' inch roobs were treated and af'ber freezing were split into three
uaing a cooled scalpel, forceps and platform (+70°0) to give picoes

approximately 4 mm. §n lengbth and 15 wm. in dlameter. These were readily
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dried and ecbedded.

ﬂﬁﬁy changes in the temperature of the material during deying
was Pollowed by means of a thermocouple. A gcopper/ nioclkel chrome
therrocouple was ealibrobted againgt an isospentane thevmometer (109-200°C).
The wires in the apparatus were covered with polythene tubing to prevent
tenperature offests due to the liquid nibrogon probe. Binee it was nob
ponsible o attach the thermosouple to the aluminium stage, an & mm. oube

of 5% ager was frozen in liquid nitrogen on the -thermocouple tip and

;mmaai&ﬁaly‘intrbau&ed into the apparatus. The temperature rose to ~4990

and this was maintained during drying. A sheady specimen temperature
of «55°G was obtained by holding the moterial in liguid nitrogen in the
apparatus and then applying the vacuun ,

Andrew and Hele (137) recommend the use of a thermistor system
to control the temperature of the material during dvylng but the use of
o eryostat in the appavatusy ag shown in Fikure 21. was considered to be
as effeotive. The cryostat employed was chloreforn in this ecase, which
solidifies at 6359 but constant stirping of the cryoastat was reguired
to maintain an even temperature along the length of the tube., The drying
vate using thls systen was approximetely the same as that in which no
external coolant wes used. The use of an acebong/drikold mixture
inmediately apround the dvying chanber slightly decreased the drying vate.

A drying rate curve was obbained for the above system but with

ne sxbernal coolant. Samples of ondon root material were btaken ofP after
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dlfferent intervels of time, welghed and dried in an air oven to constant
weight (Figure 22). When the drying time ex¢eeded 10 houvrs the apparatus
was held overnight in acetone/drikold and dryipg continued the falzaﬁing
day. The period in acetone/drikold did not epparently cause any
appreciable drying of the material. From the drying ourve it can be

seen that approxinately 907 of the moisture was removed after 24 hours

in ligquid nitrogen and it was found that drying with phosphorus pantoxide'
after this period was similar to prolonged devying in liquid nitrogen.

The moisture content after 24 hours wa# Jower than the corresponding mono-
layer condition (B.B.T. theory) (138) and would not form a continuous
phage permitting donic diffusion. The rise to room tenperature would
not therefore be expected to allow movenment of oaleium. Only small
amounts of material could be drded at one ftime which resulted in very

low welghts of frecze dried materisl. The limitation of the balance
inereaned the perdentage exror in determinations of residual moisture

in material of less than 107 molsture.

The drying curve, however, does give an indication of the time
required for drying under the adopted system. The conditions selected
involved drying for rot less than 30 hours in liquid nitrogen followed
by not less than 100 hours with phosphorus pentoxide as the secondary
condenser. FPreezing was carrled out in iso-pentane cooled with liquid
nitrogen to o temperature of ~160° and the material held in liquid
nitrogen in the grooves of the stage until the application of the vapuun

such that a steady apecimen temperature of -55°C was maintained during

drying.



28

e Tests to Deteot ﬁisé'iawmenﬁ of Caloiun Tonsee

Freesing in isospentane gooled with liquid nitrogen is very
rapid and it was not enticipated thet displasement of inorganie lons
would ocdur. However, the following tests were carrded out to asonfienm
this assunption.

5% agar gels were prepored with (a) water (b) a calelum solution
of 0+5 meq.Ca/l. (o) a labelled caleiun solution of 05 meq.Ca/l. and
an aotivity of 356 x 10 o.p.n./8 none oube. 8 wm. cubes of cash zel were
Joined together on & fuse wire and lmmediately fvosen in iso=pentane
sooded with liquid nitrogen. Counts were nmade of casch gel af'ter freczing
for geveral time intervels up to 30 minutes. The maximunm count in the
unlabelled pgels was 6 o«p.me which gould be attribubed to contant of
the pleces rather than to diffusion of Ca'®. less than 15 seconds was
required o frceeze o 1 om. tube of agar gel o a temperature of ~160°C.

A sinilar examination of the adopted freege drving procedure
wes made by drying three ouhes of gel prepared as above, under the
novmal drying conditions. Counts were obtained of the sane orier as
those in the testa on freezing. From autoradiographs on x-ray filn of
the dried gels, it ﬁas apparent that no displacement of caleoium had
voeenprred. fThe chayactoristle pattern of caleiun absorption was found to
be exactly reproduced in cach of elght separate freeze drylng runs which
would also support the sontention that the procedure developed in this

instance does not perndt displacenent of inorgenlc iong.
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4. Brbeddingie

It was found to be an advantege to embed the dried matepial
in the apperatus without breaking the vacuvun. Favaffin wax (M.Pt. 54°C)
was therefore denerated in the ocavitles of the stage before drying of
the root materdals Dmbedding wos repid ( 15 minutes ) but was usually
continued for 3 houra, after which the solid paveffin cylinders, with the
root material embedded, wers transPerved to a B57°0 incubator for 12 hours.

In this way almost all the roots were sompletely dnfiltrated with wax,
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DEVELOPMENT OF THE THCHUNIQUR

OF AUTORADIOGRAFIY .

The technique of asutoradiography originated from studlies by
Beequerel on fluorescence bub the resulis were not recognised as being
due to radicaetivity until uranium compounds were found to produce the
sane effeot on photographlie plates. BSeveral new teshniques have been
developed in recent years with the introduction of more sensitive
emulslons and the ready availability of a wide range of lsotopes. In
the present investigation, the stripping filn technique originated by
Pele (139) was seleoted Por use since it 43 capable of the highest

resolution with thin seotions of material.

Resolution is an arbitrory term whiech is used to indicate the
relative nerits of an sutovadiograph. In the autoradiographic image
the reduced grains arve of'ten grouped together to form aggregabes.
Quantitative measurements of resolution have been based on the diameter
and density of these aggregates or on the distance between seporate
aggrega&es. However, fron a practiloal point of view. in the work with
secbioned material, the concept of resolution has come to mean the
precision of locating o souree of activity in a spesinen, that is to say,
the more precizsely one can assoclate the auboradiographic image with a

histological atructure or single dell, the higher is the resolution.



There are many {factors whioch influence resolution, such as exposure
time, iaotope and section thickness so that it becomes difficult to
standardise this propetty. Quanbtitative neasurements on auntoradiographs
ave only Peasible where the conditions of preparation of the autce .

pradiographs have been exaetly reproduced.

3 » ? !ﬁﬁ‘;@ﬂfﬁﬁ& »

Sections were cut on & horizontal sledge mierotome from
paraffin blocks. It was desirable that the sectlons should be less than
one cell thiock such that the image obtalned could be asourately related
to a single cell without interference from setivity in cells or parts of
cells underneath. In work with water soluble isotopes, floating=out of
the seotions to eliminate ¢rinkling is nobt possible and therefore the
thinnest scotions available which remained fiat after sectioning were
10p thick. These were pressed onto cleaned slides and fhe paraffin

renoved with xylol to prevent balleooning when the slides were developed.

5 IMPURMEABLE PILIS.

To obtain maximuw resolution it is necessary %o apply the
autoradiographic film directly shove the sections gince the greater

the distance of the £ilm Prom the source of activity, the greater is the
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apvee of the emulsion over which the rays from the source couse grain
peduotion. In the stripping £ilnm technique, the £film 4s applied wet and
therefore sn impermeable £iln must be included ebove the section to |
prevent leashing of the isotope. To nmaintein optinmal resolution it was
necessary that the £ilw applied should be less then lp thick. At this
thickness dry films could not be handled and the selection of the filn
nmaterial therefore depended on the use of a solvent which would not
gaugse leschipg, A 1°5% wb./vol. solution of Saran (1000 a.p.s. vinylidine
ghloride) in methyl ethyl ketone was found to be suitable. The surface
of the Saran coating was strongly hydrophoble when dry and it was found
that the aubtoradivgraphic £ilm was madily displaced during developmont.
To prevent this, an internediate film of celloidin was used. Good
gonbact between the antoradiographic £ilm and the slide was obtained by
dipping the Saran coated slide into a JZ wt./vol. solution of celloidin
in o 50/50 vol./vol. mixture of gbsolute aloohol and ethor, 30 seconds
before the application of the antoradiographis film. T4 was ossuned
that leaching did not ocour during cooting with celleidin since the
alcohol/ether solvent was not able to penetrate the Ssran layer, The
average dlstance Prom the acction to the autoradiographic Film was 1°1u.
The additionsl property of Saran in being able o withstand strong
alkali, has deoreased the damage to the seotions noruwally cavsed by the
developing solutions.

A% fivst,sections were simply pressed onto slides coated with
gelatin or oelloldin but it was found that these layers adsorbed the

stains used af'ter development and were not readily destained hy water
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oy aleohol., VWhen é 0454 solution of Bavan was used as the primary
adhesive, the sestions were readily mounted and when the imperneable
soating was appliedy the result wos an even layey of Saran enclosing
the sections and this completely prevented leaching. It was found that

the Savan layer adsorbed the stains 4o only o very liomited extent.

The advanteges of the stripping £iln teﬁhnﬁ.@ué éver vther
nethods is that 2 very thin and unifornm sam:’:.tive layer of silver halide
can be applied o o }spmfi?mem Gomparative stulies of the;: various siripping
emulsions have not been made but Boyd (140) gives estinates of the
relobive mné‘itivitiea as a gulde in selecting o £ilm. Kodak 4.1, 10
emiisions are less sensitive bub give o higher resolution then the
Kodak ARDH0 eamﬁ&ipns which give & quick response to the mtivity in
the spegimen bgmﬁhaw’ only a low resolutions The A0 plaﬁea vmre
used for investigations at the cellular level.

The stripping layer was divided into 6,8 or 12 depending on
the area of the slide 4o be covered,and the pleses stripped slowly and
evenly to prevent flashing due to electrostatie disoharges. They were
turned over before placing on the surface of a water trough sush that
the emulsion would face the sections when 1ifted. The gelatin expanded
fally in 3 minutes in water whioh spread the emulsion into an even

finer loyer. The film was lifted by dipping the prepared slide under




the film which then wrapped tightly avound the slide. The films were
dried at room temperature and expoged at 4°C . Exposure of the £ilns

at o reduced bemperature cut down the background on the slides.

The time 6f exposure which is necessery depends on the energy
of the £ emission and the half life of the isotope under investigation,
the astivity in the seotions and the sensitivity of the filn used. The
sensitivity of the film is determined by the degree of resolution
required and the selection of the isotope by the nature of the
investigation undertaken. UOalolun was seleoted in prefererice to strontiun
because of the low maximun energy of the § radiation of a*? which males
possible & higher resolution and reduces the spreading of the image.

The activity in a seotion moy bo evenly digtributed or loeslised in
distinet areas. In the labber oase a shorter exposure oan be expetted
due o the ouvncentration of agtivity. In a 10p seotion the amount of
dsotope 1s very low and therefore the isotope applied must be of o high
spesifio activity.

 Estimates of exposure times can be obiained by veleulation (141)
but these are usually underestinates and the gimplest method is to
expose o serles of slides of simllar astivity for different periods of
bine to debermine the optimum exposure time for the particular isotope

and material investigoted.
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Kodak films were developed in D.19b developer for not more
than 10 minutes since there 1ls an increase in grain size with
increasing development time, thus reducing resolution. The temperature
of the developer and fixing solutions should be ageurately controlled
at 20 & 0+5°% since uncven temperatures may lead to distortion of the
image. ‘The strongly alkeline developing solutions may affect the sections
but in the present investigations the Jaran layer alwost entirely

prevents thia occwrring.

7o STATNING .

Staining was found to be necessary ond several nethods were
inpestigated.
(a) vital Staining e
Onions were grown for three days in water and transferred to
0*001% solutions of the following stains with varying effectste
Janus Green: The stain was precipitated on the surface of the root,

only the cell walls of the epidermis being lightly
stained.

Malachite Green: All the tlasues were stained but with insufficient
differentiation.

Methylene Blue: The staining effect was satisfactory but this stain
has been flound to inhibit phosphorus metabolism and it
was not investigated further.

Trypan Blue: The nuelel in the cells of the apical reglon of the root
were clearly stained but the cell walls did not take up
this stain.
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Congo Red: Only the epldermsl cell walls were stained. The stain
was precipitated on the surfaee of the root.

Tital New Red: The staln was taken up by the epidermal cells only.

Crystal Violet: The nuclel were more deeply stained than the cell
walls and a satisfactory degree of differentiation was
obtalned. A lower concentration of stain could have
been used.

- A simpler method of vital stalning was deviaed where excised
roots were treated with calelun solutions also containing a low
concentration of the stain. OGrystal vioclet and neutral red were used but
as with the previous method, destaining of the sections ococurred during
the processing of the slides. This method, however, was used to give clear
differentiation of non~exchanged and exchanged materdal by using crystal
violet in the exchange solution and neutral red in the uptake solution.
In this way, two different types of muterial could be freere dried in

the same run and be easily differentiated when eubedded in paraffin.

(b) Btaining after Developument of the Autoradiograph:

The selection of a sbain for use after development of the
autoradiograph was reatricted by the ease with whieh the celloidin
layer and the gelatin of the emulsion take up the stein and the case
with whioh they oan be aeétainea4 Normal botanical satains such as
haenatoxylin were found to stain the gelatin intensely and to destain
only slightly in alcohol. Several stains, previously used in asutoradio=
graphic studies of animal tissues (142) were investigated as follows:=

Celestine Blue: The cell walls were only lightly stained, Little
differentiation was found.




Toluidine Bluet The various cell parts were not adequately
dif'fercntiated.

Crystal VTiclet: The gelatin layer of the emulsion became deeply
stained.

Pyronine Methyl Greent This staln gave green nuclel and pale purple
call walls but was not found to be consisient in
its staining sotion. Destalining had to be rapid
to prevent complete removal of the stain from
the section.

Neutral Red and Carbol Fuechsin: The definition obtained was not as
olear as if o green counter stain had been uased
but sufficient elarity was obtained. This stein
was selected for standard use. '

The adopted procedure for the preparation of autoradiographs
from plont materiel is given in Appendix I. Details of the isotopes used

in the present investigation and the approximate exposure times required

for 10p sections are presented in Appendix II.
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PRESENTATION OF RUSULTS.

The largely visual nature of the evidence and, in particuler,
the faot that the awtoradiographie. image is not in the seme focal plane
as the section, oreate unuauai,pfablems with regerd to the presentation
of resulbs.

The geveral distribution of activity in the root seotions is
demonstrated by means of scale diagrams showing the distribution of the
main tissues and cell layers and the prineipal areas of blackening of
the emilaion. The dots on these diagrams are not intended to represent
feduaa& grains of an avtoradiographiec emulsion but to indicate the
reloative intensity of the darkening of the autoradiographic image. Those
diagrams are oosompanied by high power drawings giviﬁg the precise
relationship between the silver grains of the image and the fine siructure
of the tissue. Only the oell detail necessary to demonstpate this
relationship has been included. The vacuoles are shown by a single line
denoting the vacuolar neubrane and the nuclel are shaded in. .All diagrans
apnd drawings have been made using a camera lucida.

Photomierography has also been used and in this case, it has
usually been neceasary to prepare two plates for each field of interest,
one focussed in the plane of the seetion and the other in the plane of
the autoradlographic image. The result obtained with black and white
photographs was not satisfactory since the black grains of the autos

radiographic image d4id not contrast sufficlently with the cell struciure,



Golour photography was more successful but the resulting photographs
atill are not couparable to the direct examination of the slides through
the microscope. In this instance, one photograph fooussed in a plane
internediate between that of the section and that of the autoradiographic
image wes found to be as effective as two photographs taken, one at
each focal plane. Jome definition was lost on printing and enlarging
from the transparency but the overall eff'eot is similar to a stained
preparation,

The autoradiographs showing distinet aggregates of reduced
grains were found to be most sultable for photography. Some prints of
the distribution of caleium 45 in non~exchanged and exchanged onion

roots have been prepared.




PART 2+ AUTORADIOGRAFHY
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STUDITS
UINH A DIVALENT CARLON.

The autoradiographie technidue wsing wperay £ilus has been
applied in studies on salt uptake with whole plonts. However, the
distribution of activity obbtained by this method can be related to the
different plant parts only, leaves, veins,roots ebe., since the
tochnique does not permit a higher rosolution. The most succeasful
use of detoiled antoradiography with plant material has been in eytological
 studies using ¥7, P® and 4s ® (149+151). No work with other
isotopes has been reported on plant tissues at the cellulor level of
autoradiography.

The major part of the work reported in thias thesis was
corried out using calcium., Rubldium was used in o smaller number of

enporiments.

1. UPPAKE AUD BXCHANGE OF G

Onion roots for auvtoradiography weve treated with a sclution
of caleiun chloride containing 045 meq. Ca/l. and hoving an activity of
5+5 po/ul. Yreatuent with the isotope was continued for 16 hours o
allow sufficient astive uptake to take place, as shown by the uptake

curve (FMgure 7.). Some roots were treated with the sbove solution for
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7 hours and subsequently exchanged for 16 hours in an inactive calciun
chloride solution of the same concentration. Both types of material
weore freezeé dried and prepared for autoradiography by the procedure
outlined in Appendix 1. The material treated with the radioactive solution
only is referped to as nonwexchanged and that treated also with insctive
caloium, as exchanged.

sutoradiographs of sections off roots from eipht sinmilar frecze
deying vuns were set up 80 that adequate reproduction of results could
be demonstrated, Nedian sections, 10=40 u thick, were used and an average
of 150 slides were exposed from each run. The characteristic features

of the autoradiographs were found o be recadily réproduaible.

General Distribution of Ca*® in Nonwexchouged Roots 1w

The distribution of (d”in nonwexchanged onion roots is
illustrated in Pigure 23. There was a velatively high general darkening
of the sutoradiographic Cilm above the whole sectlon but some areas of
calelun locslisation were evident. & certain amount of caleiun wasv
present in the outermost layer of cells ond central cells of the rooteap.
The epidernis demonstrated o high caleiun uplake, partieularly in the
Pirst & mme lenpgth of root back fron the tip. Deyond this region the
ealoium was more closely ossoclated with the bypodermis. There was a
general darkening of the film above the cortex in the region 1«4 mm.

aelk fronm the tips Beyond this region, the nunber of reduced grains
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Figure 24. Longitudinal section.
7 of the apical region or onicn rooct
. szhowing the localisaticn of
~ceaclium in the epijernis tefore
" exchange . S VAR
. o
 Figure 24u, Transverse section
- of the apical region.of' onion root
i oshowing the localisation of ‘
~io;ealeiurm in the epidermis bef: re
exchange R
; i




Bfigure 24b. Photograph of a longitudinal section of the apical region
of onion root showing the localisation of calcium in the
epidermis before exchange.

Bfigure 25. Longitudinal section of the apical region of onion root
showing the localisation of calcium in the hypodermis
before exchange.



was nueh lowers However, the endodermis, in this latter region, did

show a definite locslisetion of calofum.

Distribution at the Cellular Tovaeliw

Root Cap: The Ca*® locolised in the outermost layoer of cells
forned agaegates of grains in the auvtoradiogroph which were situated
above the iﬁnew wall of the well, that ds to say, the cell wall not
in contact with the bathing golubion. The aggregates ocourred mainly above
the cells of the tip and no more than one aggregate was found above each
sell, The uptoake in the oentral cells appeared to be of the same order
in the cell wall and the eytoplasm.

Lpidermia: This tissue algso absorbed caloium, the sutoradiograph
appearing as aggregates of gfains. OAxain these were positioned shove
the ¢oll wally one per cell, and were found above this layer of cells
in the merisdematic region as well as the more mwture tissues. Ageresetes
of grains were not found above those cells more than 3+4 nm. baolk
from the Hip. ‘ﬁiguﬁe 24 illustyates the localisalion of 0a®? in this
tiasue.

Hypodernis: The aectivity sdsociated with this tissue was
conf"ined to the cells nmore than J mm, back fron the wvoot tip. A few
agpregates of graina were observed hut the number of reduced grains acbove
the cells was high. ( Figure 25.)

Cortical Reglont There was a general darkening of the Film

above the cortldal parenchyma of the xroot tip, involving the meristematic
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cells and the mature cells of the cortex up to o distance of 3«4,
baek from the root tip. No aggregates of grains were found,

indodermis: The localisation of $a*® was apparent as a general
darkening of the antovadiograph above the cells more than 3 mm. back

from the tip, no aggregates of greins being founds

General Distribution of Ca*® in Gxchanged Rootsie

The antoradiographs of exzchanged material have shown that
saleiun wos retoined predominantly in the coiktical parenchyma, as well
as the endodernis, hypodernis and the central region of the root cap.
(Pigure 26.). The retained caleium is localised over a definite length
of gortical tissve stretohing from the tip to a point approximately
3+3 mm. back from the tip., Counts on serial sectlions, cut transverselys
showed that there was a zone of especlally high activity per unit area
of seation in both non~exchanged and exchanged material, between 1°0 mm.
and 5*5 mm. back from the tip {(Figure 27.). Yor ease in describing this

region it will be termed“the region of ecalcium acocumulation)

Distribution at the Cellular laveliw

Root Cap: The activity in the outermost layer was removed by
exchange but a few aggregates of grains were apparent in the central
cells of the root cap* These aggregates were of 2 relatively small

diameter and appeared to be situated within the cell wall but 2 more




Figure 28. Tangential section of the apical region of onion root
showing the calcium retained in the inner cells of the
root cap and in the protoxylem initials after exchange

Figure 28a. Photograph of the above region



*igure 29 . Longltudlnal sectlon
of tpe ap10a1 regzon of-onlon root

in:




7i_nirc ."0. Longitudinal
section the cortex in the
apical region of onion root showing
The localisation of cadciam in the
parenchyma after exchange in inactive calcium.

Figure 30 a Photograph to show the distribution of Ca?* in the cortical

parenchyma after exchange in inactive calcium.



Figure 50b Fbotogreph to mhow the distribution of in the
oortioal parenehyna after ezohange.

Figure 50e. Aotograph to show the distribution of Oaf* in the
oortioal parenohyna after exchange.
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ageugate sssoviution of the awboradiographic image with a particular
cell component was not possible. ( Pigure 28.)

Tpldermis: éha saleiun shsorbed fron the wptake solution was
sompletely removed.

Hyya&e@misz The logalisation off calclun was more distinet on
exchounge. Aggregates of grains were found wainly above the innper
tangential walls of the colls of this btissue beyond the region of calcium
acounnlation. ( Mgure 29.)

Gortical Region: The auvtoradiographs showed ealcium to be
retained in the vegion of ecalolunm aceumulation. In the more deeply
stained preparations, the aggregotes of graing appeared o be over the
edge of bthe gytoplasm of the ¢ell near to the vacuole., The number of
¢ells demonstrating this localisation was greater in the inner cortex
and the region nearer the bip. 7The ageregates of grains were circular
and very dense. { Flgure 30.)

Endodeymiss: ‘The loealisation was wnore distinet on exchsnge.
The antoradiographic dnage congisted of a high nuuber of reduced grains
distributed generally over the dell cytoplasm as illustrated in Figure 81.

Protoxylem Initlals: After exchange, aggresobes of grains of
greater density and dlameter than those above the cortex, were found
above the protoxylem initials as shown in Pigure 28. They were positioned
within the eell wall but the spread of the agevregotes prevented their
heling associated with a papbicular cell component.

The ‘distributions are summerised in Table IV.
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9, UPTAKE AND BXCHANGE OF CALCTUM IN DBAD ONION ROOTS.

The rebention of ecaleium afber several hours of exchange was
not considered to be sufflolent evidence to assume that this rebained
salelum was, in Pact, aetiﬁaly ageunulated. Alsoe it does not preclude
the possibility that all the caledun btaken up by the root has been
passively absorbed and is bound to different cell conmstituents with
vorying degrees of exchangeabllity. In order to determine the sites
of pasgive and active processes in the root, & compaprison has been
made in the following experiment between the uphake of caloiwn in
living and dead onion roots.

Onion roots were killed (a) by boiling in water for 15 miﬁutes
and (b) by placing in liquid ether for 70 minutes. Uptoke and exchangs
curves were sonatructed using solublons conteining 045 maé¢aa/l. as
shown in Pigure 52+ for bolled roots. In each instance, the rapid inltial
uptake was followed by a slower phage to o level whieh remiined congtont
afber 150 minutes. A concentration factor of 6+4 was obtained in
comparison with a factor of 21-4 at 400 minutes for living roots. The
exchange in ivsctive caleium was relotively rapid and btended to go o
completion with bolled roots but, in the cese of etherekilled material,
the exchange ourve levelled off as was observed with living roots. %his
would suggest thet the roots trested with ether were not killed bub
nerely ansesthetized and that they had regained their ability to reteain

galaiuma.
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Roots were held in boiling waler for 15 minutes and subsequently
treated according to the procedure for living roots. Autoradiographs
of nonegxehanged and exchonged materisl were set up. The roots becane

sof't on heating and when finally rinsed, the tissues tended to separate.

General Distribution of 0a'? in Non-exohanged Dead Union Roobsie

PMlgure 33. illustrates the general distribution in non-exchanged
boiled roots. The nurber of reduced grains above the entire section
was high but calelun was looalised in the root cap, epidernis and
endodernis. Also there was a oertain amount of caloium distributed
generally in the cortical region up to &+5 mm. back from the tip.

Beyond this area, esloium appeared to be localised in individual cells.

Digtribution at the Cellular Levelis

Raot ﬂépa hggregates of grains were evident above the oulermost
layer of cells, beling positioned above the cell walls. No localisation
was found in the central cells.

Epidermist Aggregates of grains were found above the cell walls
of the epidermis in the reglon of calolun accumilation as shown in
Pigure 34

Hypodermist DBeyond the region of ealeium acoumnalation there
woas a high génaral,darkening of the film above this tissue. No aggregates

of grains were found.
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Gortical Region: 4 very high number of reduced grains was
found over this veglon, distributed ewenly over the cell walls and the
eytoplasm. The extent of this repion was similar to the region of
calcium acowmlation in living voots, though it wes less well defined.
Redueed groins were collected into rough aggregates which were vositioned
above the cell walls of the parenchymatous acells of the cortex in the
part of the poot beyond the reglon of calelum seoumulation. These
aggregates were distinet from the ones observed in living roots after
exchenge as shown in Figures 35, and §0.

Fndodermiss The uptake of caloium in the endodermis was shown
by a general derkening of the film above the cytoplasm of the cells, no

agpregates off grains being present.

General Distribution of Ca*® in Fxchsnged Dead Onion Roots:=

The distribution of the ealeium retained by the roots efter
exehange is shown in Plgure 36. The activity in the voot cap and epidermis
was removed coumpleotely while the major part of the caloium in the cortex
was exchanged, The calcium absorbed by the endodermis and éhe hypodernis
wag novre dlstinet on exchange, in %ha;pegian beyond the region of
caleivn acoumilation. Only a slight uptake was found in the cortex over
S+6mm. back from the reot tip, No localisation was found in the proto-

xylem initiels of nonwexchanged or exchanged dead roots.
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Distribution at the Cellular Level:~

Hypodermis: Girculayr aggregates of grains were found above the
walls of those cells beyond the region of caleium accumulation { Figure 37.).

Endodernia: In the tissue beyond the region of ¢aleium accumulation
the endodermal uptoke appeared as a general aarkening off the film which
was similar to the distribdution in living roots ( Figure 38.).

Cortical Reglom: 'fraces of calolum were lef't after exchange in

the region of the root more than 5+5 mm. back from the tip ( Figure3d.).

The features of the distribution of caleium found in living and
dead onion roots before and after exchange are summarised in Table V. The
significance of particular points of distribution in relation to the
nephanisng involved in uptake will be considered at the end of the section.
The following subwsections desoribe the resulis of other experiments
designed to extend the scope of the investigation on caleium uptake and to

vield additional informadion bearing on particular features of the

distribution of caleium desoribed above.

It was felt that the epidermal/hypodermal uptake in onion roots
was not suffiolently well deffined and that o root having a olearly differente
iated epidermis and hypoderals should be investigated., An upteke and
exchange curve for roots of Dendrobium sp. was plotited as shown in Figure 19,
The shape of the curve was similar to that obitained using onion roots

but the ooncentration factor of 3+7 was considerably lower than that

| o
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obbained for onion roots. Roots of Dendrobium sp. were treated with a
Jebelled solution of caloium chlorlde and exchanged in an inasctive solution
acsording 4o the procedure detailed in Appendix 1.

Since the roots are of a muoh greater dianmeter than onion roots,
smaller pieces; of shorter length than dlanmeter, were frseze dried in

order to prevent unduly long drying tines.

General Distribution of €a'® in Nonwexchanged Rootsiw

Figure 40. illustrates the overall distribution of caleiun in
non~exchanged reoots and 4t appears t0 be generally similar to that obtained
with onion roots. There was & region of high caloium uptake stretching
Prom the yoot tip to a point approximately 5 mm. bask from the tip. The
looalisation in the outermost layer of ¢ells and inner cells of the root
cap was repeated. The inorsased endodermal and hypodermal uptake in the
tiasues beyond the reglon of caloiun acoumulation was similar to the uptake
in onion roots. The higher epidermal uptoke cocourred as before in the

region of caleium accumnlation and was evident in sach layer of this ticsue.

Distribution st the Cellular Levelie

Root Capr Several lorge aggregates of grains were observed
above the ocutermost layer of oells, predominantly in those cells at the
tip of the root. They appeared to be situsted above the cell walls. The

localisatlon in the inner eells of the root cap was not as well defined
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”Distfﬁbution of Ca

* TABLE VI
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in Roots of Dendrobium sp. before and after Exciange.

" TISSUE

EXCHANGED

Roef Cap

‘.Epidefmis

Hypodermis

:‘Corticai
Region :

Prdpoiylem
Initials

~accumilation. 5

| Endodermis’

Aggregates of grains in

fi1m above outermost
layer ' -§ ’

Several agg?egates per
cell; most in cells near
tip; localisation in’
region of Ca accumulation

i
i

Uptnke'greaﬁeét in cells
beyond rezion of Ca
t'ew
aggregates present in
film. ?;‘ :

1
!

- Mainly above cell walls:
" .no aggregates vigible:
‘reglon of uptake as in

onion roots,, o

.

v General.uptéke within

cell walls ¢ in cells
beyond reglon of Ca

accumulation.

No 1oca113ation.

‘o localisation.

Most of Ca®% exchanged
some aggregates in cells
at t1p ' ’ -

Several small egére@dtes’

of grains above each cell:
above inner radial wall.

A few aggregates in Pllm

above this tissues Cenf"5

‘locallsed w1th1n cell
-wall.

Several aggregates above -
outer radial cell wall of
each cell beyond region

(of Ca accumulatlon.

No localisation. @
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as that in onlon roots and it appearsed ag & general darvkening of the
£ilm above this area.

fpldernis: In pany instances, more than one aggresgate of grains
wags found sbove the cell walls of a single cell. fach layer of oells
exhibited valeinn losallsadion, the outerwost layer showing the greatest
munber of ageregotes of graing ( Figure 41.) .

Hypodermis: ‘The darkening of the autoradiographic film due
+0 caleiun present in the vell walls was sulficient to mask any localised
igotope. A few rough aggrvegates of grains were observed above the inner
tangential wall of the cells beyond the region of caleivn acoumylation
ag showm in Wigure 42.

fortical Regions There was a digtinet darkening of the filnm
above the vell walls of the pavenchyma of the cortex, particularly in
the region of caleiunm acewmlation but no aggresgates of grains were
found { Pigure 41.).

Bndodermis: The endodernis demonatrated an increased
absorption of salelunm in the sane longitudinal region of the root in

which the hypodermal uptake ocourred ( Plgure 42,).

feneral Distribution of ¢a%? in Bxohanged Roobsie

The major part of the calelum abgorbed into the eplicrois
appeared to be exchangeable but the isobtope taken up by the hypodernis and
enfodernis was vretalned. The root cap and cortical parenchyme showed a

limited retention of calcium { Mizure 43.).(Table VI).



'Pigureds. Longitudinal section of the apical region of’

~ of Dendrobium sp. showing & localisation of caldium in the

o parenchyma of the.cortex and the epidernis after exchange: 6 '




Pisteibution at the Gellular Levelis

Root Gap: Nogt of the caleiunm was exchanged, the renainder
being held in the central cells. No definite aggregates of grains were
found.

Gpidermis: Some caleium remdined in the meristematic cells.
Ageregates of graing were found above this ares but to a leyser oxtent
than in noneexchenged voots. In the more mature tissues, a few agipregates
of gr&iﬁé were found in the oubtermoat layer only.s

Hypodernis: Several aggregates of grailng were visible above
the inner tangential wall of cach cell in the region beyond the resion
of ecaleium accumulation. These vere roughly ciroular in shape and
ocourred above the tell wall.( Figure 44.)

gorticnl Reglon: Snall agaresgates of graing were found Ho be
prasent above the parenchymatous cells of the cortex. Normelly more than
one aggregete cosurred above ench celly sowe above the vacuole and sone
move olosely associated with the cell wall ( Figure 45.). The region of
uptake wag siwilor bto that in onlon rooba.

Endodernin: Figure 44, also illustbrates the localisation in
the endodernis. In the voots of Dendrobium ap., the autoradiographs
showed roughly circuler aggregates of gralns aszseociated with the outer
tangential walls off the sells, often more than one per eell. The
greatest uptake ocourved in the cells bayond the region of ealeium
socumlatbion.

Protozylem Initials: No aggregates of grains were found abouve

this tissue, only a pgeneral darkening of the avboradiographic £ilm.



I‘lgure 46. Longltuchnal sectlon of the aplcal reg:.on oi‘ a root
o .7 of Amaryllis sp.. showing the’ presemce Of ca'® in*
S calclum oxalate crystals : : :
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D_EXCHANGE OF CALCIUM IN ROOYS OF AVARVLLIS SP..

In the preliminary experiments, several different roots were
investigated, of which the roots of Amaryllis sp. were the least efficient
in absorbing caleium. The concentvation factor, in this case, did not
exceed one, A Pew puboradiographs were set up of exchanged and non-
exchanged material. The distribution of celeium in the epidermal
and hypodermal tissues in the apiocal reglon of the root is of interest
since caleium oxalate crystals were present in these tissues. There was

a definite localisation of reduced grains in the autoradiographic film

abhove the needlemshaped orystals ( Figure 46.). Due to the low amount

of ocaleiunr absorbed, the only area of caleium uptake in the other tissues

 of the root, was in the mature cells of the endodermis. After exchange

& ocertain amount of saleium was sbill present in the clusters of crystals

suggesting o very slow exochange.

(a) The Bffect on Caleiunm Uphbakeiw

Gation exchange is assumed to be unselective but the active
phase has been shown to be seleotive (3,5-7). The following experiment
Wéa designed ta-ﬁetermine the selectivity of the absorption processes

osoirping in the different tissues.
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An upteke and exchange ourve for daleciun in the presence of
an eguimolar concentration of strontium is glven in Pigure 47. The
totol eation congentration was maintained at 05 meg.Cation /1. It can
be seen that the surve rapidly levels off after an inpitial rapld uptake,
and the concentration Pactor.in this inslance , 4id not exceed one.

Autoradiographs were sel up of material treated wilth the two

salt mixture and a few afber exchange in lnactive calolumn.

General Distribution of Ca'®iw

M.eure 48. represents the disteibution of G2*® in nonwexchanged
naterials A locslisation of caleiun was found in the epidernis of the
apieal region of the voot and, in thé region beyond 55 mme back from
the tip, the uptake appeared to be associated with the hypoderwis.

Also, in this latter reglon, the éndodermis showed an increased absorption
of §a*®. Uho parenchyve of the cortex showed a slight concentration up

o a dlsbance of approximetely H+5 um back from the root tip., (Table VII).

Digtribution ot the fellulay lLevelsw @,

Root Gapt The root cep showed a slight general uptake in the
Genbral ragion;,&@gragaﬂes of groing were found shove the cell wallg of
the outermost layer of cells. The localisation was not found after exchange.
‘mpiﬁarmim: The upbake patbern in the epidernis was similar

to that obtained after treatment with o single salt solution. Aggregates
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of greins weve found above the cell wells of this tissue up to a distance
of approximetely 3*5 mn back from the root tip. No oaleiunm remained
alber exchange.

Hypodernis: 4 few aggregates of gralng were Tound sbove the
sell walls of the hypodermis in the region beyond the region of caleiunm
aocunulation. The caloiun was retained after exchange.

Coptical Regiont The cell walls of the perenchyma showed a
slight logalisation of ealeium which was removed by exchange.

Tndodernis: There was a slight dorkening of the {ilm above the
eyboplasm of the cells, no aggregates qf gralns helng present. After
exchange a certain amount of caleiuwn was retoined.

Protoxylen Inltlalst No looalisetion was observed, Table VIT
sunnarises the distribution of valeium in onion roots aftér'treatment

with a2 single salt and 2 two salt solutlon.

{b) Txchange of Calcium with Strontium:e

The effsot of strontium on the exchange charvacteristics of
onion roots is shown in Figuve 49. Fxchange was earrled out in a solution
of strontiuvm chloride containing 05 meq.8r/l. alfter treatment with an
active solution of caleiuvm chloride having a simllar conceniration of
the cation. It appears from the curve that with exbended treatnent,
exchange of calciun by strontium may have gone to completion.

sutoradiographs of exchanged roots were seb vp by the procedure

detalled in Appendix 1.



Diagram of the general dlstrlbution of calcium ions- in the
;aplcal region of ona.on roots ‘after uptake from a solutlon




Comparison of the Dlstrlbutlons Obralned on nxchdnge in Ca101um Chlorlde_‘f'
and Strontiur Chloride| after Uptakc in Labelled Calcium Chlorlde.

. TABLE VIII

1
B
i

ot
i
T

TISSUE EXCHANGE IN CALCIUM | EXCHANGE IN STRONTIUM - .
;Root Cap Aggregates é? graihs‘in "Ne -localisation.
Y ~film above ‘central cells. i
'Epidermié No loca]iSaéion. o No'localiSQtibn;,l»'
| | |
| “Hypodermis “Aggregutes 1n film Nc localisation., -
'K . above cell wale in. : S
- those cel]slbeyund the
region: of Ca accumulationd-
Cortical " Numerous oircular | ca*s almost en11rely L
‘Region aggregates of - grains " removed. The 1qotope BT
s . in film above apical in the region of the ~
region of root. Local- :|-endodernis was last to -
isation w1thin cell walls,| exchange .
Protoxylem Localisation of Ca*® aggregates or vralns
Initials within cell walls.

‘present in film.

i
!
i
1
!
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feneral Distribution of Gat?is

Tigure 50. illustrates the distribution of Ca*® after 17 hours
gxchange in strontium chlgriﬁe. The epidermal ealcium and thet of the
outer layers of the roobt eap have been removed which is similar to
roobs excheanged in calolum ohloride. The ocaledum left after exchange

was present in the hypodernmis, endodersis and inner cortex. (Table VIIT).

Digteibution at the Gellular levelis

Hﬂﬁtv@aps Mo activity was retained in the ceibral cells of
the root eap. |

Hypodermis: A Pew apgregates off graing were visible affer
exohange. %ﬁase were coni'ined to those cells beyond the region of
caloiun acosumilation. They were positioned above the oell wall as shown
in Pigure 20. for roots exchanged in the usué1>way»

Sortical Beglon: The caloiun retained in the corbex was
limited ko the inner cortex, again locelised within the cell wall, as in
Pigare 30,

Indodermis: The auboradiographs showed the same diatribubion
off saleiua in the endodernis as that obtained with exchonge in caleilum
ehloride.( Figure 51.)

Protoxylen Initials: Agsregates of grains were present

above these cells, as in Flgure 28,



e ATEMPTS 70 TIDRNITEY THE CUYIRGS OF CALCTUY UPTAKE.

An inficetion of the nabure of the sites lavolved in passive
binding nmechenisnms is given by the aunborediogrephs. The loocazlisations
in the epidermia and hypodermis are partleularly essociabed with the
¢ell wall and 4% is possible that ion exehange occurs in the epidermis
on the pectic components of the oell wall. The possibility of an aotive
binding wechanlam to constlituents of the eell cytoplasn cammot be
disregarded in the case of the endodernal and cortieal looalisations.
An attompt has been made in the following experiments to extrvact the
labelled calelum compounds from sestioned material and excised roots
by the use of solvents end ensynes.

Since the freeze drying technique was %Hime-¢onsuming, the
eff'ect of normal chemical fixatives on the distribution of absorbed and

retained calelun was fMrsb deterpined.

(a) Cuhemioal WMxabtivesiw

Roots were trented under the adopted conditions with caleiun
chloride and exchanged in the following two fixatives, firstly with no
added caloium and gecondly with ocaleiun andded to give a soncentration
oft 0°5 meq.0a/l.

Pleming’s Strong Fixative: 5'5%‘gcetic agid
0*49% osmie acid

0*79% ohronium trioxide
water to 100 mls.
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Carnoy le Brun Pizetive: 10 oses. 100% othyl aleohol
10 oecs. glacial ascetic acld
10 oos. ehloroforn
mevourio chloride to saturation.

The exchange curves are presented in Pigure 51. for the
experiment with sdded caloium. The curves cbtained with no added calcium
were of o simllar natuore.

There was & narked indrease in the activity in the roots after
100 minutes in the Garnoy le Brun Lizetive which might be attribubed o
the Porwation of additional binding sites on the surfuce of the root.

The final count in the roods afber exchenge in the Pizative
containing osmium‘ﬁeﬁrexiaa or oanic asid, was markedly lower than thet
in the roots exchanged in caloium alone. The only difference in the
action of the two fizatives,due to thelr ochemical components, appears to
be in thely ability to split carbohydrates. The chromiun trioxide
present in Pleming's fizetive is reported to oxldise carbohydrates to
aldehydes (144). Aldehydes weve found Lo be present in this fixative
af'ter uge.

The presulbs suggesh, therefore, that the chrowiun trioxide
comnponent achbs elther on the constituents of the eell wall opr by
affeating the perueability of' the tonoplest, thercby allowing a free
exchange of ¢alaiun.

Autoradiographs of oxchanged and nonwenchanged onion roots,
prepered after Pizstion in Garnoy le Brun firative Por 2 minutes ond

enbedding in parafiing did not show a localisation of (2*® in any tissue.




[ B LTS S

t

e

un

het

lanc

P

pe
d{_'-
te

oW O

‘en

e r
do
coun

‘microsco
a




o

raction of Ca*® from

onfon’roots
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.. SOLVENT

Ferchlorie acid -

: Perchloric acid .

Tr,chloracetlc acld
?Alcﬂhol/ether

vooulumﬁhygroxlde

: I‘"'the:r

jChloroform/alcohol

";Hot{;ﬁ

I-Diluteg, 15 mlns.} 

~}17°C, 30 mlns."

;¢hdngés%v

Lecithins .

‘Lipids

RN

e

'a£i47ﬁ55 ;

”(147) '
J(l4?Yi‘x‘f:
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o
2(147x; 1
(147) ' 5E:
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(b) Action of Solventsiw

Bxchanged onion root material was prepared and seotioned
agcoording to the procedure outlined in Appendix 1. A special planchet
was prepared from Perspex Qe that a microscope slide could be carried
on it. Sections were placed on glides so that when introduced into the
lead castle of a Geipger counter, the sections were directly underneath
the end window, as shown in Pigure 52. In this way, sections could be
counted before and after treatment. PFive 10y sections were placed on
each slide and these were treated with the solvents listed in Table IX.

It was found that agueous solvents caused an immediate and
complete loss of aoctivity from the sections while fat solvents reuoved
only slight amounts. In the latter instance, the dlstribution of
caloiun remaining in the root was similar to the distribution in

exchanged living roots.

(o) Action of Enzymes on Bxcised Rootst=

The unrestricted removal of activity from sectioned material
by adueous solvents led to an examination of the action of enzymes on
exclsed roots. The five enzymes selected for use were cellulese,
pectinase, pepsin, ribonuclease and alkaline phogphatase. Onlon roots
were treated (a) for 3 hours in contact with the enzyme followed by
normal uptake and exechange ( pre~treatment ) and (b) with Ca*® followed

by exchange in caleium chloride and subsequently treated for 3 hours



TABLE X

IPfect of Treatment with Enzymes on the Retention of (Ca?S

by Onion Roots after Exchange.

ENZY ME

PRE~TREATMENT

POST~TREATMENT

Pectinase

Cellulase

Pepsin

Ribonuclease

Alkaline
Phosphatase

The distribution of Ca*$
in each tissue was
similar to that in
untreated roots except
in the hypodermis where
no localisation was
found. ‘

Similar distribution to
that obtained with
untreated roots.

Similar distribution to
untreated roots but the
endodermal uptake was
less marked.

Similar distribution to
normal exchanged roots
but the size of the
aggregates of grains
above the cortical
parenchyma was increased.

Similar distribution to
untreated robdts.

Distribution similar

to pre-treated roots.

Hypodermal localisation
was not found.

Distribution similar
to pre-treated rootse.

Similar distribution to
untreated roots.

Similar distribution %o
untreated roots.
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with the enszyme ( post~treatment ).

The root cells were found to undergo normel plasmolysis after
treatment with t&e enzyne solutions and it is assumed that the latter
did not have an adverse effeot on the root metabolism. The counts on
the roots were too alike to show any effect of éhe enzyme trebbment.
ﬁuﬁaﬁa&iegrapha were prepared ond the distribution of 0a*® in the main
tiﬁauea is detaileé in Table X. Peﬁtin&sa and cellulase appeé#lta heve
the greatest effeet; The action of pepsin and ribonuclease is less

definite.

DIAQUSSTON,

1. Validity of the Autoradiopraphioc Resulbsi=

It was shown in the preliminary experiments on the development
of the technique that displecement of Co*® during freesing and drying
i unlikely under the adopted conditbions. MNovement of the antoradiographic
£iln during the preparation of the permanent mount is possible but any
displacenent of the aggregates of grains in relation to thelr characteristic
positlon above the cell was not sufficient to be noticeable. The ready
reprodueibllity of the results also confirms that the autoradiographs
obtained, are a true yepresentation of the diastribution of the caleiun

shsorbed and retained by the reots following the different treatuents.
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2+ Vacuolar Ascumulation of Caleiumie

In Table V, the pattern of uptake and exchange of Ca'? in
living roots is compared with that in dead material. In the living roots,
caleiun was retained in the cortical parenchyma, hypodermis, endodermis,
cells of the root cap and the protoxylem initial cells. In gimilar dead
materinl, however, the localisatlons in the parenchyma of the cortex,
root cap and protoxylem initials were absent and it is assumed, therefore,
that the uptake into these tissues ocecurred by an ‘active’ process.

Since the acaumulaﬁiaa'in the root cap is small in comparison to that

of the cortex, and the upteke into the protoxylenm initial eells ism
probably connected with transiocation, the dlscussion of possible vacuolar
. acoumalation will be linmited to the locallsation observed in the cortical
parehahymé;

The formation of dense cirecular aggregates of grains supggests
a small regulsrly shaped or ‘point’ source of aetivity. The number of
atoms involved in the formation of each aggregate iz in the order of
4 x 10%% AU, or 25 x 10*® atoms of caloium when caloulated from the
activity present in a 10u seotion. It is not easy with sueh & small
weight of materdel ( approximately 4.x 10™** gu.), to anticipate how the
soluble solids of the vaouolar sap would dry during freeze drying and how
the dry materisl would behave when prepared for sectioning. By analogy
with large secsle models, it is possible that the material dries to a
powder which anlght be expected to fall to the floor of the vacuole. It
is most likely that the material would form an are at the edge of the
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vaouole, giving rise to an elongated aggregaie of grains in en autoradiow
graph. The weight of the dry material will be very low and a
refistribution of the powder might ocour during subsejuent treatuent.
The monner in whioch this redlstrlibution would occur is purely speculative.
The materdal might be carrded on the surface of the enmbedding medium
to the opposite side of the vacuole or be evenly distributed in the
nedium, In either case, it is unlikely that a snmall source of aotivity
would be formed. Adheslon of the atoms to the sides of the vacuole
may oaour but an are of wmaterial would atlll be present.

In the auboradiographs of stained seotlons, the agsregates
are méra closely assceiated with the edge of the cytoplasm than the
vaocuole. However, a section thickness of 10 a4 is net ideal for the
identification of an autoradiogrephic image with a particular cell
component since, in many cases, part of the cell beneath the one being
investigated, may infloence the result. The question then arises as to
whether there 1s any possible cenire of aecuﬁulatian in the cytoplasn
consistent with such o small source. (Caloium upteke has beoen associated
with the mitochondria and microsomes by several awthors (70,113,143), buk
there is no evidence to suppose thet they ovr any other cell constituent
are localiszed into a particular arew in the cell.

The proxinity of the agpregates of grains to the vacuole
suggests that the tonoplast itself may be the site of caleium acoumulstion.
However, it is expected that any aceumilatory mechanism would operate

over the entire surface of the membrane. In terms of lon pumps, as used



650

by YecRobbie and Dainty, it is possible that a ealoiun pump might be
associated with the tonaﬁlast but the autoradiographic results would
raquire the restriction of such a mechanisnm to a particuler point in
the membranes which seems improbables

The autoradiographs of exchonged living roots show that the
meristematic cells are partioularly active in accumlabing calclum.
In the event of vacuolar acoumulation, the mature cells would be expected
to accumilate caleium to o greater extent than meristematic cells. The
occurrence of a definite region of calelum acuumulatien‘alao suggeats
that there are several factors influencing the a¢¢um§1ation of salts by

plant roots which have yet to be assessed.

3. Calcium Uptake by Roots of Dendrobium sp.i=

. S it

The invesbigetions on the roots of Dendrobium sp. indicate
that the general pattern of calcium upteke and consequently the basic
mechanisms of uplake are common to the roots of different plant species.
Some siight differences are apparent in the extent to which calediunm
is localised in the various tissues in the two species studied but this
iz to be expected in view of the structural and physiologieal differences
between the twe types of roots. In the case of onion roots, & nutrient
solution constantly surrounds the roots but the roots of Dendrobium sp.
mneat absord salts very repidly from internittent bathing solutions, the

spongy epidermis being aqﬁipyeﬁ to retain moiature and dissolved nutrients _
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afber the bathing solution is removeds Therefore it is to be expected
with these roots that the physisal processes of absorption, suech as

ion exchange and adsorption, will be of particuler importance giving a
papid uptake. The epldernis was Pfound to demonstrate a high proportion
of oaleiunm held by don exchange in the cell walla, being freecly
exchongeable. The relatively large amount retained in the meristematio
rogion of this tissue, after exchange, suggests that adsorption to
gomponents of the ¢ell wall also osours with the formation of complexes
having a low degree of exchangeability.of the mineral lon.

In the roots of Bendrobivm sp., the caloium held in the epidermis,
hypodermis and endodermis which ls assumed Yo be passively absorbed, will
together yepresent a relatively large proportion of the total caleiunm
retained after exchange. A& o result, the emount of aebively absorbed
material appesars to be compavatively low. This fact is borne out by the
autoradiographs of exohanged materlal whioh show & correspondingly low

nunber of aggregates of grains above the parenchyme of the cortex.
4. Selectivitys=

Further cvidence to asscclate the setive phase of absorption
with the pavenchyma of the cortex is svallable from the resulis of the
experinents concerned with selectivity. In these experiments, the total
sation condentration in the treatment and exchange solutions was
modmtadned at 05 meq./l. and the calsium astiviby, although reduced

to 2+5 pe/mle was atill sufflcient to give the characteristie autoradiograph
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No difference was found between the autoradiographs of materisl treated
with a single salt solution and those of roots treated with a mixiture
of ealeium and strontivm ilons. On exchange, however, it was found that
no calcium had been accumilabed from the two salt treatment inito the
cortical parcuchyma and protoxylem initials. It is assumed, therefore,
thet the proceases of absorption into these tilssues are seleetive and
henoe are active processess

The effects of exchange in & solution of sitrontiunm chloride
after the nopmal uptake treatment are ocutlined in Table IX. 4 slow
exchange was found to occur under these conditions from the parenchyma
of the cortex, the astivity in the inner cortex being the last to exchange.
It is not certain whothepr that taken up by the protoxylenm initlals is
nerely slow o aﬁehange or ds not avallable for exchange. The endodersal
and hypodermal caleium was also slow to exchange but that in the epidernis
wag readily removed, It s assumed, therefore, tholt under conditions
favéuring exnhange,'the aotbively absorbed caleiunm can be removed. 4t
Pirst this result appears conbrary to the proposed meshanism of vaouolar
acoumulation. However, it has been reported (&), that by depriving a
root of a particular ion, the ions in the vacuolar sap are released for

translocation within the plant.
. The Action of Solvents and LEnzynes on Accumuilated Caleinmsw

Since relatively few autoradiographs were exposed in the studies

on the extraction of the binding sites, it is considered that no definite
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conclusions oan be drawn from the vesulls. At first, the rapid losas

of caleium from seotioned material when cxposed to aqueous solvents
appears contrary to the continued retentlon of celeium observed after

17 hours exchange. In the event of vaguolar accumulation, however, the
materdal in the now open vacuoles of the seotion would be expected to
diffuse readily in water. The results, therefore, support the hypothesis
off vacuolar accumulation.

The observations made on the effed’ of pectinase and eellulase
on exolsed roots lend support to the possibility that pectic compounds
or cellulose are involved in the process of ion exchange. The action
of pepsin appears to be restricted to the endodernis but the effect is
not definite. It appears that pre~trestnent with ribonuclease couses
an inerease in the dlaneter of the apggregotes of' grains above the cortex
in the region of caleium ascumlation. It 1s considered that this
evidence is, in itself, insufficilent grounds on which to base any

conclusion as te the nature of the binding sites.
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IX. 3tUDIES
WITH A NONOVALENT CATION.

It was felt that a comparison should be made between the uptuke
and retention of calclum and thet of a momovalent cation. The available
igotopes of monovalent cations are a mizturs of B andiréadiationa.

7% has & lower perdgentage of ¥ radiation than Na®® and B* and has a
helf life off 1846 days. It was found that a solution having an activity
of & po/ml. was required to give o sabisfactory exposure time. The
following experiments were carrded out uvsing the procedure adopted for

paleium, treatment solutions containing 05 meq.Rb/1.

The uptoke and exchange curve fov onion roots using o solution
containing 0*5 med, Rb / 1. is glven in Figuve 53. Although the
concentration factor is not equivalent to that obbained with caleciunm
after the same period of time, the shape of the curve is similar. A
relotively small proportion of the tobtal rublidium absorbed is exehangeable
and the slope of the linear part of the curve is greater than the slope

of the caleium uptake curve using the same moterial ( Figures 7. and 53.).



befbre exchdnge.
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General Distribution of Rb>® in Nonwexchonged Rootsiw

the autoradiographs obtained with Rb°® were generally similar
%0 those already dessribed for caloiun, { Figure 54.) There was a
sinilar zone of uptake in the apical region of the root beyond which
the hypodermis and the endodermis both denonstrated increased absorption
of pubidiums, The epidernmis showed o lower absorption of rubidium and

only a slight absorphion was appavent in the central eells of the root cap.

Disteibution ot the fellular Leoveliw

Root Gap: The uptake of rubldium appeared in the awboreadiograph
as p general darkening of the fila above the central cells, no ageregates
of grains being found.

Epldermias 45 in ecaloiun absovpbion, aggregates of grains
were present ahove the oell walls. The aggregates were sinilor in shape
and dianeter to those cbserved with non=exchunged ¢aleiun treated roots
but they were fewer in murber and weére less dense. The uptake was again
regtricted to the cells in the vegion of ealoium sccuimmletion.{ Figure 55.)

Hypoderuis: Similar aggregates of grains were Pound above the
hypodernis beyond the region of calelum ascumulation. They were positloned
above the oell wall { Pigure 58. J.

gortical Region: Dlstinet groupings of grains were evident
above the parenchymne of bhe cortexs The reduced grains were not formed

into cireular aggregates bul appeaved as & line along the edge of the vacuole



Figure 58. Diagram of the g
apical reglon of

enera

1 distribution of ruhidiuh ions in the

onion root after exchange.
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This localipation was restricted o the same area of the root as the
reglon off caloiun acpumilation, again appearing above more cells in the
inmer cortez. ‘The incressed localisatlon in the nmerlstenatic oells which
was found with coleiun treated roots, was not repeated with rubidiun.
Some agbivity wes present in the c¢ll:walls but conaiderably less than
the ealeiun held in non~exchanged roots { Meure §7.).

Endodernig: Rubidium was found to he localised within the
cell wall of those oells of the endodernis beyond the region of caleiunm
aceumlation.

Probozylen Inlblale: & few aggregobes of graing were found
shove these cells but this localisation was not always found to he present.

Ro%® was looalised within the eell wall { Figure 5%7.).

Distribution of BpS® in Fxochanged Rootsiw

The awntoradlographa of exchanged roobs showed o slight decrease
in the amount held in the sortex and o cowplete removal of epidermal
rubldimne. The material in the endodernis and hypodermis waas retained

( Pigure 58. ).

Distribubion at the Cellular Leveliw

Root Cap: A slight awount of rubidium was retained but no
definite localisation was obgerved.

Tpidermnis: The rubidium was completely removeds




'*Flgure 59 Longltudlnal se tion .
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Hypodernmis: The aggregates of grains were more distinet on
exchange.

Gortical Region: The rubidiun present in the eell walls was
removed but the activity in the vacuoles was retained ( Pigure 59.).

Endoderais: The rubidium taken up by the endodermis was
found Lo be nonw~exchangeable. The antoradiographs showed rubidium to
be held generally in the cell oytoplasm, no apgresates of grains being

present { Plgure 60.).

24 DISOUSSIONEw

Table X1 summerises the dlstributions obitained with the
divalent cation and the momovalent cation. It i3 apparent that most
aspeots of the absorption process are common to both lona. The region
of ealeium accumlation in the root, as well as the tissues in which
localised conoentrations of the catlons cceur, are identical indicating
that a similar mechanism of upbake oper&tes for both cations.

Tt ds to be expected that the egtent bo whiéh each eomponent
of the passlve and active phases ocours, is dependent on the ion being
abaorbed. In his vespect, slight differcnces are evident in the upteke of
rubidiun and celelums 4 comparison of the uptoke and exchange curves
( Figures 7,16 of. Figure 55.) shows that the proportion of passive

upkake or exchangeable materiel, to total uptake at 240 minutes is




Comparison of the Distribution of Rb®® and C

TABLE XTI

&45

Fxchanged Onion Roots.

in Non-exchanged and

TISSUE NON-EXCHANGED EXCHANGED
Rubidium Calcium Rubidiumn Calciun
Root Cap General General and |Few aggregates | Aggregates
uptake. aggregates of grains in above cells
of grains £ilm above in centre of
in film. central cells. | root cap.
Epidermis | JSome small Aggregates Rubidium Caleium
aggregates above cell exchanged. exchanged.
of grains walls in
in film. region of Ca
aceumulation.
Hypodermis | General Highest Aggregates Agegregates
uptalke. uptake in in £ilm above more numerous
cells beyond |cells beyond than in equiv-
3*5 mm back |35 mm back alent rubidium
from root tiplkfrom root tip. treated roots.
Cortical Iine of graingGeneral Distribution Numerous
Region in film above juptake, most |similar to aggregates.
vacuoles in |in cell walls|non-exchanged Localisation
reglon of Ca [Region of Ca |roots. No Rb within cell
accumulation jaccumulation |[in cell walls. | walls.
Endodermis | General General Rubidium Localisation
uptake, uptake in retained. . of Ca within
greatest in |cells beyond cell walls.
cells beyond |region of Ca
region of Ca jaccumulation
accumulation.
Protoxylem | Aggregates of |No localis- |Localisation Localisation
Initials grains in ation. not positively | within cell
£ilm above identified. walls.
some cells. Aggregates
Localisation present in
not always film.

present.
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140 § 1*1 in the case of caleciun and 1°Q & 55 Dor rubidium. This
relatively large anount of free caleium present in nonsexchanged roots
was appavent as a highee concentradlon in the epidermis and as freely
&iffnsiblé galeium in the cell walls of all tlssues of the root aoross
to the endodernis. The free caleliun bonded to camouflage the csloium
thet was actively secunulabed in the cells of the cortical parenchyma.
In the case of rubidiun long, this free sali was mach reduced end the
iac&lﬁaatiﬁn in the corlex was recorded in the autoradiographs prepared
Poomn non~oxchanged as well as exchanged matewrial.

The different grouping of the graivs of the antoradiographie
flim above the sortical cells to those obtalned with o oaleiun treatment,
mey sigoify a locelisation of the cation abtnined by a different mechardsm
of wpbake. However, it is possible by using an uptake solution of RH®®
having a considerably greater specific acbivity, that an alnogt ciroular
aggresate of graiuns pleht be foruned of an equal size and density to that
obbained with caleium. It was congidered that a longer exposure tiue
ﬁhan.that alrendy used ( 135 days ), would not give a stronger
sutoradiographle image since several helf lives had elapsed and the activity

remaining in the sections was very low.
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IIT STUDIES
WITH ANIONS.

It is generally considered that the absorption of catlons and of
anions oocur by twe separate mechanisms but it is not known to what
extont these two processes sre interdependent. It was deodded to apply
the techniques already used with cations 4o a study of the behaviour
of two seleoted anions. Sulphate was selected since 5*® is a pure
8 emitter and is readily avgilable with a high speoific aetivity and
has a half 1ife of 87+1 days.

It was not known whethexr an anion which is not dirvectly linked
in o known way to a nmebabdlic oyele, would follow the sane pattern of
uptake as sulphate loms. The halogens were considered in this respeot
and iodide Finally secleoted since chloride ¢ould not be obtained with
a suffioiently high spesific aotivity and bromide has & very short
half life. 1% has o halft life of 8+04 days and the emission is a

mizture of B and X.

ULPHATE TONS IN ONION ROODS.

An upteke and exchange curve was prepared for onion roots by

treating excised roots with a solution containing 0+5 meq. sulphate/litre,

{ Figure 61). A rapid initial uptake wos observed over approximately
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30 ninutes, followed by a slower absorption which was linear with tine.
the general) shape of the curve resembled that obiained with ealeium
and rubidivm. Under the oonditions of the experinment, the concentration
factor at 400 minvtes did not exceed one. Jlixehange &id not appear to
go to completion and the activity per gm. of root meterial (fresh wt.)
remained highey than the c.p.m./nl. of the exohange solution,

The procedure laid down for caleiun was followed, giving a
17 hour treatment period with the isotope { 10 pe/ml. ) for noneexchanged
material and an uptake period of 7 hours followed by 17 hours exchange
for exchanged material., Autoradiographs were prepared from Precze dpied

material in the standard way.

General Distribution of $°® in Nonwexohanged Rootsie

The overall distribution of activity is illustrated in
Mgure 62. There was a general uptake in the outer sortex and around the
tip of the root. An irregular distribution of sulphate was found in
the opidernis and the endodermis showed an ineressed content of sulphate

jons in those ¢ells beyond the region of caleium ascumulation { Figure 62.).

Pistribution at the Cellular Leveliw

Root Gap: A darkening of the £ilm was observed above the outer
layers of eells, the P® being evenly distributed in the cell walls and
eytoplasnm.
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Tpidernis: Sulphate ionz were localised within the cell walls
and in a few instancesy very irregular aggregates of grains were formed
in the film above this tissue ( Pigure 63.).

Hypodernis: A& small amount of sulphate was localised in those
eells beyond the region off éaleiunm accumulation.

Gortical Region: YThe grains of the image were found largely
over the cell walls but a snalier nusber was present above the eytoplaan.
No eircular aggregates of graing were found. The éells showing the
greatest concentration of &% were those of the outer cortex ( Figure 63.).

Indoderniss The uptake was grestest in those cells more than
S=4 mm. back from the root tip. The darkening of the film was more

intense over the ares within the eell wall.

general Distribution of &% in Fxchanged Rootaie

Figure 64. illustrates the distribution of sulphate ions aifter
exchoange. The sulphate held in the root cap and epidermis was Pound to
he readily exchanged but the major portion of that in the cortical cells,

endodernis ond hypodermis was retainedJTable XIT).

Distribution at the Cellulay lLeveliew

Nypodernisy A general darkening of the £ilm was found shove
this btissue ( Figure 65.).

Gortical Region: 'The sulphate was elearly localised in the
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reglon of the nueleus as shown in Figure 66. Host of the sulphate lons
present in the cell wells were removed by exchange.
Endoderniss ‘Whe lsotope wos retained as shown in Pigure €5.
Frotoxylen Initialss NHo lopalisation wes found in either

nonwexchanged or exchanged onion »ools.

S JETARE 2N BXCHONGE OF LODIDE TONS oY ONLON ROCTS.

The uptake curve ( Meure 67.) shows that a concentration
factor of cné vas not obteluned after 400 ninutes in a solution containing
05 mey. lodide/litre. Hxohange appeared to go to completion and the
acbivity per gm. fresh welght of roots tended o éguilihrium with the
ceopens/ule Of btho exchange solution. Autoradiogrephs were prepared

of nonwexchanged and exchanged material.

General Distribution of I*®* in Noneexchanged Roolaie

The autoradiographs showed that the uptoke of T*7?% ocourred
mednly in the outer cortex ( Figure 68.). The epidermis and hypodermis
absorbed the ion equally and no reglouns of high uptake were cbserved.
~An even distribution of reduced graing wes Cfound in the film over the cell
walls and the oytoplosm, no aggregoles of grains belng found above any
tissue. 4 slightly incdessed ebsoprpiion was found in thoze cells of

the endodermis beyond the region of calcium accumilsblon.
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general Distributlon of I**? in Exchenged Roots:s ‘ %

ihe amount retained in the roots afber 17 hours exchange was

found ‘to be negligible, the rewaining icdide belng restricted to the

I

outer sortex. The isotope was evenly distribubted over the cell wall {

and. the eytoplasm { {igure 69,)¢(Table XITI).

s DISCUSSTON.

The uptake and exchange curves ohiained with sulphate and
ilodide ape similavé¥n those obtained with caléium and rubidium. In the
case of iodide,however, ﬁhé ourve levels éﬁﬂ.afterfthe initial period
of rapid absorpition indicating that iodide ioﬁs are not astively absorbed.
This fact is further supported by the continued exchange by innotive
iodide af'ter the normal exchange perlod. The results will be discussed
in relation t0 & general hypothesis of salb absorption in the final
seetion of this thesia. This dlscussion will be Jinited to a comparison
of the sbgorption of ¢abtlons and thab of anions as shown by the
antoradiographs .

In the case of sulphate lons, diffusion appeared to be limited
to the wet cellulose walls ond adsorption and ion exchange mechanisms
were not found in the epidermis. In this tlssve, the sulphate lons
appeared to be held generally within the sell wall and after exchange

the distribution of 2% in these cells was similer to that in the cells




of the cortex which suggests that no partlowlar. aotion is attributed
b0 the opldermis as wag the case with cation ahsorption.

The suboradiogeaphs obtained with sulphate and lodide ions
shotr that vacuolar acoﬁmulatibn oft these ions does not ococur. It is
nessuned that lodide i not acobively acoumiloted in onion roots and that
thig may apply to all halogens since there is no evidence to relate
the halbgens o the metabolic processes known t0 ocour in plant roots.
Chiloride ions have been reported to be reguired in photosynthesis (148)
and it is peossible that these dons will diffuse passively across the root
for dirveot translocation to the leoves.

Sulphate asounslation is olearly assoclated with the nucleus
of the celd and it 1s probable bhat this is also the site of protein
netaholism.

The logalisation in the endodermis is similar to that of
absorbed cations and the reglon of sulphate acoumulation in the cortex
oft the aplcal region of the root wes similar, though less well defined,

o the replon of caloiun accumulation.




DESCUSSTON.
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Tt 38 beconing inercasingly elear that the absorption of
salts is a complex process which does not depend on the operation of a
single mechenism but on the so-operation of several. The existence of
an ‘active’ phase of absorption has previously been based on the condinued
retention of ilons af'ber exchange and on the observed decrease in salt
uptake under conditions prohibiting respiration. Further support is
given to the operation of an active nechanism, in the case of cations
at least, by the autoradiopgraephs comparing llving and dead onion roots.
However, it is evident from these results that the materisl retained
after exchange is not all absorbed by “active® means since the
ageumilation into the endedersis and hypodernls was found in exchanged
dead roots as well as living roots.

The question of a link with respiration has been approached
from several viewpoints and in noat sases, the relatively small anmount
of experimental evidence can be successffully applied to any hypothesis
of galt absorption. It has been suggested that only anion absorpbion
requires the expenditure of energy by the cell, in which case, cotion
pbaorpbion may ocour by passive means such that the electriecal neutrality
pf the sell is mainteined. It ds to be expested that the direot absorpiion
of anions into metabolie eysles will depend on the miintenance of these
eyeles, on A.0.P. and hence direotly on respiration. With regard to cations
howetver, the link with respivation has not been elucidated. Since the

dead onion roots 4id not demonsitrote an ascumlation of calecium in the
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cortical parenchyma, it is assumed that an actively metabolising cell is
required for catlon ascumalation. The separation in space off cation

and apion acoumulation sites in the cell, aa shown in the case of caleiun,
rubidium cnd sulphote absorption by autoradiosraphy, suggests that the
abgorption proceases are not linked and possibly ore not inderdependent
andl it follows that separate links with respiration may exist.

In order that the elettrical balance is mainbteined over the
entire oell, it is possible that organic acld enlons and hydrogen ions
are absorbed into or released from the 6ell asccording to the mineral
1ons being accumilated.

Reports of an absorption of catlions In apparent excess of
the accompanying anions (52) have appeared in the literature but when
the organic acid content of the cell (28) or carbon dioxide fixation (85)
ils also taken into account, the cation uptake is egulvalent to the anions

abgorbed.

PASSTVE ABSORPTION.

It appears Cron the auwboradiographie results reported in the
previous sections and from published data, thet several physical processcs
are involved in the passive phase of shsovption. The evidence from both
sources guggests that in most plant cells and tissues, dons diffuse roadily

in the wet cellulose walls and,in the case of cations, into the cytoplasm
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as well. Passive wnovement of anions across the plasmalemna is not well
established in the literabure. HHowever, the auboradivgraphbs with ilodide
ions suggest that such a movenment may ocscur since this lon was shown to
be present in the cytoplasm as well as in the cell walls of nonwexzchanged
roots. PFrom experiments with sulphate ions, it was Pound that the site of
active absorption was the nucleus of the cell and should the plasmalenna
a0t 28 a barrier to diffusion of anions, & second site of active uptake
would be Tormed at the cell wall.

It wes not popsible b0 distinguish beiween the sites of
edsorption and ilon exchange in the autoradiographs. ‘Those obbained with
dead non-exchanged and exchanged roots showed +eed the passive phase
of absorption to be associated with the epldernis, hypodermis and
endodernis. However, only that btaken up by the epidermls is freely
exchangenble. The agaregates of gralns in the Mllm were usually localised
over the corners of the cells and the ¢ell wall suzgesting an exchange moche
anism of caleium to peclate. The epidernal uptake was also found with
rubidium but to a lesser extent and, in thls case, the lecalisations were
not associated pavbicularly with the corners of the cells. Fresumably
adgoprption and binding can oceur to a vaviety of gubgtancos and the ilons
will be bheld with different degrees of exchangeability. Cations adsorbed by
cellulose or held as pectates or proteinates are probably easily displaced
by other cations from the medium or by hydrogen ilons. Thoge ilona forming
stronger chemical combinations such as chelates with nuclels acids are

probably only exchangeable with diffloulty.
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Helmy and Blgaby (46,153) have reported thet the groups
responsible for cation exchenge are destroyed by heating as would occur
in the experinents with dead voots. The distribution in the epidernis
does not substantiate this statement.

Localisation of anions in the epidermis was slizht and no
ageregates of grains were found in the autoradiographs above this tissue
which confiruws the contention that ion exchange and adsorption mechanigms

are predominantly cationic.

Tho uptake observed with all the lons studied into the
endodermis,ond, with the exception of lodide, also into the hypodermis,
is not readily esmplained in terms of nonwsexwchangsable binding. In the
autoradiographs the lodalisstion in the bhypoderunis appears as aggregotes
of grains in the case of the cations studied and as & general darkening
of the film with sulphate and iodide. There is no apparent reason for
the uptake into the hypodermis except that of o simple bareler which
gppears posaiblé in the case of sulphate loms where a general uptake
was observed. No perticular importance has been attvibuied previcusly |
to the hypoderwmis (154).

The distribution in the endodernis is simllar Por both anions
and oations and since the ilons are held generally within the ooll wall
in each case,it seenmg probable that the mechenism is common to all ions.
The general nature of the localisatlon does not suggest a binding
mechanism and therefore 1t is proposed that the plasmalemna of the nature

gndodernal cells permits diffusion of dons into cells but prevents
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exodiffusion. It is to be expested that the entire surface of the
plagmalenma will aet in this way, preventing diffusion of salts into the
mature zylem elements and also rediffusion of delts into the cortex.
Tixchange will be alow even under conditions favouring exchange as in

the experinments using strontium,

ACTIVE AGCUMULATION:

From the autoradiographs, 1t is not possibvle to soy conclusively
in the case of each cation investigoted that vacuolar accumlation does
ocour but it seems most likely on the evidence available. On the
other hand, it is very clear that o similar vacuolar accumulation of
anions does not toour, at least in the case of sulphate and iodide.

The most likely mechanism of absorphion of anions is thelr
direct absorption into metabolie cyeles rather than o vacuolar accumalation.
Robertson (8) has suzgested that anions may be accumulated by more then
one mechanism gince it is unlikely that all the aniong taken in by the
root eould be absorbed immediately inte the metabolic oycles. The
rapid incorporation of supplied phosphate into azdenosine triphoaphate
has boen shown in a variety of plants (145,185). In 1956, Leasgett and
Epstein (26) showed that the sulphate absorption which they obgerved,
was consistent with the view that the absorpiion involved specific sites
in the cytoplasm. ¥Trom the autoradiogrephs, it is poééible to limit the

site of sulphote absorption and hence of protein metabolism, to the




834

vegion arvound the nucleus of the oell.

It bas been sugzested by ﬁan&eggréh, that ions sueh as chlopride
which are not ingovporated,; as ar as is known, inbe the structursl
components of the cell, night be temporarily bound 4o regpiratory cnsynes
such as oybochvome oxldase. The auwboradiographs obtalined with lodlde do
not show any acoumilation of the iodide ilons and the vacuolar accumulation
visualised by Iundesdrdh, Hoagland and Broyer (57,104) is not supporied.

The ahaoepbion of amions inbo thelr respeciive metabolis cyeles.
can he assumed o ocour with a high degree of specificity. No dirveet
compebition bebveen anlong such as nitrate, sulphate and ehloride wounld he
expected since they ave absorbed into different cyoles and none hos heen
raported. Compebtition way only exist bebween gimilar ilons such as

sulphate and selenate whioh cen enter the seme eyele (26).

Absorption of cations dlrectly into netabolie oyeles has nob
boon supperted excepd poasibly in the dese of potassiuve which night be
bound to intermedistes of glysolysls in the cytoplesm. Rubldium is
assuncd to follow the game path of absorption a3 potassivg and 1t is
to bo expeoted that the autoradiographic reaponses will be siniler.

The autoradiogeaphs obieined with subidium do not show a localisation

in the eytoplasm ond therefore it is assuned thal the sbaorption into
glyeolysin, if present, was inguifficient to give an auwtoradiogvraphie
image. In comparison with the vacuolar ageunuloation obhserved, the locale

isation would be very slight.
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The evidence for vacuolar agseumilation of caleium has been
discussed in the expervimental sectlons. It is considered that fhe
vajor payt of the evidence is iIn support of this forw of ‘achive’
absorption and that it may apply generally to cations.

Aotlve absorphion has becn shown to be highly specific and
it ip assumed that several dif'ferent carrier wolecules are required,
eanch specific to a2 group of cations. In this way, the competitive
lnhlbition of uptake can be attribubed to ions within the same group
compeblng for the sane carrier molecule. No atbenpt has yel been made
bo Adentify these carrier molecules although several materdnls have
been sugsested sueh ag rihomueleic acid (108), phosphetidic acid (107)

and lecithing (108},

TRANSLOCATION .

The region of ecalelum scommlation is clearly defined in the
autoradiographs obtained with caloiunm and rubidiun and to o lesser extent
with the anions studied. The imporbtence of this region has been briefly

discussed under the heading of Vacuolar Accumulation but not in 1is

velotion to the whole voob.

The presence of an intense localisation of nohwexchangeable
material in the cortex, in & reglon of the roots in which the cndoderimis
does not rotoin iong, suggests a link with trangloestion. It is mosd

likely that an osmobice pump is formed which promotes the flow of ions




by simple diffusion from the exbternal molution divectly into the stele
in this veglon of the root. It is concelveble that the function of the
accumalated calelum in the roob cortex is the foramation éf sueh an
osnotic punp.
The e¢xtent of the reglon of the cortex in which caleium, rubidium

and sulphate ions were ascumulated, averaged 1000 » 4000 p back from

the root tips This part of the voot coincides with the region of woter
absorption and also it bas been shown that the endoderuis in this reglon
does not accumilate salta. Lt s proposed, therefore, thet the region
of mowimwn selt cbsorption is alao the region of mewlmun translocation.
The auboradiographs of exchanged coloium and noneexchanged
vubidiun naterial showed a localisation in the protoxylem initisl cells
whioch was virvbtually nonesichangeable under the conditlons of the
experivent. This result is in acoordence with the “bleeding phenomenon’
desoribed by Hylmo (105) in whileh he proposes that during the formation
of the zvlenm elements; the ‘testetube’ cells absorb ions es in active
acoumulation. The transverse end wall then ruptures and the veszsels

interconnast.

In dlssugeing the evidence for salb absorpiion, o ceritain
amount of confuslion arises since it is general practice to relate the
absorption characteristics of single celled plants to nove complicated

agysbens and vice versa. The expevinmental work on salt absorption eon be
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Aivided inbe threeo distinet groups 3 om whole plants using techniques
such a3 gross andoradiography and chemiecal ananysis of the plent parts,
on exeised roobs by dsobopic exchonge and on lerge celled sinple plants
using microgcopy as in the experinents of MacRobbie and Dointy., It ds
Polt that the correlation of vesulbs from such varied experiments sonnod
be Justificd uwotil the internedicte stage of absorpiion into each {tiassue

structure of the root, has been fully clucidated.
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CONCLUSTONS,

1+ 4 technique of entoradiography has been developed for uwse with water
soluble isotopes, giving vesults at the cellular level with thin
seoblions of plant materiel.

2 Tt has been shown by this technique that there ars two phagses in the
provess of salb cbsorpbion by exelsed plant roots. The exlstence of

an “active’ phase has been established.

&
E

« The results show that the material retalned after exchange in an
inactive solution of the same fon ig not all aetively abasovrbed,
4o The passive phage of sbsorptlon ls assoclated with the epldermis,

the hypodernis and the endodermin. The lons taken up by the epidermis

were found t0 be resdily exchengeable. Tho nature of the logaligation
1o the hypodermisz is assumed to be a binding of the ion which has
a low degree of exchangesbllity. It is proposed that the endodermis
eets es o harrier to diffusion in that pert of the root beyond the
reglon of ealeiun accumalabion.

Be he active phage of sbhsorption ig primarily assoclated with the
parenchyme of the coprtex in the apical reglon of the root, this
region beling tevned the reglon of caleiun agcuwmilation. Cabions
appeared to be looaliged in the prodoxylem inltial cells and in the
central cells of the root cap.

8. Cation absorption occaurs dn the cpldermis, hypoderuis, endodsrmis,
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cortical parenchyma of the apical reglon of the voot and in the
protoxylem initial cells. Aunlon absorption does not appear to ocour
in the epidermis, protoxylem initials oy the cenitral cells of the
root cap. Two eations, calelum and rubidiuw, and two anlons,
sulphete and lodide, were used in these investigoations.

On the autoradiogrephle evidence it is proposed that wvacuolar
accumulation of cations oeours in the cortical parenchyire in the
region of caleium accumuletion. 4wion accumuiation does not occaour
in the vacuoles but in the coge of sulphate ilons it is lovalised

in the vegion of the nucleus of the cell. Tt is proposed thab anions
are absorbed into thelr vespeotive metabolic eyeles iu the cytoplasn
of the eell. 'the results oblained with sulphote ilons suggest thal
the gite of protein mebabolisn in the cell is reghricted to the
region of ‘the anucleus.

The autoradiographs show that there is an intense localisation of
non~exchengeable ilous in the cortex in a region of the root in which
the endoderuls does not retain lons and 1t is therefore posaible
that these ascoumulated lons form an oswobtic pump whilch vromotes the
flow of lons by simple diffusion from the extornal golution direetly

into the stele in this region of the root, The region of masxiian

n

alt ebsorption, thevefore, is also the region of maxismm

¥

translocation,
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APPENDIN 1




STANDARD BXPRRIIHNTAL PROCEDURE.

The procedure has beon detailed for caleiunm but it is applicable
to any cabion or anion. It has been used for studies on the absorption

of ealeium, rubidium, sulphate and ilodide ions.

1. Treotnent of the RBoot Moterialse

Onions were grown for ong week in constantly cérated tep water
and half inch lengths of root were exeised from pne inch roots. The
excised roots were eguilibrated for 30 minutes in delonlzed water ond
then treated overnight at 309C in o solution of O*5meq. Ca/l of high
specific activity (10ue=due/nl.). The material to be dried after
treatment with 0&*® only ( i.c. non~exchanged ) was stained during
treatnent by adding neutral red to the uptake solution to givée a
soncentration of 0*0001% neutral ved.

The roots for exchange were rapldly rinsed three times in delonize
water after irvestment with Ca'® for 400 minubes and blotied before being
placed in a solution of ecalelunm chloride containing 05 meq.Ca/l at 30°C.
'the moterial was stained by adding erystal violelt to the exchange solution
giving o concentration of 0+0001% crystal violet. ZHmchonge was
continued overnight.

Both materials were rinsed rapidly in three changes of delonized
water, blotted and immediately frozen in isov-pentane cooled with liquid

nitrogen. The roots were frozen separately to prevent their adhering .one



bo another. Using & ccoled stalpel and fovceps, the voots were out into
three on & polythene stage ecoled by acetone/drikold. YWhe pieces were
beld in liguld nitrogen so that the segments were grouped sccording o
thelr position from the tip of {the root.

14 was negegsery that the btime gpent in washing, freezing and

oubting wes kept to o mininum to prevent dlsplecenent of calolum.

2e Trecze Dryingie

Paraffin wex (849C) was first deaerated in the aluminivm stage
in the freese deying sppavatus and solidified wnder vacuum. The stage
waa sooled in liguid nitrogen and the roots transferved so that they
were sbill surrounded by liquid nitrogen when placed in the apparatus.
Liguid nltrogen was immediabely added to the condenger tube and the veeouun
applicd so that the remeining liquid nltrogen around the specimens wag
slowly drown of'f?s A pressure of lowepr than 0*001 mn. mercury was atbained
in less than one ninute from plocing the material in the drying chawher.
Liquid nltrogen was added every 60 mimntes and drying continued for 50
hours, spread over three doys, the apporatus bheing held in scetone/drikold
overnight. Deying was continued for 100 hours with phosphorus pentoxide
as the secondavy condenger.

The material was enbedded by heating the pavaffin wazx to H5~80°0
without bresking the veeuum. After three hours the paraffin was
solidified and the eylinders of wan were traansferred to fubes whieh

were then held at 85°C for 18 hours.




idd

3. Autoradiographyte

Sections,10; 20 and 40p thick were cut and pressed onto
eleaned slides dipped in 0+6% wt./vol. solution of saran in methyl ethyl
ketone. Slides supporting medion sections were cleared of paraffin in
zylol end coated with a 1% wt./vol. solution of saran in methyl ethyl
ketone. By drying the slides in a2 verbtileal position an-even film 1u
thick was obtained.

Kodak A.H.10 and AR50 antoradiographic films were floated
out for three minutes on water in a darkroom fitted with a Wratten No,l
red Filter. 30 seconds belfore applying the £ilm the slides were dipped
in a 1% wb./vol. solubtion of oelloidin in a 50/50 vol./vol. solution
of ether and wbsolute aleohol. The filus were dried by an alr fan and

oxposed at 4°C.

The exposuvre btimes were debernmined by developing the 20 and

40u sections at dif'ferent intervals of time. Development in Kodak D.19b

developer was followed by staining for 24 hours in a 30/10 vol./vol.

mizbure 2% neutral red and Ziehl Nielseus carbol fuchsin. The gel of
the autoradiographic £ilm wos desbained in water and alcohol and the pre-

paration was mounted in D,P.X, mountont.




APPENDIX 11




iv,

ISOTOPES USED IN AUTORADIOGRAPHIC EXPERTMENTS.

ISOTOPE EMISSION Emax HALF LIFE in days
025 164
177 18°6
1+08
0-167 | 871
0-61 | 8-04

0-36
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. ' __EXPOSURE TIVES REUIRED FO: SECTIONED ROOT VATERTAL.
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