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SI'MMARY

llhe work described in tÌ¡is Thesis is concerned with estab-

rishing nechanisms for ion transport and photosynthesis in ELodea.

Although ELodea, and other aquatic angiosperms, show a remarkabre

similarity to the giant-celled algae, such as cltaxa anð, NiteLLa,

in patterns of HCO. use and OH efflux, there are essentiat diff-J

erences. Models are presented that accor¡r¡t for these observed

differences in ELodea.

The work initially required a lengrEhy and detailed review of

the pubtished riterature. As a large proportion of the riterature

on the appropriate aspects of tt¡e physiologl¡ of ELodea and other

aquatics had been puJclished in the early part of this century and

nrostly in foreign journats, this reviewing inr¡olved large arrounts

of translation into English. Considering the time interval between

these early studies and the presenÈ work, much of the e:çerimental

work described in the Tt¡esis was done to confirm or otherwise this

earlier work using rþre sophisticated and quantitative methods,

such as the use of radioactive tracers, pH and O, electrodes.

At high external pH values, normally forxrd where ELodea ís

growing, photosynthesis, using HCO- as the exogenous carbon source,
J

cannot proceed in the absence of ca++ in the intercellular phase of

the leaf tissue. This d.iffers frcm the established view that a

majority of tt¡e ca+* is intracellular, and that during Hco- fixa-.'

tion is transported actively through the cells. from the lower to

the r4>per surface of tJ:e leaf. The nrcdel presented differs in that
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++
Ca nþves from the lower to the upper surface ín the intercellular

phase . ylg**, K* and B"** "t" not abre to reprac. cu** in ELodea,

as previously founil in this and other aquatics. At low pH, phoÈo-

slmthesis (CO. fixatl-on) occurs at very high rates in the presence
¿

and, absence of ca#.

In an analogous way to the "pH banding" in CTtana, ELod.ea t.as

a hydroxyt efflux at Lrre ræper reaf surface which causes caco3 pre-

cipitation, during HCO. fixation. In e:çeriments to studlz this5

hydro>q¡I effltu<, it was also fo¡¡r¡d that when net photosynthesis was

reduced by low exoçlenous carbon, there was a very pronounced H*

efflux, which caused the pH of tÌ¡e erçerimental solution to faII to

very low values. It is suggested that ttris proton efflux is partly

due to the formation of carbo:<ylate salts (x+) in ttre lower cell

layer. Furthernrcre it is suggested that this proton efflux also occurs

dr:ring HCO3 fixation although masked by ttre OH efflux; and that it

may act as a primary cherniosmotic energy source as suggested by

Srnith (1970).

Studies on the light-stimulated Cl influx suggest that the

transport may only occur when both photosysterns are fr:ncÈioning

normally and producing ATP and lilADPH. However it is further sug-

gested that such anion influxes may be influenced by the ¡rpre im-

portant and larger exchanges of H+ and HCo and to some extent
3

intercellular caf*.

The rpdels proposed for ELodea accounting for the npre complex

behaviour of carbon assirnilation probably arise because in the case

of this aquatic angiosperm q¡e are dealing with highly organised multi-

cellu1ar tissue, but with ttre charophyte algae, only single cells.
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1.1.

CHAPTER ONE

INIRODTrcTION

A l{e1l-known E:rperiment

A simple erq>eriment dercnstrates the ability of ELodea d.ensa

to change the pH of its surrounding solution. Prepare a dilute

solution of phenol täa i¡ distilled water and add'dilute sodium

bicarbonate so the solution pH is just below the end point where

it changes from yellovr to pink. Take a smatl sprig of ELoðlea t}raE

has been in the dark, rinse it several tines l-n the above solution

and then submerge it conptetely in ttre solution and allow to stand

in a bright light. After only several minutes tl¡e solution adja-

cent to tnå ,rpper leaf surfaces will change to bright pink, indi-

cating an increase in pH, and after about 20 ninutes the entire

solution wilt change to pink. Ttre original yellow colour may be

obtained again by placing the sprig in Èhe dark. lltris is a much

slower process and may reqrrire up to three hours-

Ttris e:çeriment denpnstrates quite clearly the ability of

ELodea to increase the pH of its bathing solution in the light'

and in parEicular, that the upper leaf surfaces are responsible

for this change. Similar e>4>eriments have also been used to de-

monstrate tlre ability of other aquatic angiosperms (VaLLisrPr"ia,

Potamogeton, ete.) and giant celled algae (Chnz'a, IViteLLa, etc.)

to sirnilarly change the solution pH during photosynthesis.

Early Work usinq Aquatic Anqiosperms

Although the work of Arens, Ruttner and others is comrncnly

cited, the details of their e:çerinents have generally been over-

L.2
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looked, possibly due to the díffículty ín obtaining translations

from the language in whích they were written.

Sínce there has been surprisingly little experimentatíon

done on this aspect of aquatic angiosperms since the early work

of the 1930's, the details of these experiments are quite rele-

vant to the development of ttris ttresis. Furthernþre it derpn-

strates quite clearly how little our understanding of this aspect

of aquatic plant physiology has progressed over the past fifty

years.

The "Itlell-known Experiment" (I.1) was first performed by F-

Ruttner in I92I using phenolphthalein rather than phenol red, and

Ruttner described tle ability of the upper leaf surfaces to change

the solution pH as "physiological differentiation", recogmising

the cellular differences that must exist between the upper and

lower layers that result in this differentiation.

However, Arens (1933), after carrying out extensive studies

on this process, referred to the phenomenon as "polarised mass

action exchange" because there was an apparent net transport of

com¡nunds across the tissue. When similar observations were made

on NiteLLa fLeæiLis whereby bands of high pH h'ere observed along

the lengttr of these giant algal cel]s, Arens described the process

as "physiologicaÌ multi-polarity" recognising now that even with-

in a single ceII, one can find the different processes of trans-

port going on in different locations and in different directions.

Although similar processes appear to occur in both aquatic

angiosperms and giant algal ce1ls, it would appear that in the

angiosperms the physiological processes must necessarily be npre
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comPlex because hle are dealing with nulticellr¡tar tíssue. Despíte

this complexity, rrcst of the early experimental work on carbon

sources for photosynthesis and rerated íon transport requirements

was performed on these tissues. rtris was due to the relative ease

by which the upper a¡rd lower surfaces of some angiosperrns (Pota-

mogeton and VaLLisnerí.a) could be isolated.

The E:<periments of Arens

In similar e>çeriments to that described above (1:1), Arens

was able to show that a large number of other aquatic angiosperms

e><l¡ibit similar abitities to arkarinize solutions only at their

upper leaf surface in the light and also that some plants (Pota-

mogeton peetirøkts and ValLisnez,ía spíraLis) were a.ble to increase

solution pH on both upper and lower sides (Table I.1). It is

interesting to note how clearly Arens was able to differentiate

colour changes at the top (adaxial) and bottom (abaxial) of the

leaves and to show that there were differences between species of

Potønogeton. O.2* v/v chloroform and O.4+ v/v ether reversiJcly

inhibited the ada:cial pH increase in the light wl-XÌn Elodea, eann-

densis, HydrilLa ÞertíeiLLata and Potønogeton er¿srys. These

three species also showed red colour changes in HCO. solutions
J

of Sr, l"Igr, Ba, Lí, K and Na (ra¡te L.2). Final solution pH, also

measured in these experiments, increased over the course of time.

However, the ability of these species to survive in these solutions

over a period 9_f time differed greatly, and survival was in the

followingdecreasingorderCa > Sr >Mg >K> Na > Li >Ba, (see

Tab1e 1.15, below).
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In a fr¡rther experlment, Arens showed that an adaxial pH change

could be observed ín solutions of CaCLy ca(l{og) 2, KcL, and Kl{Orr

in both Elodea canoÅ,eræis and Potønogeton c"¿srye, but that ttre

extent of the observed changes depended on the calcium concentra-

tion of the pretreatment solution (Table 1.3). Similar observa-

tions were made in distilled water, and distilled water without

CO^ (Table 1.4). fri ttris experiment it is im¡nrtànt to note that
¿

the pu changes were greater in distilled water where CO, had been

renrcved, suggesting that where CO, nay be available for photo-

synthesis the observed adaxíal pH changes are reduced. The diff-

erences between the resultant pH changes due to the pretreatment

in different calcium concentrations suggested to Arens that leaf

tissue was able to hold reserves of various ions that enabled tf¡e

pH changes to occur in HCO- -free solutions.
J

As a result he showed that leaves soaked in 10mM CaCI2

showed a decreasing ability to produce 0, and to change solution

pH with time of soaking (Tabte 1.5). He attributed this to de-

pletion of CO, fron HCO, for photosynthesis and suggested that

Elodea d,ensa had greatel reserves of HCO3 t)tan Potønogeton ev¿spa..

v{hen ELodea, treated to renpve endogenous carbon reserves,

was placed in various solutions for a further Pretreatment before

being placed in experimental solutions, the solution pH only in-

creased when HCO, \^¡as supplied in eittrer the pretreatment or ex-

perimental solution (Tab1e 1.6). The pH change was greater when

the HCO^ wês in the experimental solution. ELodea pretreated in
J

solutions with HCo, was only able to s1ightly change solution pH

in distilled water without any CO^, but when srnall amounts of CO,
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lrere presentr the solution PH did not change at aII. Similarly'

leaves pretreated in dístíIleil water containing COZ showed a much

reduced PH change in the HCO2 solutions than leaves Pretreated inJ

HCO solutions.
3

There was no significant effect of temPerature in the range

I0 to 34oc on the o production and solution pH change wJ-rlr- Elodea
2

densa.

ttawing denpnstrated a polarisation between the upper and

Iower surfaces of tt¡e leaves in their ability to change the solu-

tion pH, Arens denpnstrated that there was also polarity in the

production of starch beÈween chloroplasts in the upPer and lower

layers of cells of. ELodea anð. HydtíLLa (ra¡te f.7). He found that

more starch was formed in tt¡e chloroplasts of the upper layer of

cells.

Arens ldas not able to deronstrate any polarisation of O,

production between the upper and lower layers of celts ín ELodeA,

Potønogeton or HydtiLLa.

Isolation Chamber Experiments

Arens (1933) used smalt isolation chambers and other methods

to separate the uPper and lower surfaces of leaf tissue and con-

sequently was able to expose the two sr¡rfaces to different solu-

tions at the same time.

In Table I.8, the solution on the upper side was distilled

water with phenolphthalein as indicator and it clearly denpnstrated

in all the species that there was a red change at the upper sur-

face only when the solution on the bottom contained HCO, . Phenol-
J
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phthalein was algo placed ín the solutions at the lower surface,

but no changes were observed here. The numbers indícate the

percentage of leaves counted, where the red change was observed.

The leaves had been soaked in distilled water fot 24 hours to ex-

haust ttre tissr¡e reserves.of endogenous carbon. In similar ex-

perinËnts where the lower surface was in contact with distilled

water containing phénolphthalein and the upPer the same solr¡tions

as Table 1.8, none of the leaves produced any significant pH change

at either the upper or lower surfaces.

Hence Arens denonstrated quite successfully tt¡at HCO, was

taken rp into the tissue from tlte lower leaf sr,rrfaces in species

of ELodea, HydtilLa and Potantogeton, and that it was this uptake

which resulted in the pH change at the upPer surfaces.

By measuring the presence of calcium by precipitation of

calcium oxalate, and potassium by the precipitation of ¡ntassium-

sodium cobalt nitrite, Arens was able to denpnstrate that in the

a.bove species, calcium and poÈassium were transported from the

Iower to the uPper surface in the light but not in ttre dark (Ta-ble

1.e).

From tl.is work Arens modified the hlpothesis of NaÈhansohn

(1907) and Gickrhorn (rg27) - see Figure r.r - where ca++ prayed

no active part in the metabolism and HCo, acted as a supply of

CO^ that was constantly re¡þved by the leaves by absorption from
¿

the upper surface. Arens' rncdel (Figure 1.2) suggested that Ca

.++
, (HCO3)r, Ca--, HCO, , and CO, aII entered from the lower sulface

and that Ca(OH)2 was transported across the leaf to the upper sÌrr-

face, while O, was released at both surfaces.
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Arens (1938) then went on to do some valuable work examining

the distriJ¡ution of the Ca(OH), extrusion sites on the uPper sur-

face (Table 1.IO). These sites were identified by manganese hy-

droxide precipitation, and he showed that the area of precipita-

tion on each leaf increased downwards from apex - with íncreasing

ceIl age. This was important in tflt it denpnstrated that not aII

cells in the leaf Can equally utilise Ca(HCOr), but that this ab-

ility increases with age.

The work of Arens has been taken as a starting point for

this dissertation because it points to many interesting questions

that investigators have since been attempting to answer.

Polar Transport of Ions

Although Arens found that the leaves of some aquatic plants

could absorb Ca(HCO'), or KHCO, from the lower leaf sr¡rface while

ca(oH) ^ or KoH respectively was released at the upper surface,
z

other workers (Gessner, 1937¡ Steemann Nielsen, 1947) concluded

that HCO^ can actr:ally be absorbed from both sr¡rfaces. Steemann
3

Nielsen measured the O production when exogenous carbon (either
2

COU or HCO3 ) was available at either of the two sr:rfaces of Pota-

mogetOn Luceræ and compared these with the rates when exogenous

carbon was available at both sides simultaneously. His results

appear in Table I.11.

From the details of the exPeriment,

what the relative concentrations of HCO,

however,

and CO

it is not clear

were, and iÈ is
2

possS-ble that sufficient CO, was available at aII times to diffuse

into the cells. Hence these experiments did not conclusively prove

that HCo^ can enter from both the upper and lower surfaces.
J
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Steemann Nielsen (L947) repeated Arens' e:çeriments and

found that at pH 8.0, OH , CO^ and HCO^ were trans¡nrted from-2J

the lower to the upper surface when either natural lake water o.r

snl.l KHCO^ were present in solutions at tte lower leaf surfaces
5

(ta¡les 1.12 and 1.13) confirming the earlier observations of

Arens (1938). He was, however, unable to observe the ¡nlar Èrans-

port of OH to the "upper surface in another species - Potønogeton

nnta.ns, and al.so Hydrocltøris mo?slts ranla,e. on the oÈher hand he

was able to showtlratphotosynthesis in the nârine aJga ULtla Lac-

tuea was accompanied by pH increases on both sides of the thallus,

no matter what side HCO. was supplied (Table 1.14).
J

In 1939, Arens observed banding on NiteLLa flerí,Lis, which

he attriJcuted to the non-ho-n"n.orr= trans¡rcrt of OH from the ceII

dr:ring photosynthesis. He compared this phenomenon with the situa-

tion in Elodea and, Potønogeton, where there were areas where Hco3

was taken up and areas where OH was released.

Growth Erç>eriments

Although Arens (1933, 1938) derpnstrated that cations such

as Sr, Mg, Ba, Li, K, Na and Ca were able to sr:stain short-term

photosynttresis of aquatic angiosperms in the presence of HCO.
J

at high pH (Tables 1.2 and I.8), he also showed that the long-term

survival of these plants was reduced with some of these ions. Sur-

vival was longest in Ca(HCO,), and shortest in Ba(HCO3), following

the order Ca, Sr, Mg, K, Na, Li, Ba in all species. Sur-

vival was shortest in ELodea ttrat had been grown in a pond con-

taining a higher c"** .on.entration (Table 1.15).
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The effect of pn on the growth of ELodea densa was first

derpnstrated by olsen (1921). Plants grown at pH 3.5 and 4.5 died

within the 60 day study, whereas plants grown at pH 5.5, 6.51 7.5,

and 8.0 showed respective fresh weight increases of 130, 165' 22O,

and 320 percent (see Table I.16). Steemann Nielsen (L944) re-

peated these experiments using Elodea eanadensis and CenatopTryLLwn

dqnersún. He critiCised olsen's e:çeriments on the grrounds that

the experimental conditions rrere not optimised to denpnstrate the

maximum pH effect on growth. Steemann Nielsen obtained much greater

increases in fresh weight over shorter periods of tÍme. The resul-ts

for these grrowth studies are shown in Ta-b1es 1.17 and 1.18. !{ith

both species there tvas an increase in fresh weight as the pH was

increased from 3.5 to 8.5, under conditions of tow CO, (O.o3t) -

In the presence of excess CO, ( > 2*), there vÍas no difference in

the fresh weight between pH 4.5 and 8.0. When there r^¡as no stir-

ring of the solutions with o.o38 Cor, the grrowth of CeratopTryLLwn

was red.uced even further, due nost probably to Èhe reduction in

the rate of diffusion of not only CO, but other solutes (Gessner,

L94O¡ Steemann Nielsen ]rg42). Note atso that Elodea showed a de-

crease in the ratío of fresh weight to dry weight with increasing

pH under both limiting and hish co, Ievels. steemann Nielsen sug-

gested that this was probably due to different assimilates in the

tissue - that at high pH, sugars were probably forned. The pre-

sence of sugar l¡ùas denþnstrated by anthocyanin fo¡mation at the

higher pH values (ra¡te I.17). In an attempt to distinguish be-

tween the direct effects of pH, free CO, and HCO, I Steemann Nielsen

cultr:red botln ELodea arrd Cez,atophyLLtrn under conditions of increa-
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sing PH and HCO3 concentration, while a constant CO2 concentra-

tion (0.6 ng/L) was s¡aintained. Under these conditions, an ín-

crease in HCo- from O.006 mg,/I to O.o3 ngrll (pH increase from
J

4.5 to 5.5) resulted in a dry weight increase of CeratophyLlwn

from 18 to 86t - the total carbon concentration only increasing by

16t. However, from pH 5.5 to 8.2, where the total carbon concen-

tration increased 4D times, and HCo^ increased a 10OO times, the
J

increase in dry weight was only 3 fold. Hence, small íncreases in

the HCO, concentration at levels less than tJ:e free CO, level'

caused large changes in the weight increase of both species, and

there rrùas no direct effect of pH as such

Sources of Carbon for sis - CO or HCO

Ruttner (192f) de¡ncnstrated successfulty that while ELodea

was a.ble to assimilate carbon from alkaline solutions, the noss

Fontirnlig, rvas r¡¡rable to do so. Steemann Nielsen (L947) demons-

trated npre clearly that MyriopVryLlun, Potørtogeton, Cryptoeoryne

anð, Cladoplnra were able to utilise both CO, and HCO3 , but Fonti-

laLiS, along with other plants commonly found in nrcre acid water,

were only able to utilise CO, for photosynthesis. These elçeri-

ments differed from his earlier growth studies in that he was now

measuring actr:al O, Production by sodium thiosulphate titration.

This work neatly complemented Arens' nore indirect methods of mea-

suring photosynthesis. It fr:rthernpre showed that while weight

increase and OH extrusion were smafler in the presence of small

amounts of COr, the presence of free CO2 did increase the rate of

O, Production guite markedly compared to rates when HCO3 was the

only source of carbon.
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1.3

1.3.1

Ions and Photosynthesís

While Arens (1933, 1938) was able to demonstrate that

cations were able to sustain OH release in many species, Steemann

Nielsen (L947) was the first to measure the effects directly on

photosynthesis as measured by O, evolution. He denonstrated that

anions such as CI and Son
++_++

and cations such as K ' Na and Ca

had no influence on the rate of photosynthesis at pH 4.1 (Table

1.I9), but that at pH 8.3 the presence of cations and anions did

exert a differential effect. In particular, the addition of Cl

=+++and Son to K- and Ca" solutions increased o, production from

79t to 94* of Èhe maximal rate observed in natural lake vüater

(Ta.bIe I.20) .

FurÈher Exper iments wj-i't. PotætPqeton

Tracer Experiments
45 ++

Tracer experiments, using -"Ca' , !{ere first used by Lo\^¡en-

haupt (1958). He was able to confirm the earlier e:çeriments of

Arens and Steemann Nielsen, that in the light C-** *.= accunulated

into the lower surface of PotAnOgeton erispqs leaves and excreted

at the upper sr:rface. He further showed that tl"e nU".** content

of leaves increased in the light compared with the dark. It is

unfortunate however, that he rnade no further attempt to guantify

these results. In another experiment, he derpnstrated that the

uptake of 45c"++ was greater at pH 7 than at pH 3'8' The pH in

this case was increased from 3.9 to 7 by the addition of I mlvl

K^co-, and then the solution was br:bbled with N (or air) causing
¿r-2
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the pH to fall again. However, in the first hour when the pH

would have been sufficiently high, he found a twofold increase in
45 ++the -Ca content of the leaves.

Fr¡rther experiments using tracers (Helder and Boerma, L972, ,

derpnstrated that ín Potønogeton Lueens nb* ,-y be trans¡nrted

across the leaf from t}te lower surface against " Rb* concentraÈion

gradient. Although Steernann Nielsen (1960) had not derpnstrated

a potential difference across POtø¡toget7n' Helder and Boerma con-

clr¡ded that the Rb* transport was active and that the rate of

transport was independent of the concentration gfradient, or at

least coupled to an actíve transPort of anions' rþst probably the

influ< of HCO, during photosynttresis. For there to be a net polar

transport of anions, as observed, they suggested that the lower

ceII Iayer lras nþre permeable to HCO, and the uPPer ceII layer
J

more permeable to OH . Such net ¡nlar transport of anions may

then be accortpanied by Polar transport of cations (Helder and

Boerma, L972, 1973) .

Potential lbasurements across Leaves

More recently Helder (1975a) measured a potential difference

(PD) across POtAmOgeton Leaves of about 25 mV in the presence of

r.o mM KHco^. This pD h'as aborished in the a"tflv 10 uM DcMu.
J

The net transport of labelled Rb+ r¡nder the influence of this PD

r,vas much greater than tÌ¡at predicted by the Nernst equation, sug-

gesting an active transport of Rb+. However on comParing the values

+for the Rb flux in t}le upward and downward directions with the

theoretical ones derived from ttre simplified Ussing-Theorell equa-
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tion, Helder found ít necessary to ProPose the simultaneous pre-

sence of an active unidirectional Rb+ flu*, possibly occurring in

the symplasm of the leaf, and a possiJrle flux, bidirectional, re-

stricted to the apoplast.

External pH Chanqes

Following Areris, (1933, 1938) and Stee¡nann Nielsen's (1947)

experiments, Helder and Zanstra (19771 measured continuously the

pH of solutions at both the upper and lower leaf surfaces using a

glass pH electrode and found that when HCO3 was supplied to botJ.

surfaces the pH of the upper soluÈion increased to 11.8 after about

30 hor.¡rs, confirming all previous work done under sinitar condi-

tions. However, they also showed that ttre pH of tJ"e lower solution

íncreased to a steady value of 9.8 when the uPPer solution only con-

tained HCO^ .. This agreed with Steemann Nielsenrs observations
3

(Ig47) that O, evolution of Potamogeton will proceed when HCO, is

supplied to the upper surface only (1.2.3.).

As pointed out by the authors, there $Ias a curious inflexion

in the curve of the pH change at about four ¡ninutes after the light

was switched on. The authors suggested that this phenomenon may be

related to a switching from CO^ to HCO, utilisation by the leaf.
25

Furthernpre, they also observed a fall in the pn at tt¡e lower

surface from 8.4 to 6.8 when HCO3 was supplied to both surfaces.

They suggested that this lâras not primarily due to HCO' assinila-
J

tion but to the inftux of either cations or other alk-aline.substances'

or the release of some acid sr:bstance - these exchanges being de-

pendent on HCo, absorption and assirnilation. Although they did
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describe a fall at both s¡¡rfaces but ascribed this change solely

to the production of CO by respiration.
2

Photosynthesis

BÍcarbonate Assímilation

As already shown, some aquatÍc angiosperms äppear to utilise

HCO3 for photoslmttresis rather than CO, under conditions of low

or zero COr. However, there are possibilities of misinterpreta-

tion of the experimental data, as pointed out by Raven (1970).

For example, it is ¡rossible that HCO3 may be acting as a reser-

r¡oir for exogenou^s COr. To overcome these probleurs, it may be

necessary to perform estimates of photosynthesis - either O, Pro-

duction or carbon fixation - at low pH where 90t of the total in-

organic carbon exists as COr, and at a higher pH where 95* of the

total Ínorganic carbon exists as HCo3-. If the photosynthetic

rate is greater at the higher PH than can be accounted for by the

remaining 5* of COr, then HCO3 must be acting as a primary exo-

genous source for photosynthesis. This has been shown for a large

nu¡nber of species (Raven, L97O¡ SrrLith' 1968; Jones and Osmond,

re73) .

Vlhen the HCO3 has entered the ceII, carbon is supplied to

the chloroplasts by disturbing the equitibrium reactionr HCO, +

OH + COrr as CO, in the chloroplasts is continually utitised by

ribulose-I,5 bisphosphate (RuBP) carboxylase in the case of C,

photosynthesis or phosphoenolpyruvate (PEP) carboxylase in Cn

photosynthesis (Hatch and Stack , L97O). This Process as it applies
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to ELodea wíll be discussed in rpre detait in 1.4-3- Provided

that fixation resrrJ-ts ín the formation of sugars rather than or-

ganic acids such as malic or oxalic acid, which may be stored in

tlie vacuoles, for each tple of HCO^ fixed, one ¡ncle of oH is
J

produced in the cytoplasm. Thís OH production must result in an

oH effru< or an H+ infl,¡< if cytoptasmic pH is to be maintained

at a constant levef '(Slnith and Walker, L975)

Ruttner (19471 used an alternative method of deupnstraÈing

HCO- utilisation'in ELodea. He de¡nonstrated that the leaves
J

could increase the pH of an HCO3 solution at a much greater rate

than could be done by bubbling with COr-free air, wherebY HCO,

Ì¡¡as converted to COrbY the shift of tt¡e equilibrium reaction. In

the current work (chapter 4), these results were confirmed using

the former method.

Alttrough recognising that Elodea (Egerid densa and, Lagano-

sipløn mqjor were able to produce high soh¡tion pH levels in field

experiments in the light, Brown, Dromgoole, Tol^¡sey and Browse

(Ig74) were unable to dernonstrate that these two species (and

ELodea eannÅ.ensis) were able to utitise exogenous HCO. in labora-
J

tory experiments. As soon as the free CO2 concentration was re-

duced Eo zero, they found that photosynthetic gas exchange and

1¿.'=C incorporation ceased. In addition, they found that in their

laboratory e><periments, the pH dlifts indicated "acid" Ieaching

+(H- efflux) rather than the "base" leaching (oH efflrur), observed

by others (Ruttner Lg47), and expected if HCO" was being utilised.

They suggested a possible explanation for this difference in be-

havior of field and laboratory plants. fftrole plants (fie1d) have
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intact air spaces joining the leaf tissue to the roots, from which

CO^ may sþve (Wium Anderson, 1971) and under these conditions ín-
¿

creases in the lake water pH may come about through base excretion

(oH ) following photosynthesis of this "non-local" st¡bstrate.

A furEher nethod for determining whether HCO. is used for
J

photosynthesis is to determine the CO, compensation point. This

is the calculated CO2 concentration when pH changes in the light

are maxi¡nal. This pu is referred to as the "compensation pH" and

the CO^ compensation point is also the CO^ concentration at whichz--¿
CO^ uPtake for phoÈoslmthesis is balanced by CO^ produced by res-

2-¿

piration, and this value may be cornpared with the value obtained

at a low pH where CO, is tJle only inorganic carbon source. If tt¡e

above "com¡>ensation pH'r is higher than the calcrrlated "compensation

pH" - estimated from the CO, compensation at low pH - then HCO3

assimilation $ust account for this increase. It must be noted that

one limitation of ttris analysis is that it is assumed that ttrere

are no other cellu1ar processes that may change solution pH - such

as am¡rpnium utilisation in nitrogen assímilation or other cation

and anion fluxes (Helder and Zanstra, L977). Photorespiration is

another process that may affect the CO, compensation point (Serwai-

tes and ogren, L977). Using calculated values of tÌ¡e equilibrium

constants of the co2/Hco3 /H2co3 equilibrium system, Lucas (1975)

demonstrated that CO, could not be supplied at a sufficient rate

by the dehydration of 
"ZCOS 

near the cell surface to account for

the rate of carbon assirr-ilation of CVtaYa,cora'LL¿rtn at pH 9.0.

These catculations assumed that there was no carbonic anhydrase

activity near the celt surface and points to a further considera-
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tion. Is it ¡nssible that carbonic arùrydrase produced in the cell

wall can catalyse the production of CO, from exogenous HCO, to

levels greater than those predicted by nor¡tal equilibrirur (Buch'

1960)? Evidence for extracellular carbonic anhydrase is s1ight

(Litchfield and Hood, 1964¡ Bradfield, L947) - Findenegg (L9761

was unable to find active carbonic anhydrase in tl¡e cell waII frac-

tion of Sceled.esna\ obLiquus, although he was able to find it in

ttre cytoplasuÈc fraction and he derpnstrated that this fraction

was im¡nrtant in regulating the use of HcO3 and Co, for photo-

synthesis (Graham and Reed, I97L¡ Rybova and slavikova, L974).

Raven (1970) suggesLed that this would have been a rþre efficient

action of carbonic anhydrase as extracellular enzyme would still

only be able to supply a Iow equilibrium concentration of co, at

the ceII walt when ttre pH of ttre surrot¡tding medium was high.

Prodrrcts of Assinilation

Ttre pathways of carbon fixation following assimilation of

HCO3 or co2 have not concerned most investigators studying photo-

synttresis in conjunction wittr light-stimulated Lon fluxes fn

aquatic plant cells. Such research is concerned nrcre directly

with ion transport, membrane potentials and other cellular and

membrane processes, while the analysis of carbon incorporation in-

volves special analytical techniques such as thin layer chro¡nato-

graphy (Brown, et al, Lg74r Degroote and Kennedy, 1977), and gas-

liquid chromatography (Phillips and Jennings, L976). Consequently'

information on the possible alternative pathways of carbon fixa-

tion in characean cells and aquatic angiosperms is scarce. In
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Cltata, Lucas (1975) assumed that tÌ¡e first carbo:rylating step was

t1píca1 of C, photosynttresis because the Ko, of Co, fixation (O.7

mlvl) was sinilar to the Km of Rr¡BP-carbo:<ylase (0.45 - 0.54 mM)

in uitro (cooper, Filmer, llishnick and Lane, L969; lfalker, L973) .

However, the value of 0.7 mM found by Lucas was probably much too

high because CO, had to diffuse through unstirred layers (SÍLith

and Wa1ker, persondl communication) . ELod.ea also shows variation

in ttre rate of photosynthesis depending on the diffusion pathway

of CO^ (Hilt and !{trittingham, 1958) . This suggests that any atterçt
¿

to compare the K* values of fixation rates with the K* values of

carbo:<ylating enzymes nay be extremely nisleading.

Assimilation of CO, durinS C, Photosynthesis need inr¡olve no

charg'e imbatance or large scale change in intracellular pH. Vùhere

the cells absorb HCo- , as in so¡ne aquatic plants, d,issociation
5

into Co^ + oH can be followed by oH loss to the bathing solution:
z

there need be no net accumulation of inorganic cations if tt¡e pro-

ducts are uncharged (sugars, starches). In CA-¡t plants, the initial

carbo:<ylation is into organic acids which are stored in the vacuole,

the pH of which is lowered. Agaín there is no net transport of

inorganic cations from the exÈerna1 phase. In Cn Plants, the or9-

anic acids formed in ttre mesophyll cells are transported to the

bundle sheath cells where decarbo><ylation and normal C, Photo-

synthesis occurs. H+ must also move from the mesophyll to the

bu¡¡dle sheath cells (or OH vice versa) to maintain pH at normal

Ievels, and also maintain electroneutrality (snith and Raven, L979) -

Again net accumulation of inorganic cations does not occur.
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In contrast when carbo:<ylate salts are stored in vacuoles

as for¡¡¡d ín root cells, PH regrulation and electroneuÈrality are

¡naintained by net H+ efflux or HCo. influx (or both) and net in-
3

flrs of inorganic cations such as K*. lltre above Processes have

been discussed Ín the context of pH reg'uration by smith and Raven

(re7e).

Considerirrg .gain aguatic plants, it becomejs obvious that a

knowledge of the type of carbon fixation rnay be very important in

understanding the mechanisms of exchange of cations (including
f

H'), HCO^ , OH and otlrer anions. In short, "photosynthesis"
5

and "ion transport" should not be divorced from each other, as

is comrnonly the case. Furtherrpre, there nray be interactions be-

tween the accumrrlation of photosynttretic assimilates (e.9. carboxy-

IaÈes) and inorganic ions (e.g. K+, cl-¡.

I.4.3. Photosynthesis by ELodea

There is some ewidence that the first p:roducts of ELodea

photosynthesis are Cn acids. Brown et aI (L974) showed that after

4 seconds, 3Ot of total, recovered, fixed 'n"orwas in Cn acids in

ELodea (Egerid densa at pH 4.5 and that after 1000 seconds this

anpunt had dropped to 278. At 4 seconds sugars and PGA showed

I5t and llt incorporation respectively, but at 1000 seconds

sugars had risen to 63t. This contrasted to the situation at PH

9.2, where after 3 seconds, 85t appeared as PGA and only 58 as Cn

acids; and after 1OOO seconds -7t as PGA and 47t as C4 acids.

The authors conclude that tn"O, incorporation into Cn acids

may have occurred through two mechanisms.
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C4 Photosynthesis

PEP+*CO2+*"n

CAll tlpe fixation

acids + *PCå

RUBP + *CO + *pGA _> *pEp

*PEP + *co2 '> **cn acids

The normal CAI{ fixation did not aPpear to occur, as light was re-

quired for significant CO, incorporation and in ,rorr f CAIÍ fixa-

tion, Cn acids are incorporated in the dark. e's Elodea densa

leaves have air spaces in the central vascular br:rrdle, the authors

suggested that tlpical C, chloroplasts rnay exist in cells aror:nd

these air spaces. Hocking, Anderson and Pallagþr (1975) found sirni-

Iar incorporation of. I4co, into organic acids (malate and aspar-

tate) in El,odea, that persisted in time, and suggested that such

incorporation could be accounted for by the superficial sinilarity

with the Kranz-t1pe anatomy typical of Cn plants. They forrr¡d that

the chloroplasts in the targe cells surror¡nding the central vascu-

Iar strand were larger in diameter, and contained rrcre extensive

starch reserves than the chloroplasts of the sma1l leaf blade cells.

Sinitar findings were obtained in ELodea eanaã,enßis (Degrootê

and Kennedy, L977) at pH 6.5 and the auttrors associated this with

significant levels of PEP-carboxylase of 14.2 Urroles/mg ChI/trx-.

Hoh¡ever, they found even higher levels of RUBP-carboxylase of

27.9 VmoLes/mg Ch1,¿'hr., and they suggested that L¡nder various con-

ditions, one, the other, or both of these enzymes may be fixing

carbon. The C4 metabolism may be important in ¡naintaining an acid

cytoplasm that would resr:lt in rapid protonation of HCO3 to H2co3'

However, in contrast to Hocking et aI (L974) they found that the

2
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chloroplasts were Íþre typical of C, plant chloroplasts than Kranz-

tlpe chloroplasts.

llþre recently Browse, Dromgoole and Brown (L977) found that

at high levels of exogenous Co2, 9Og of the incorporat"d 14Co,

was for¡r¡d in PGA, sugar phosphates and sugars that only 5t was

for:nd in malate. This suggested that the Catvin cycle was the

primary carbo:<ylatibn mechanism rather than Cn or CAIU tlpe assimi-

lation. lltrey suggested the differences between these results and

those previously mentioned. were due to the high K* of tl¡e Calvin-

cycle enzymes compared to the lower K* for PEP-carbor<ylase and

other C, and CAII{ enzymes. However, these differences may also be
4

due to differences in stirring, causing lirnitations in CO, diffu-

sion. Íhis again points to the need for careful- experinents on

tl-e effect of total exogenor.¡,s carbon - both CO, and HCO3 and the

effect of pH and solution mixing.

Proton Punps

The Proton Inf1ux D HCO Assimilation

The existence of an apparent H* influx or OH efftux during

photosynthesis has been well esta-blished for Cltata eoraLLina (Lucas,

I97b, L976¡ Lucas and Snith, 1973¡ Lucas, Ferrier and Dainty, L977),

for aqnatic angiospernìs such as Potanogeton and ELodea (Arens, 1933;

Steemann Nielsen, L947i Hope, f,üttge and 8a11, 1972; Helder and

zanstra, L977), for ChLanrydomonas leinhaJ.dii (schuldiner and. 9!"u,
1969; Atkins and Graham, 1971) , DunaLieLLa parua (Ben Anotz and

Ginzburg, 1969) , ULua Laetuea (Cummins, Strand and Vaughan, L969),
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and other ptants (Brinkman and lüttge, Lg72). Such a proton in-

flux is norrnally reversed in subsequent dark periods.

Several mechanisms have been proposed for this apparent

light-induced proton influx.

1. The changes may be caused by ttre tight-induced H*

r4>take by chloroplasts, as observed in higher plants

(Packer, ïqurakani and Mehard, L97O¡ Ben-Arnctz and

Ginzburg, 1969).

2. Ítrere nay be CO, uPtake followed bY HCO, /cO, re-

equilibration in the external solution:

Hco3 
=s 

co2 + oH

3. The changes may be due to HCO3 assirnilation,

that for each mole of carbon fixed, one mole

of H+ enters tl¡e cell. Such an H* influx helps

maintain constant intracellular pH (Smith and

Raven, 1976).

Atkins and Graham (1971) found that the ratio of added

carbon (either Co, or Hco3 ) , H* influ* , er¡olved o)<ygen h¡as

I:I:1 ín ChLønydomoløs, and Hope' r,üttge and BaIl (1974) for:nd

a t:I ratio for H* influxr/efflux: O, evolved,/consumed for ELodea

eanaå.ensís in the light,/dark. In contrast, the relationship of
+H' exchange to co^ fixation was not l;1, but quite variable (Hope

et aI, 1974) -

However, it is generalllr agreed that the third alternaÈive

above is the one operating in cells that are utilising HCO3 , and

+
that for each mole of HCO,

the ceII or one mole of OH

fixed, either one nPle of H enters

leaves. "OH efflux" is usuatly the
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preferred term as it represents the loss of oH formed from the

- 
È ao, + oH , occurring intracellularly- In thisreaction HCO3 

=
dissertation, the term "oH efflux" is used to describe this pH

change.

The Proton Efflux

In addition to'the OH efflux described above, Raven and

Snith (Lg77) proposed that an active H+ efflux mechanism is wide-

spread in prokaryote and eukaryote cel-Is, and that it serves

several functions - the primary evoluÈionary one being to re-

gulate cytoplasmic pH. The need for such a cytoplasruic "pH stat"

during nitrogen metabolism, excess ion influx and hornpne restr)onses

is well discussed by Smith and Raven (L976) and Raven and Snith

(L976, L977). In this appraisal of proton efflux pumps' I shall

exarnine the evidence for their existence in relation to CO- and
z

HCo^ assirnilation.
J

In CTlanA, Lucas and Snith (1973) denpnstrated the existence

of distinct acid regions between the alkaline bands. In tt¡ese

regions, the pH r4ras as much as half a unit below the bathing

solution pH, whereas the alkaline bands \âIere as much as four uniÈs

more alkaline. The acidic bands were abolished in ttre dark. lltris

evidence was used to support the proposed electrogenic tt+ pump of

Kitasato (1968). Its influence on tl¡e nenù¡rane potential is dis-

cussed in 1.6.

SteeÍ¡¿nn Níelsen (L947) observed in his isolation chanber

experiments that the solution adjacent to the lower leaf surfaces

of Potarrcgeton decreased from 8.2 to A.L2. Although this sma1l
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change could be accounted for by ion uptake during the experiment,

Helder and Zanstra (L9771 also fotr¡¡d pH decrease from 9.8 to 8.9

ín 12 hours at the lovrer surface of Potøttogeton. Similar obser-

vätions have also been made by Lowenhaupt (1954). In the experi-

ments of Helder and Zanstra (L977), the pH decrease became more

narked in the dark and they attribuÈed this extra fall to the pro-

duction of CO^ by respiration. However, they atso attributed the
2-

pH fall in the light to the intake of cations (Principally x+¡ at

the lower surface.

Jeschke (1970) for¡¡rd a rapid fatl in the solution pH in the

Iight wit,h Elodea Leaves in solutíons br¡bbled with air or COr-free

N^, which he attributed to H* excretion. Similar observations lvere
¿

found by Brown et al (Lg74') wj¡th ELodea densa, Elodea earøÅ.ensis

and. Lagarosipløn ma;jor when the free CO, concentration feII to

zeno. Under these conditions'a net O, uPtake was also observed,

suggesting that the pH change may be due to respiratorY CO, re-

lease. Photorespiration also occurred to a large extent in these

species. In these e>ç>eriments it must be emphasísed that although

the free CO^ Ievels approached zero, the HCO" ler¡e]s remained sig-
2 -- J

nificant. This was interpreted as these species' inability to fix

HCO3 as already discussed in 1.4.3..

As suggested by Smith and Lucas (1973), this proton extrusion

may occgr while OH extrusion is occurring at another site, but

such extrusion nay be masked by the greater OH efflux especially

during Hco3 fixation. spanswick (1973) proposed that an electro-
+genic H- efflux comprises a large component of the large membrane

(vacuolar) poÈentiaL of -296mV for ELodea earø.densis (see section
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+f.6). The exístence of an H effh¡< under conditions of low e:co-

genous CO, is exarnined in chapter 5.

The Tissue Potential Differences

The Membrane Potential

The membrane þotential of green cells is hlperpolarised in

the light. Changes have been observed in leaves of higher plants

(f,üttge and Pallaghy, 1969¡ pallaghy and Lüttge, 1970), Characean

cells (Saito and Senda, L973, L974¡ Vreder¡berg and Tonk, L973¡

Spanswick, L974i Lucas and Smith, L973), aquatic angiosperm leaves

(Jeschke, I97O; Bentrup, Gratz and Unbehauen, 1973¡ Spanswick, L973¡

Prins, L974). For reviews see Bentrup (197I) and Higinbotham (1973 ) .

The observed PD changes rnay be either Èransient, Iasting only a few

second.s, or stable, lasting several hours.

The membrane PD in some cases may be explained by the pas-

sive distribution of ions across the membrane as described by the

Goldman eguatíon, but in other cases, particularly the light hlper-

polarised potentials, the values exceed the Gotdman passive diffu-

sion potential. This suggests a need for additional sources for

the PD such as an electrogenic proÈon pump (Jeschke, I97O¡ Kita-

sato, 1968; Spanswick, L973) or an electrogenic chloride pump (Prins,

L974) .

The Membrane Potential of ELodea

Jeschke (1970) obtained estimates of the vacuolar potential

) of ELodea densa leaf cells using a fine (I-2 micron) glass

I.6.2

(E-vo
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¡úcroelectrode. His estimates of between -120 and -160nV were

rnrrch snaller than tåose obtained by Spanswick (1973) for ELodea

canad.ensil (-296mV) . Jeschke denrcnstrated that light car¡sed a

biphasÍc change ín E.,.r com¡rosed of a rapid transient hlperpolari-

sation followed by a slower hlperyolarisation that reached a nerv

equilibriun value in less than 5 ninutes. Darkness resulted in

a fast depolarisaticin. The light-dependent hlperpolarisation

occurred in 0.5 nM CaSOn solutions in tàe presence ar¡d absence of

KCl' and occurred in the pH range 4 to 10. However, at pH 4.0,

the fast component was not a hlperpolarisation but a pronounced

depolarisation. If the medium was changed from 5 mM KCI and 0.5

mMCaSO. to one containing only I0 mMCaSo-, the rise of the slow4'-4'
phase was ir¡hibited and equilibrium was reached only after 15 rnin-

utes. Spanswick (1973) only observed a single phase hlperpolari-

sation with about 2OmV overshoot in the light wi-l-tr ELodea. eana.den-

sis. Both DCMU (0.5 U¡'l) and CCCP (2.5 UM) caused a rapid depolari-

sation of the me¡nbrane potential in t}re light ín ELodea densa and

inhibited the hyperpolarisatÍon/depolarisation changes in sr:lcse-

quent light,/dark changes. (Azide and CN produced sinilar effects

in ELodea eatndensis).

Using the Goldnan equation, Jeschke demonstrated that in the

light, the membrane PD could not be accounted for by cytoplasmic
++-+

exchanges of K', Na', Cl and H', but depended possibly on mem-

brane pernreability changes (rapid phase) or electrogenic ion pumps

(slow phase) - the latter being consistent with the rapid Erro changes

at the end of the light phase and after the addition of inhibitors

of photosynttresis. This explanation has also been used by many
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other authors to account for the deficiency of tJre Goldnan equa-

tion to descríbe the membrane PD of Characean cells (Kitasato,

1968; Spanswick, L972; Richards and Hope, L974) .

1.6.3. llhe Effect of pH on the I'lenlcrane Potential

llhe effect of solution ptl on the membrane potentíal rnay be

evidence to support tJ:e view tllat tÌre H+ pump is 'electrogenic.

The meuibrane potential of Cltaya eo?q,LL¿na. was temporarily hlper-

polarised by 100 - 120mV when the soluÈion was changed from pH

5.75 to values greater than 9 (Snith and Lucas, L973). Smaller

changes have been observed in NiteLLa (Saito a¡rd senda, 1973 ¡

Spanswick , L973). Hor^¡ever such an ef fect was not observable with

ELodea densa (Jeschke, 1970), where the pH effect on the dark mem-

brane potential was consistent vrith the Coldman equation and the

relatively high K* .orr""rrtration to H* concenÈration ratio. A lack of

a pH effect rnay also be due to an H* pump being independent of
+external H' concentration (Smith and Raven, L979).

r.6.4 Potential Differences Between Acid and Alkaline Sites

As already described (I.3.2), Helder (1975) was able to mea-

sure a potential difference between the upper and lower surfaces

of Potønogeton of up to 25mV (upper side negative) in the 1i9ht.

This PD was generated in the presence of HCO. , presumably during
J

HCO^ fixation, atthough the pH of the solutions was not given.
5

The PD was abolished by inhibitors of photosynthesis such as DCMU.

The PD was a result of the net transfer of anions from the lower

surface to ttre upper surface during photosynthesis.
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Helder r¡sed the Nernst ¡ntentíal for K* in an attempt to

determine whether the obsenred potential cor¡ld accor.r¡rt for the re-

dístribution of K* ions. He found that the K* 
"orr".rrtration'was

much greater than that predicted and suggested that K* was actively

transported or coupled to electrogenic anion trans¡nrt. Such an

analysis however is inadeqr¡ate. Under these conditions the Gold-

man equation is the" correct equation, and should.include terms for
++the H', K and HCO, ions. The application of tt¡is equation, how-

ever, awaits determinations of the permeabilities of K+, H* and

Hco. for Potanpgeton and the knowledge of the pathways through
J

the leaf.

Sirnilarly Walker and Smith G977) found potential differences

of up to 7mv between the acid and atkaline bands of Cltæa eoraLLirn,

As these potential differences were abolished in the dark' they

proposed that the current (0.5 - 1.0 UA per zone) between these

regions was carried by Hco3 and H+ or oH ions.

The Calcium fon

t'lqembrane Integrrityt'

"Membrane integrity" has been used to refer to the role of

calcium in maintaining the normal function of any ceII membrane

(Lucas and Dainty, L977¡ Lucas, Spanswick and Dainty, 1978) - In

actual fact we have very little understanding of the actual role
++of Ca" in maintaining this integrity. It has been recognised for

a considerable time that C"+* *"y reverse the toxicity of Íþno-

valenÈ alkali salts to plants (Kearney and Cameron' l9O2). Hanson
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(1960) der¡pnstrated ttrat rercval of calcir¡n from roots of GLyeire

nws and' Zea traye by treatrent with EDIIA resurted in these roots

losing their abirity to absorb and retain sorutes. sinrilarry,

the absorptíon of ¡Ur* Uy barley roots (Epstein, 196l) was inpaired

in solutions without cacl-, and lvlaas and Legget (1969) for¡¡rd that
¿

membranes became "leaky,, to K* in tåe absence of ca++, so that K+

followed its own diÊfusion gradient (Laüchli and. Epstein, l97o).
rì+

Sirnilarly, Cê" was able to reverse the effects of low pH on K'

absorption and retention in barrey roots (Jacobson, !{oore and

Hannaper, 1960) . similar results have'been reported wít]r, Rieirus

eonnuwis (Minchin and Baker, Lg73l. As a result, c"** has a very

im¡nrtant role in cell organisation because the membrane is the

primary component that resurts in com¡nrtmentation of cell or-

ganelles. Marinos (1962) showed that cerls of barrey shoots con-

tained fragmented membranes, vesicufar and amorphous incrusions,

when grown i., ca**-deficient media.

Chloroplasts contain large anrcunts of ca*+ (Stocking and

ongun, Lg62; Grouzis , lgTB) and activ. c"*t transport across

chloroplast membranes has been described (Wobel t L969; DeFilippis

and Pa1laghy, 1973).

++I.7 -2 Ca and the HCO- Plxnþ.
J+

In addition to observing the role of Ca** in nraintaining

membrane integrity of CTnra eoz,aLLírø,, c.** also plays a role in

HCO3 uptake (Lucas, 1976ô;Lucas et al, L977, f978) and cytoplas-
++ deficiency exerts ítsrnic strearning (Lucas , L976d. Whether Ca

effects on HCO. influx at t]¡e transport site, the fixation pro-
J
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cesses, or general mernbrarie function Ín the chloroplast is r¡¡¡-

clear, but Lucas and Dainty (L977) suggested that although gra-

dual elution of c"ft had no effect on the K, of HCo3 infhu<

(flxation), then there must be a specific èivalent cation require-

rent for ttre HCO- transporter corçIex or the cation may act as a
J

transport (enzyme) activator. It should be noted hovrever that in

these er<perinænts tire value obtained for the Km of tJ:e HCO, in-

flur was probably li¡nited by diffr:sion in r¡n¡nixed solutions in

which case their argurpnt is not vatid. A si¡nilar proposal has

been made for a ca*i-stimulated H+ (or oH ) transport system in

the skeletal muscle membrane (Connett, 1978). Hasselbach (L977)

has demonstrated the existence of " c.**-ttansporting protein and

. c"++-binding protein in sarcoplasnic reticulum

++
The Active Ca Purrþ

Ttre uptake of ca** to both plant roots and leaves has been

extensively stuùied (Lov¡enhaupt, 1956, 1958i Mazia, 1938, 1938a - see

L.7-4; Dunlop, L973; Ludtol.¡ and Durham, 1977 t l{agrner and Bellini,

1976 - see I.7.5.¡ Rubenstein, Johnson and Rayle, 1977). A gen-

eral conclusion is that ca++ uptake Ís a passive process (Penot,

Floc'h and Penot, L976). Ho\,Íever Lowenhaupt (1956) proposed a role

for not only one but two active c"++ prr*¡rs in leaves of aquatic

arrgiosperms that "pump" ca++ and/or other cations from the lo¡rer

surfaces to the upper surfaces. These p1¡rps are located at the

plasma nenibranes of the cells at these surfaces. In the light

tÏ¡ese punps operate initially by the attachnent of the cation to

a binding group, whictr is follcr'¡ed by t]1e reorientation of this
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group towards the other surface of the actíve membrane, resulting

in the release of the cation. This transport ¡rechanism is part

of tl¡e respiratory ctrain and as such cation attachnent occurs

ihen the carrier is in the reduced fol¡r. Cations are released

when an oxidising agent, formed as the result of photosynttresis,

liberates them from the carrier. Furtherrpre, Lor,renhaupt pro-

posed that the abovê transport reactions synthesize a HCO- accep-
J

ting compound at the plasma nembra¡re that er¡ab1es HCO, to pene-

trate the cytoplasm. To support this hypothesis, Lowenhaupt (1956)

observed that in Potærageton

1. Ca release depends on the presence of o:<ygen,

2. during transport tt¡e CaH .orrt"r,t of lear¡es reaches

a steady state level,

3. aeration of one side of the teaf in the dark causes

a shift of Ca+* towärds this side independently of

the upper/Lower orientation of ttre leaf,
+++4. H reversibly releases Ca" from the leaves.

The mecha¡¡ism of the canier and its associated redox re-

actions is depicted below:

w+2H

membrane

+Y \-/ CaY
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fhis mechanism would result in a solution pH reduction

from the uptalce site and an increase at the release site - both

observed by Loruentraupt (1956) in the absence of HCO^ . Since the
J

vacuoles in these plants contain ,ro C"** (Nr,lzía, 1938), Lowenhaupt

suggested that the cytoplasm was the medium for the redistribution
++of Ca between the lower and upper surfaces and that cytoplasmic

streaming facilítatéa tn:-s redistribuÈion.

Catcium Bindins ín ELod-ea

It has been èlearly established that cations Íray be trans-

ported across leaf tissue from the lower to the upper surface al-

though the pathways across and ttre location within t]¡e leaf tissue

have not been established.

Ivlazia (1938) derncnstrated that certain treatments such as

plasnolysis in 500 mM sucrose or dextrose, or direct electric

currents (Mazia and Clark, 1936) car:sed precipitation of calcium

oxalate in the vacuoles of. Elodea. Calcium oxalate was not for¡nd

in untreated cells indicating that c.** ro"= not nor¡nally present

and that ttre plasnolysis caused the tonoplast to become leaky to
++Ca and sirnilarly other cations. In leaves that had been treated

with 50 mM potassiun citrate, no calcium oxalate precipitation

occurred after plasnolysis, ind.icating that tfre citrate treatment
++renoved Ca from its normal location in the cell tissue. Follow-

up experiments further indicated that ca+* was not free but bound

either in the cytoplasnic layer, the celI membranes themselves or

the celI walls. This binding was assumed to be fairly weak as the
++Ca was rapidly rennved by imnersion in potassium citrate or
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sodirln chtoride. Ho!ùevet, C"++ would not diffuse out significantly

if the tÍssue was irunersed in distilled water, as after 14 days of

such treat¡ent he was still able to obtain normal calcir¡n o:<alate

precipitation in the vacuoles. The fact that Ca++ rernained bound

in acidic media (acetic acid, CO, or HCI) as low as pH 4.5 sugges-

++ted that Ca was either bound in a highly buffered environment or

else bor¡¡rd othen¡isê than to free carbo><yl groups.

Similarly he found strontium was bound ín the tissue in a

sinilar fashion "" cu** and that barium was bot¡rd in the ratio of

2:1 compared. to c"**. Sinilar1y the bi¡rding ratios wÍth Mg++, K+

+
and Na lvere determined to be lz2Or l:100 and I:I00 respectively.

Nlazia found that the aÍþunt of ca*+ bound ín ELod.ea irunersed

in a solution of 0.26 mM c"** r"= as high as l0 mg/grart dry weight

or 0.80 mgrlGFlt. If one estimates that one gram of fresh tissue

contains 100t. water (Mazia suggested 92t) then this was equivalent

to a concentration greater than 10 mM. After citration treatment

this value still remained as high as 2 mM and as the vacuoles occupy

up to 90* of the tissue and c"+* i" not present to any great degree

in the vacuoles this neans an even greaÈer concentration elsewhere

in the tissue. This compares favourably with the value of 1.6 mM

for ca** in ELodpa densa obtained by Jeschke (1970ô) in a solution
++of I.3 mM Ca' '.

By a method of snap freezíng, DeFilippis and Pa1laghy (1973)

measured the ca+* content of. Elodea d.ensa chloroplasÈs to be 150

mM in the dark and lto mM in the light with an efflux in the light
2of 8 proles,/cm /sec.

The accumulation of c"+* in the citrateá tissue of ELodpa

is independent of the external Ca'* concentration in ttre range
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0.5 mM to 100 ¡nM (Mazia, 1938) and I'lazia concluded this to be evi-

dence that Ca*+ does not move into the tissue by simple diffusion

but by exchanging N"+ or K* which fe bound to organic anions in

the tissue. These organic anions must have a low nnbility and the
+. +Na and K salts very different èÍssociatíon constants from Ca

++

salts.

Calcium and Protoplasmic Streaming

Protoplas¡nic streaning is very comrþn in leaf cells of ELod.ea

and evidence has accumulated (Ridgfi,rra]z and Durham, L976; Wagner

and Bellini, 1976¡ Braatz and Komniek' 1973¡ Chi and Francis t L97li

Lud.Iow and Durham, 1977¡ Hatano, lgTO) that in other species, C.**

is important in cytoplasmic strearning.

rn the nryxon¡¡cete Physæim poLAeeplnLwn, c"+* h"" definitely

been associated with cytoplasmic strearning which occurs as a re-

sult of pressure differences which are due to fluctuating ca++

concentrations. These fluctuations exert their influence or¡' " C"**

sensitive actomyosin system (Ridgrway and Durham, L976). This

suggests a sinilar role for c"** in the plant cell as in animal

muscle cells, where c"**, released from the muscle ceII membrane

acts on ttre actin and myosin fibrils causing contraction in the

presence of ATP.

In the green aLga Mougeotda sp. , !ìlagrner and BeIIini (1976) ,

++
for:nd the Ca-' influx across the plasmalermna was greatly increased

in the light a¡rd the c"** *a" stored in q water-insoh:ble form in
++tlre cell. This process could be qrrickly reversed to enable Ca

dependent reactions to proceed in ttre ceII independently of tt¡e
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++external ca concentration - chroroplast npvement being one such

reactíon and dependent on the internal ca++ concentration. other
++probable Ca -dependent processes include cytoplasrric strearning

in chaza (Pickard, 1972¡ Lucas, rg7trry Ítilríanson, 1975) and the

cleavage of sea urchin egg cel1s (Schroeder, Ig72,).

Catíon and Anion Trans port

Although the polar transport of divarent caÈions especiarly
++ca' ' and to a lesser exter¡t ¡rpnovarent cations such as K* and Na*

had been werl estabrished by 1965, the actuar mechanisms of right-
stimulated transport, either active or passive, of both types of
ions, had not been estabrished. Around this time, ions that were

active and ligùrt-sÈimulated were intensely stud.ied to deternr-íne

the various sources of energy supply.

I'lacRobbie (1965, l:96G) and Raven (L967, 1968) established

that in NiteLLa transLtrcezs and Hyfu,odietyon afrieanum respectively,

the light-stimrrlated influx of CI was dependent on electron trans-

port in photosystem II (Boardman, 1970), which produces a supply

of IBDPH, and that the right-stimulated r+ infrux and Na* effrux

were dependent on energy from ATp formed by photophosphorylation

in photosystem I (Boardman, 1970). These deductions came from

e:<periments with uncouplers of phosphoryration such as irnidazole,

cccP, inhibitors of erectron flow such as DCMU, spectrar changes

and by the excrusion of dissolved gases by nitrogen aeration of
the bathing medium. Raven (1969) working with inhibitors such

as HOQNO, salicyladoxime, NaCN, DNp, desaspidin and antimycin A

was abre to further concrude that coupled r+7wa+ exchange was



36

powered, by oxidative phosphorylation in the dark by photophos-

phorylaÈion in the light; that the Cl inflr¡r< was powered by

nitochondrial electron transport (lG,m) in t}re dark, and the

entire photoslmthetic electron transport chain (mOlH¡ in the

light.

Ho!ûever, Jeschke (L967, L972o) derpnstrated that ín ELodea

densa, both light-såimutated CI influx and K* influx were linked

and depend.ent on photophosphorylation, and sinilarly Barber (f968)

found that both light-induced uptake of K+ and Cl were driven by

ATP from cyclic and non-cyclic photophosphorylation in ChLoreLLa

pa?erlo¿dosq,.

Jeschkers conclusions were drawn from e:<perirnents where the

Cl influx ínto Elodea lvas not affected by concentrations of DCMU

that inhibited O, evolution by 958 and in experiments where the

Cl inftux was inl¡ibited by lOOt at conc€ntrations of atebrin
-4.(10 -M) tt¡at had no effect on the O, evolution. However, Betts

(1970) criticised these e:rperiments because in the DCMU experiments,

different co. leveIs \^¡ere used for the cr uptake measurernents
¿

compared to ttre O, evolution experiments. This is parÈicularly

relevant as Jeschke showed in the same paper thaÈ small concentra-

tions of CO^ (0.5t) did increase the inhibition of the CI influx
¿

by EMU. Furthernpre, Betts (1970) pointed out ttrat since light

stimulated the CI influx only twofold over the dark value (Jeschke,

L967), then in the DCMU e>periments an inhibition of 5Ot of the

total CI influx in the tight would represent a IOOt inhibition of

the light-stimulated portion. f'Iaking corrections for this, the

progressive inhibition of tJ:e Cl influx by DCMU would have been
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the same as the o, evolution inhibition (Jeschke, L967), as Betts
(L97O) found in his e:çeriments on ELodea denea.

Betts (1970) also criticised Jeschke's e:çerinent in which

ttre cr infl':<, presr:mabry driven by ATp from either c¡¡cric or

non-cyclic photophosphorylation was compretely inhibited by con-

centrations ôf atebrin that had no effect on o, evolution. Betts

pointed out that with co, fixation actíng as the onry terminal

electron acceptor via IiBDpH in uiuo, if phosphoryration was inhi-
bited, no co- fixation courd occur and hence o^ evorution wourd2-¿
also be ir¡Ìribited; and suggested that atebrin exerted its effect
on tÌ¡e ct infrux via another mechanism, possibry at the plasma-

remma. rn 1972', Jeschke reported ttre effects of cccp on the cl
influx and o, evolution and here both of these processes showed¿

equal inhibition with increasing cccp concentration, in agreement

with Betts (1970)

Arthough Jeschke concluded that ttris was further evidence

for ATP as the energry source for the cl influx, these e:<periments

were unabre to distinguish between ATp or IG,DpH, as the primary

energD/ sources. Rather they suggested t]¡at both photophosphory-

lation and electron flow mechanisms need to be fr¡r¡ctionar.

Poole (1978), in a review paper, pointed out that in the ex-

periments of l"lacRobbie (1965), Raven (1969, Lg6g) and Jeschke (1967,

L972), simurtaneous neasurements on the actual ATp levels were not

made. Miller and Spanswick (L977) recently showed that under ae_

robic cond-itions r r, the ATp revels ín NiteLLa were un-

changed in tÌ¡e tight. sirnilar observations have arso been made in
bartey reaves (r,üttge et al, 1976), bean leaves (steinitz and Jacoby,



r.9

38

1974), Gyiffitheia (t'itley and Hope, L97Ll , Zea naye (Brinckma¡rn

arrd l,ättge, Lg72) r and EugLerta graeiLis (Holn Hansen, 1970).

However, ín ELodea densa the leve1s of ATP in the crytoplasm

and chloroplasts were Íncreased 6-fo1d and 2-fold respectively

(Santarius, Heber, Ullrich and Urbach, L964¡ Heber a¡rd Sa¡rtarius,

1970). These authors further concluded ttrat there vtas a rapid ex-

change of ATP betweén tt¡e chloroplasts and the cytoplasm of. ELodea

(see 1.9) .

lüttge, Schåch and BalI (Lg74) de¡ncnstrated that externally

applied ATP corrld stimr¡late f+ (fU"+) rptake ínlco Zea nn7s, Parriewn

mtLLi.aeeun anð, Sorghuln, in both light and dark with a K* of appro-

xinately I nM ATP: howev.er, in conclusion they emphasised that this

stimr¡lation ttrry not be due to direct effects of ATP but rather in-

direct effects such as the reversal of C"++-inhibiÈed K+ inftux, by

cheration of Ça++ by ATe

Poole (1978) concluded that in studies where ATP levels were

measured along with CI influx measurements, correlation between

bottr rates had been good a¡rd that in all probability the current

evidence was such to suggest ttrat ATP was the ultimate energty source

for all anion transport.

l"lodel s of Photosvnthesis and lon Transport

Although the various enerçD¡ sources for ion transport have

been elucidated, the mechanisms by which tÌ¡ese sources actually

provide energy at the transport site are stil] to be unravelled.

It has been necessary to propose "shutÈIe" mechanisms to trans-

port the prodrrcts of photosynthesis and respiration to the trans-
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port sites as these products - ATp arid r,tADpH - are generarry im-
permeabre to the chroroplast and mitochondrial membranes (Heber

and Santarir:.s, 1965, L97O¡ Stokes and lfalker, L}TL). Such rpdels
include the glycorate- gryoxyrate shuttre of Kisaki and Torbert
(1969), whereby li¡ADpH reduces glyoxylate,to glycolåte, which ¡ni_

grates out of the chroroprast to reduce rytoprasrnic riB,D to Ì,¡ADH.

Sinilarly, the malaté-oxaloacetic acid (OAA) shuttle of Heber and

Krause (197r, L972) increases cytoplasnic ÀnDH by the oxidation of
malate from the chloroplasts to oAA, which then re-enters ttre chlo-
roprasts to be reduced to marate again. frre pcA-DHAp (dihydro:ry-

acetone phosphate) shuttle (Heber, Lg73) associated with the malate_

oAA shuttle enables cytoplasnic metabolite control of the chloro-
plast/cytoprasm exchange. rn this npder, ATp and ÀIADH are forned

in ttre cytoprasm under the contror of the reaction glyceratdehyde-3-

phosphate to 3-phosphoglycerate.

The generation of ATp and ritrADH in t]'e q¡toprasm is therefore
indirectly linked to the formation of ATp and NÀDpH in the chloro-
prasts and. provides the sìppry of energy for Èhe various transport
mechanisms. sinirar shuttre mechanisms arso occur between nito-
chondria and the cytoprasm and hence ít is possibre to obtain good

interactions between chloroprasts and ¡nitochondria, that resurt in
good feedback contror of cytoprasmic revels of ATp and rüDH (Jeschke,

1976) and diagranunaticarly represented in Figure 1.3, rn this noder,

the actual delivery of either ATp or rü.DH to the prasmaremma depends

on the abirity to switch between photosynthetic and respiratory.,

energlr production, feedback fron ion transporÈ, right induced changes

in respiration a¡rd the transfer of carbohydrates between the two

organelles.
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ftre role of HCO^ transport and the control of intracellr¡lar
5

pH have not been introduced into thís ¡nodel. HCOâ transport and
5

fi:ation could weII be ttre rnajor feedback mechanism whereby ion

transport itself controls tl¡e levels of cytoplassric ATP and IiBDH'

pH also plays a si¡nilar role (smith and Raven, L976). Smith (L97O,

L972, f973) and Raven and Smith (1973) suggested a rpdel for accu-

mulation of inorganib salts and organic salts based on l4itchell's

cherniosnrctíc hlpothesis of energy coupling in chloroplasts and

mitochondria (lAitchell, 1961). In this rpdet (Figure 1.4) meta-

bolic energD/ drives an H* pump that is coupled to a cation influx

and an OH efflux is coupled to an anion inftux. During assinilation

of HCo^ when there is a net production of oH I the oH efflux may
J

possibty be passive and coupted to an active anion influx, or active

and coupled to a passive anion inftux. llþis "pH stat" cor¡-ld there-

fore be incorpOrated into Jeschkers model (Figure I.3) to provide

feedback control to the chloroplast and mitochondrial activities

and to the sites of ion transPort.

The Current !{ork

Evidence has now accumulated to suggest that both single

cells of giant algae and the multicellul-ar tissues of aquatic

angiospernLs can produce alkaline regions during Hco3 fixation.

Characean cells such as Chars coTa.LL¿rA have been studied in detail ,

and acidic regions where Hco3 is absorbed and alkaline regions

where OH ís excreted from tÌ¡e cells, have been denpnstrated (Lucas

+++
and others). Exchanges of cations such as K' and Ca have been

shown not to play a major role in these processes, although in
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aquatic angiosPer¡s, they have been shown to play an important and

necessary role (Arens, 1938; Lowenhaupt, 1956).

fhe current work' therefore, exartines ttre role of Ca# ín

relation to CO^ and HCO^ fixation, and associated pH changes.
23

Recent work has ernphasiseil the view that energl¡ for light-

stimr:lated anion a¡rd cation transPort can onty be supplied to the

plasmaleruna when botlr ATP and I{ADPH are being Produced in t}re

chloroplasts (1.9). Fornally tfte polarised views that only ATP or

IßDPH, and not both, could supply energ1z, produced much debate.

This work attempts to elucidate this debate with the study of

Iight stimr:lated CI uptake studies.

In addition there are e)<periments to quantify tÌ¡e ability of

ELod,ea to utilize HCO^ , and, to study tle formation of acid and
5

alkatine regions that form at the lower and upper surfaces res-

pectively

Elodea ís a multicellular system that shows remarkably sirni-

lar properties to the giant-ce]Ied algae during HCO, fixation and
J

one of ttre aims of this thesis is to produce generalised rncdels to

describe these phenomena.

.-- :¡



TABLE I.T

Species

ELodea eøtaáensís
f. caLLity,iehoídes

ELodea densa

Elodea erispa
Na;jas mi,non

Hy drí, LLa uerti eiLL ata
Potønogeton densus

tt erLspw

" pusilkn
't alpinus
t' Lueens

" zizii
" peetinakn

Val,Lisneria spiraLis

SPECIES OF PLAI.ITS THAT SHOVü "PHYSfOLOGICAÍ,

POI.ARTTY'I '

t of e>çeri¡nental sprigs with red
colouring on the leaves

Tap Vlater ca (HCO'L2Solution
Dark
Control

(tap water)

ULU

100

100

100

r00

100

100

I00

100

100

100

r00

I00

100

U

l_00

r00

r00

100

r00

100

100

IOO

t_00

100

100

100

100

L

0

o

0

o

o

0

0

0

0

0

0

100

100

L

o

0

o

o.

o

o

o

o

o

0

0

0

0

0

0

0

o

0

0

0

0

0

0

0

0

o

0

0

o

o

o

0

o

o

or00

100

Tab1e shows the percentage of leaves where a pH ríse (red colour

using phenolphthalein as indicator) at the upper surface (U) and

lower surface (L) , in tap waterr Ca(HOOr), anil in the dark-

(From Arens, 1933)



TABLE I.2

Solutions

sr(Hcoa),
ug(Hcog) z
sa(Hcor),
Li HCO3

KHCO3

NaHCO3

ELod.ea
Cøtaåensis

pH

HydriLLa
uertieiLLata

t pH

Potønogeton
èrispus

g pH

ABILITY OF THREE SPECIES TO INCREASE 1ITIE

pH AT TIÍE LPPER SuRFACE WITfi DIFFERENT CATIONS

IN TITE SOLI'TION

t

r00

I00

100

100

100

100

11.4

10. I
1r.8
11.0

1r.5
rt.0

100

100

L00

100

r00

r00

r0.8
9.9

LO.7

10.4

rl-.3
11.1

100

100

100

100

100

100

10.9

10. 3

lI.5
10. t
10.9

t_0. I

Table shows the percentage of leaves where a red colour (pH rise)

was observed at the upper surface using phenolphttralein as indicator'

lItre pH value represents tl.e maximum solution pH obtained during the

course of the experiment- (From Arens, 1933)



TABLE I.3

Solutions

1.0 nM CaCl,

l0 mM CaCL,

1.0 mM KCI

I0 mM KCI

10 nM Ca(Nor),

t0 mM KNO3

DEGREE OF pu CHANGE AT 1IIIE T PPER LEA.F SURFACES

WIT¡I DIFIERENT EXIERNAL SOLT'TIONS

ELodea t ELodea tt Poþanpqeton t Potønogeton Tr

+

++

+

++

+

+

+

+

++

+

++

+

++

+++

++

++

+++

++

++

+++

+

++

+++

++

Table shorps tt¡e ability of ELodea and Potønogeton grown in
ðifferent environnents to increase pH at tl.e upper leaf surfaces.
Weak (+), rredium (++) and strong (+++) colour changes (red) using

phenolphthalein indicator are shown.

ELod,ea f , cultured in water with 8.5 mg/L ca*+;

ELodea rr, 57 mglt ca++ i Potønogeton r, 11.7 mg/I c"**,
Potønogeton rr., 5'l mg/I ca++. (From Arens, L933)



TABLE 1.4

Solutions

ilistilled
Hzo

ilistilled
Hzo

ABILITT TO RAISE SOIITION p¡I IN DISTILLED WAIER

ELodea t ELod.ea tt Potanøqeton t

Red Colour + +

pH 7.9 8.8 7.7

Red Colour ++ ++ ++

8.6 10.4 9.2

II

# #

9.3

#

LO.2PH

- co^
t¿

Table shcnrs ttre abÍlity to increase plt at the r4rper leaf surfaces a¡rd tl¡e effect this has

on the final solution pH. Each species was cultured in two ilifferent Ca+ solutions as in
Table 1.3. Synùo1s (+) to (+++) also as in Table 1.3. (From Arens, 1933)



TABLE 1.5

Tire in
Soaking
Solution

30 nins
0

60 mins

ELodea

deræa t

++

ELodea

densa tt

+++
22

++++
2L

Potønogeton

erispa t
Potønogeton

erispa tt

+#
11

Potanogeton

d.ensa t
Potørogeført

iletæa tt

ABILITY TO RAISE pH AT ttPPER LEAF SURFACES AND TO PRODUCE OXYGEN WITçI INCREjASED SOAKING

TIMES IN SOLIITIONS TO REMO\1E EIiTDOGENOUS CARBON

Re¿l
bubbles

++
10

7

4
0

o

#
6

+
5

+
3

0

;

+
2

0

;

0

;

0

0
0

0

;

0

2

Red
bubbles

++

0

90 mins Red +
0r' br:bbles 2

120 mins Red
bubbles0

180 mins Red
bubbles0

2

6 9

++

2

#+

2

I

+
5

0

0

0

Table shov¡s ttre ability of three species (a11 cultured in åifferent solutions - Table 1.3) to produce a PH

increase (indicated by phenorphttrarein) at the ræper leaf surfaces and to produce 0r'brùbres from the intact
sprig stem (numb"r r.ptã=ents the nr:¡rber of O, bubbtes in 5 minutes). Íhe actual eiperimental solution
contained 10 mM CaCIr. Symbols (+) to (+#+)'as in Table 1.3, (-) indicates no pH ctrange. (From Arens, 1933)



TABLE 1.6

E>çerirental

t0 mM CaCl,

Ca(HCO
2

Mg(HCo

Dist.
Dist. ,2

ELodea
without
Reserr¡es

+++

++

ELodea
24 hrs. in
Mq(HCo

++

++
#+
+

ELodea
24 hrs. in
Ca(HCo

2

+
++
++
+

ELod.ea
24 hrs. in
CaCla(10 mM)

ELodea
24 hrs. in
CO, solution

T]PPER LEA¡' SI,RFACE . PH CHAI\TGE TN DIFFEFENT SOLUTIONS USING ELodea TÍITI{ DIEFEREIIlT

24 HOUR PRETREATMENT

3

3

#

2

o-
o+

2
coz

coz

+

Table shows the effect of pretreating lear¡es without endogenous carbon reserrres for 24 hours in various
solutions on theír ability to increase upper surface pH in various e:<perinental solutions. Slrnbols as in
Table I.3, and I.5. (From Arens, 1933)



TABLE I.7

After IO ¡nins

After 20 ¡nins

After 30 mins

ELodea

densa

++

+++

++

ELoclea

eøtaåensie

+++

++

HydriLla
oerþùaiLLata

#+
++

STARCH IþRMATION IN 1TTIE T'PPER AI{D I{Í{ER

I,AYERS OF CET.TS

+U

L

U

L

U

L

+

++

+

++

+

+

Table shows ttre effect of tíne on the formation of stardr (iodide

stainÍng) in tlre chloroplasts in the upper (U) ancl lovrer (L) layers

of the cells. Symbols rePresent no (-), weatc (+) ' Iredium (++) and

strong (+++) starch formation. (From Arens, l-933)



TABLE 1.8

Solutions
On ttre r¡r¡derside

I0 nM KCl

I0 tnM CaCl,

10 nlr KNO3

10 mM K¡ICO3

10 mM NaHCO3

sa(HCoa) 
2

t'lg(HcOr),

na(HCor) 
2

distilled HrO

HydriLTn
uertíeiLl.ata

pH (IIAÌ|GES AT THE T PPER .Al[D LOIVER I;EA.F' SITRTACES

YIITH DIF¡ERENT SOLUTIONS AT TIIE LOTüER ST]RFACES

aLpiruts
z't 27,'t

Potønogeton
ItELodea

densa n er+sp1h9

U

t
U

t
L

c

0

0

0

0

0

0

0

0

0

uL

t
L

*

o

o

o

Loo

r00

100

100

100

o

o

o

o.

90

100

100

87

IO0

o

0

0

0

0

o

0

0

0

0

*

0

0

0

100

r00

100

I00

to0

0

o

0

0

0

o

o

o

o

o

Tab1e derpnstrates the ability of five species to increase pH at

the upper and lcnrer leaf surfaces (phenolphttralein indicator) witJr

different solutions at the lovrer surfaces. Numbers índicate tl¡e I
of leaves shovring a red change at eactr surface. (F¡om Arens' 1933)



TABLE I.9
+

ABILITY OF LEAVES TO TRAI{SPORÍ EITTIER K OR

FROM T¡IE I¡WER LEAF SURFACE TO TTIE T'PPER SURFACE

#
Ca

Or¡ tt¡e
rxrderside

ELodea
d.eræa

HydriLLa
oertieùLLata
Red

t

0 0

0

o 00

Potønogeton
'ertspus

Red

t
Ca

t$

too 100 0 IOO tOO O too 100 0

K

cI
K

tt
KCa Red

t

0

4

0

o

Ca

ca(HCo^) ^Iight 5 z

Ca(HCo^) ^dark 5 ¿

distilled H
Iight

distilled
dark

0

7

0 o0

o o

0
04

0

o0

0

0

0

7

00

00

o0

2

"zo

KHCO-
ügh€ 96 o 96 IOO O 100 100 I 100

KHCO

dark 3 o o oo

Table shows thè abitity of three species to transport K+ (indicateil

by precipitation of potassium- sodium cobalt nitrite) and Ca**

(índicated by precipitatÍon of calcium oxalate) from the lower

surfaces to ttre uPPer surfaces, and to shcru pH increases (red) at tìe

upper surfaces. Numbers rePresents percentage of lear¡es showing

precipitation or colour change. (From Arens' 1933)



TABLE I.IO

KHCO

Lower Surface
Solution

Ca(HCO

KHC03

Ca(HCO

zlz MnCl2

MnCI2

Hzo

Hzo

Hzo

ça(HCO') 2 + vtn9l-2

2 +'ytncL2

+ MnCI2

EFEECT OF DIFFEREIi¡T SOLUTIONS AT T'PPER AIID I,ONER

sURFAæs or Eloilea I$p Poþønogetort on

PHCTOSYNTHESIS (MANGAI'IESE PRECIPITATION)

Upper Surface
Solution

!ln-Precipitation

)

+

+

+++

+++

+

3

3
¡4nC

AIR

L,

Table shows the incidence of nançJanese precipitation (which indicates

OH efftux and O, production - photo slmttresis) on the leaf upper

surfaces. symbols indicate no (-) through to strong (+++)

precipitation as in Table 1.6. (From Arens, 1938)
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TABLE 1.II ÀssrMrr,ATroN oF HCO3 FROI{ BOTII UPPER AND

I,oIIER SuRFAcEs Ot Potønogeton'l.ueerts

IJpper Surface
Solutíon

2.7 nld NaItCO3

H2O (COz FREE)

2.7 nM NaIICO3

H2O (CO2 FREE)

Lo!ùer Surface
Solution

2.7 mM NaIICO

2.7 lg'ttt NaHCO

3

3

H2O (CO2 FREE)

H2o (co2 FREE)

Net o^ Production

-

l00r
74t.

588

-5t (Resp. ¡

(From Steemarin Nielsen , L947.1



TABI,E I.I2 POI.AR TRA}¡SPORÍ O[ A}IIONS ACROSS TT{E ËEA\¡ES OF

Potørøgeton Luaens rN I.AKE I{ATER

T'PPER SI,RFACE IþÚÍER STTR¡'ACE

ËPH cctr- ""oa= cHcor-

(nmo1es./litre)

Before 7 .9 0.5 o

After 10.6 250 370 100

' three hor¡rs. (From Steemann Nie1sen, L94l)

Natural Lalce Water (2.7 n¡ìt HCO3-) at tl¡e l-ol,¡er surface, ðistilled
nater at tÏ¡e tæper suface. 24,OOO Lr:x, 2OÔC, e:<perirental tíne,

30 4.2

8.L2



TABLE 1.13 POI,AR TR,AI{SPO8T OF AI{IONS ACROSS TÍIE I,EAVES OF

Potønogeton Lueerts rN 5.0 mM Kllco3

Before

After

cnco

81

T]PPER SURFACE

PH ccrr- 
"co3

(nrrcLes/litre)

7.5 0.2 o

10 .0 63 84

I¡WER SI]RFACP

8.4

8.4

.PE
3

30

A solution of 5.0 ml'f KHCO3 at the lo¡¡er surface. Distilled water

at the læper surface. 24,OOO Lr:x, 2OoC, e:çerinental tiæ,

I5O minutes. lFrom Steemann Nie1sen, L947)



TÂBLE 1.14 pH CHAI{GES AT TIIE SI¡RFACES Ot uhla LAetttca

pH

ExBt. Side

I

Before

8.40

6.60

8.6

6.6

After

8.90

9.45

8.97

9. O8

A

B

SEA T{ATER

AFffTFICIAT SEAÍÍATER

SE,AWATER

AFllrtFICTAI, SEA!ÍATER

(NO C SOURCE)

B

A

2

Table shcnys that the solution pH is raised on bottr sides of the

ttrallus of ULoa Laehtea. (From Steenra¡rn Nielsen, 1947)



EABI,E 1.I5

Ca (Hcor) ,
ea (HCO') ,

sURVIvAr, RAIE oF ELodea eøtaåensie, Potønogetofl

eriepus, anD PotØnogeton aþirun rN Vanrous 5 mM

BICARBONATE SOI,T]TIONS

Survival Tine in Days

Elodea ELodea Potørogeton Potønogeton
aLpirutsSolutions em.aåensis t cøtaåpnsis rr c?iepug

Sr(HCo

Mg(ttco

LiHCO
3

KITCO
3

3)

3)

2

2

38

5

24

15

I
L2

lo

25 30

4

23

L6

5

I
9

16

3

L7

10

3

9

6

3

18

L4

4

IO

INaIICO
3

ELod.ea eøtailensia r came from a pond containing 8.5 mg/litre
II

ca-- axø ELoilea tx S7/mg/];ítr. ô"**. (From Arens, 1933)



TABLE 1.16 GROIüTH E}(PERTMENTS WITH ELOáIEA dENSA

Growth
EIT

3.5

4.5

5.5

6.5

7-5

8.0

Dead

Dead

I30r
1658

2202

3202

Growth e>çressed as tlte percentage increase

in fresh weight over a period of 60 days'

(From C. Olsen, L92Ll



TABI]E 1. 17

Supp1y of CO,

Fresh weight
at end of ex-
periment in
percentages
of value at
t}te start

Ðry weight
at end of ex-
periment in
percentages
of value at
the start

Average
Fresh length
weight: of
ilry shoots
weight in cm

Percentage
of plants
with
roots

Length of
longest
root
in cm

pH

.5 2 p.c.
blown

4-5 I

5.5 il

6.5

7.5 il

5.0

6.0

7.O

8.2*

8.2*

Pecentage of
plants witlr
distinct
developnent
of anthocyanin

0

o

33

100

83

67

0

o

0

50

67

GROVflTH EXPERIMEMTS !{TTH ELodea eqrwã.erIsis

3 co"
thréugh

co?)
througñ

80

256

298

284

282

250

L32

156

L73

202

20L

100

274

340

369

361

336

111

l-32

184

264

255

8.0

7.5

7.8

7.O

7.O

6.7

10. 7

r0.6
8.4

7.0*
7.r*

0

5

4

9

9

6

2

5

5

4

4

4

0

100

50

T7

L7

50

40

18

5

7

78.0

3.5 Atm. air(0.03 p.c.

blown
il

tt

ll

il

tl

3.2

3.4

3.5

3.9

4.L

0

0

0

0

0

Six tips of shoots in each glass. Fresh weight at the start about O.8Ogn. E>çeriment started on the 15 June 1943
at 5 p.rn., concluded on Ehe 24 June 1943 at 3 p.rn. Light: constant about 15,OOO lux from I,OOO watt lanp. Terp. Z3oC

* Àt Èhe end of the experiment layer of lire especially on the upper side of the leaves. (From Steernann Nielsen,I944)



TABLE T.18 cRovüTH E)pERrMEìflrs wrrIl CeratophyLLum demerswn

Sr4tply of CO,

5 p.c. CO,
blown thrõugh

Fresh weight
at end of ex-
periment in
percentages
of value at
the start

Dry weight
at end of ex-
perínent in
percentages
of value at
the start

Fresh
weight:
Dry
weight

Average
lengittr of
shooÈs at
end of e>ç
in cm

Notes

Pla¡rts nearly dissolr¡ed at
end of e:<p.

Scrapped (ileficiency in iron?)

Plants nearly dissoh¡ed at
end of e:<¡l .

Plants nearly dissolved at
end of e:ç

4.5 .
5.5 rt

6.5 '
7.O ,
7.4 '
3.5 Atm. air(0,03ts CO.)

blovrn through'

pH

3.5

5
5
5
5
2

4
5
6
7

I

462
424

6L4
608

L29
181-

300
370
4'76

100
150
r80
237
246

532
485

500
546

85
r42
L67
2L7
232

t2.8
l_3. I

16.9
L4.4
L6.4
17. 0
17.9

18
16

t7
15

22
25

5
6

10
9

L4

4
6

118
186
2eo
320
400

4.5
5.5
6.5
7.5
8.2

il

It

il

It

lt

3.5 No movement
(0,03r co2)

il

I

tt

tl

2
5
5
7
9

9
6
0
6
I

15
15
16
16
15

Tlro tips of shoots in each glass. Fresh weight at the start about 0.459n. Fresh weight:dry weight at the start
15. E>çrerirent started o4 the 12 May at 11 a.m. concluded on the 27 ltlay at 2 p.m. Light: ind.irect claylight.
Terçerature about 20 - 23Oc. (From Steemann Nielsen , Lg44)



TABI,E 1.19

co concentration
(mM)

o.2

o.2

o.2

0.4

0.4

Catfons excePt
+

H

+
K
+KrNa, Ca

++
rCê

Anions excePt

OH

c1

cI ,SO4

CI ,so4
c1-

cl ,SO4

t rate of
photosynthesís

LO2

r01

100

r04

I00

EFFECT OF CATTONS AI{D ANIONS ON PHO1IOSYNTÏESIS

(co, assrurrÀTroN) or Myr\ophyLLun sPieaknn

2

++

+

+

+
rNâK

Table shows that cations and anions have no effect on co2 assimilation'

Experirnental conditions: pH 4.1, 1i9ht intensity 37'OOO lux at 21oc'

co, concentrations as indicated. (From steemann Nielsen, L947)
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TABI,E I.2O UFFECT OF CATIONS A}TD ÀIiTIONS ON PHOTOSYNTHESIS

(Hco AssIMrrÀTIoN) ot Myrí.opTtglhrn spí'eatwn
3

Cations except
+

H

+
Na

++
Ca

+
K

++K ,Na ,Ca

Anions except

HCO ,co ,and OH
3

c1

c1 =
,SO.q

$ rate of
photosynthesis

42

50

7L

79

91

94

3

+
K

++
Ca

+K,

++

Table shows ttrat anions and cations do affect HCO, assimílation'

All solutions contain l.OmM NaIICO, ín natural lake ï¡ater, 37rO0O lux

at 2ooc and ptt 8.3. (From Steemann Nie1sen, L947)



ca (HCor) ,
+

Ca HCO Ezo
3

co
2

H

oz

oz

coz +
H OB

I'PPER
SURFACE

IIOI{ER
SI'RFACE

FIGT'RE 1.1

3

coz

6co2 +6H
2
o cøHtzoø +

Ca(HCor), + HZO

Sclreme of photosynttresis of Elodea leaves, taken from Gicklhorn (19271 on the basis

of ttre h1çothesis of Nathansohn (1907) .



TIPPER
SURFACE

INSIDb

Iff{ER
SURFACE

FIGT'RE 1.2

Ca(HCO +
3 2

Hzo

ca(

3Ca(HCo oc oø + gca(oH) 
z

2

3

ca(oH) o

+ 6oZ

2 2

) +6H
2 2

Ca(HCO HCO H co +
3 2 3 2

Ca(IrCor) 2 + HZo

Sct¡eme of photosynthesis for El.odea leaves as a result of the "physiologicat polarisation
of the distributÍon of molecules". (From Arensrl938)

co H20OH3 2



chloroplast

ATPNADPH

IA t
co o

2

2

-----a>

NADH ATP ATP NADH

'--.------
3

\

I1\

Kc1

Cltoplasm

FIGURE T.3

+
External
5òlution

Possibilities of energy supply to ion transport across the

prasmalemma of a leaf celr' EnergDt delivery by ATP or NADH

may depena on tire'iifity to switch from photosynttretic to

respiratory enerçry production and on feedback from ion

transport (1); photoirihibition of respiration (2); transfer

of carbohydrates (3). I shuttle nrediating the ATP and/ot

NAD(P)HtransPortbychloroplasts;II¡nitochondrialadenyl-
atecarrier;III¡nitoctrondrialmalateshuttle.lSimilar
energy bala¡¡Ces and feedbacks would pertain to transport

across the tonoplast- (From Jeschke, L976)

III
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Hypothetical scl¡eme for salt uptake across ttre plasmalemma

Ínvolving two exchange sites. The system is dependent on

a supply of metabolic energ¡¡ from chloroplasts or mito-

chondria. This ís used prímarily to separate H+ and oH

at a site indicated bY " - ". Active (thermodynamically

uphill) ion flu<es shcmn by solid tines, and passive

(downhíIl) fluxes sho\^¡n by broken lines' (From Snith' 1970) '

I
metaboli

energv



2.L

2.2.L

-12.

CHAPTER Tr^to

METHODOLOGY

Introduction

InthisSectiont}tevariouscu].turetechniques'apparatus

andprocedureswillbedescribedandinadditionthevariousal-

ternative procedures used d'uring the course of the study will be

outtinedand.discussed.Intheothersectionsofthework,wherever

themethodsvaryfromthosedescribedbeloworinvolveotherspe-

cial techniques, theY will be presented in those sections '

Material Sources

Shootsor'ELodead,er¿sawereobtainedfromeithertheAdelaide

ZoologicalGardensortheBotanyDepartmentPondandplacedinin-

door tanks in the Botany Department' Shoots to be used within two

weeks were allowed to float in ttre tanks until used. Ho\nlever' ÍþSÈ

shootswereplanÈedingardensoilinthebottomofthetanksand

curtured untir used. rnitially many problems were encountered in

culturingsuitablematerialforstudy.thetendencybeingtopro-

duce long, veqf narrow' thin leaves with low turgor pressure rather

than shorter, broader leaves as di'scussed Ln 2'2'3' Towards the

endoft}restudy'successfulculturemethodsv¡ereestablished,and

a continuous supply of appropriate material cr:ltured under sirnilar

conditions was available. It must be emphasised, that provided

healthy young leaves were chosen' without larqe deposits of cal-

cium carbonate on the upper surfaces ' wiÈhout excessive epiphyte

growth, and with sufficiently rapid protoplasmic strearning' then
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therewasverylittled'ifferenceinthecomparativeresponsesof

the leaves to Èhe various experimental treatments. The al¡solute

varues of parameters such as 02 evolution, Cl influx .rrd r4c-fi*t-

tion did show differences -

Culturing Methods

ELod.ea is an ideal planÈ material for student study and ex-

perimentaÈion, and many educational and research institutions have

attempted culturing with nixed success. Palmcrantz (I953) deve-

Ioped an e:{tremely detailed culturing medium (Ta-ble 2.I) which was

used by Jeschke and Si¡ncnis (1965) ' The planÈs were placed in

sand under artificial Iights at intensities of 1600 to 3000 lux for

14 honrs with IO dark hour s aE 24oC. In contrast to tt'i", Olsen

(f954) studied, the natural habitat of Elodea in New Zealand and

found that greatest growth was obtained in culture with conôitions

thatcloselymirnickedthoseoccurringnat'.rrally-inparticufarin

thick black mud containing sufficient quantities of ferrous sulphide'

In his growth studies, Steemann Nielsen (L9441 found tha-u Èhe great-

est shoot growth was obtained when 2z cQ^ was br:bbled through the

culture medium.

, h" mosÈ successful cul-ture ¡nethod in the current study was

a combination of the above, with further refinements made from ex-

perience gained by trial and error' Garden soil was added to a

plastic tank (1OO litre) and enriched with ferrous sulphide chips

and powder. Deionized water was added to fill the tank and allowed

to stand for several days until the $tater cleared before plantíng

small shoots of ELodea. The water was Èhen bubbled with I or 5t

2.2.2
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CO inair.Lightingwasbyseveral40lrlattfluorescenttubes

giving a light intensitY

l-ígh.E/12 hour dark cYcle-

ranging from Io to 30 w/^2,

suffi-cient rnaterial was generally available for experimenta-

tion after a period of 8 to 10 weeks ' In any one experiment'

shoots r¡rere alv¡ays renrcved from the same tank, as there h¡as con-

siderable variation between the leaves gÏown in the different

tanks with respect to the parameters measured - mainly due to the

differing chlorophyll content of the leaves ' High liqht intensi-

2
ties (greater than IO W/m') resulted in rapid growth of leaves with

Iow chlorophyll content, whereas low intensities produced slower

growth and generally nore suiÈable study material with higher chloro-

phylt content.

¡4orphologL

The norphology oÍ. ELodea densa gro\r,rn r¡nder cuLture conditions

in the Iaboratory showed marked variability' In some cases the

stems showed marked elongation and a decrease in the number of

Ieaves per whor}, whereas other plants under simitar growtÌt condi-

Èions showed very dense leaf growtlt with little stem elongation'

' - +!.^ mvnl.nlnm. t of ELodea carla,-In fact, at times the nrcrphologry approached thal

dprnis (Rich). In general , however, under conditions of high

light intensity, growth was rapid, stem elongation excessive'

leaves were long and thin (2o - 30 n¡n by 2 - 3 nun) had low turgor and

were low in chlorophyll. They \¡/ere generally not suitable for

thestudy.Ítreseplantswereshort-livedaschlorosisoccurred

soon after maturity. At low light intensities growth was much

2

in a 12 hour

2.2.3
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slower, leaves were short and broad (10 - 15 mm x 5 - B mm) had

high turgor pressrl-re and high chlorophyll content and noticeable

rnLho"y-nin idevelopmenÈ in the region of the leaf rnid vein' Leaves

were su-ita-ble for study and generally survived for greater period's

afÈer maturity before beconr-ing chlorotic. Because of their pro-

Ionged survival, these leaves developed the familiar calcium car-

bonate deposits on their upper surfaces ' In general this material

resembled closely that found in the natural hal¡itat, although dis-

playing the advantages of reduced epiphyte infestation and animal

damage

Appara tus and Procedures

O>qfgen Exchanges

Neto)q/genuptakeandreleasevrasmeasrrredtrsingathermo-

stated Rank oxygen Electrode connected do either a Heathkit chart

recorder(IR-I8M)oraRikadenkiChartrecorder(B-281HS).4

fullscaledeflectionwasobtainedbytheadditionofdistilled

water saturated with air, giving an o, concentration of 250 Unples/

litre, and zeto O, concentration was obtained by the addition to
l.

the.aboveofseveralcrystalsofsodiumdithionate.Theexperr-

mental media were thernostated at 25oC' and stirred with a small

magnetic fl-ea. The leaves were separated from the flea by a

coarse polyethylene screen that allowed adequate mixing through

the leaves but held the leaves in place'

A rnirror was placed behind the electrode at 60 degrees to

theincidentbeamtoensuremoreuniformilluninationoftlreleaves
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in the electrode. The light from a quartz iodide lamp (24O v ' 150

Watt) was passed through 2 cm of water (in addition to the water

in the thermostat jacket - 1 cm) to filter out infra-red radiation'

In some experiments where the effects of various treatments

were monitored over long periods (greater than 6 hours) successively

in Èhe light and dark, Èhe recorder was fitted with a set of micro-

switches which turned on the light when the partial pressure of

o>q/geninthesolutionreachedalowvalue(30-40ymoles/LíEre)

and switched off t].e light at values just below saturation (2IO -

230 Urroles/titre) .

pH Changes

Net pH changes of the solution surrounding the ELodea leaves

asaresultofphotosynthesisrrespirationandthevarioustreat-

ments was monitored by a small Beckman frit junctlon combination

electrode of tip diameter 3 mm connected'to a Beckman pH meter

(1019) and Rikadenki 2 channel Chart recorder. These changes were

measuredintheRanko)q/genElectrodechamberrrndermuchthesame

conditions of light and temperature as Èhe o>q¡gen exchange experi-

mentsthemselves.TheconbinationelecÈrodewaspassedd.ownthe
,1

chamber so that the tip was just below the polyethyrene screen and

jr:stabovethemagneticflea.Underconstantstirringconðitions'

thepHreadingwasquitestableandtheeffectsonthejunction

potential caused by the stirring were ninirnised by calibrating the

electrodewithstandardbuffersunderthesamestirringconditions.

With the pH electrode in place, it was not possible to seal

the chamber in the usual way, so the system was sealed using liquid
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paraffin, which had no denrcnstrable effect on any of the measure-

ments, as was sirailarly shown by Lucas (1975). Inhibitors and

uncouplersetc.'wereaddedtothechamberbyplungingarnicro-

cap pipette through the paraffin layer

In experiments where the o" ei<changes were also measured
¿

simultaneouslY '

was observed.

no electrical interference between the two systems

2.3.3 CI Influx Experiments

LeaveswerecutfromthestemsofseveralplanÈsandplaced'

inO.5mMcaco,overnightunderlowintensitylightatroomtemp-

erature. In experiments where the infh:x Ì¡ras expressed in pmoles'/

) ! 
- ^E Ll

cm-/sectheleaves.f^¡ereCutonthemorningoftheexperimentinto

Icmlengths(longerorshorterdependingont}reactualsizeofthe

Ieaves) using a shqrp scalpel with the leaves placed in a small

plasticpetridishoverrnillimeter-squaÈegraphpaper.Theaverage

widthoftheleaveswasobtainedfromthemeanofl0_12leaves.

llLre errors in using this method for obtaining leaves of the same

surface area were less than 5t'

Inordertocorrelatethevaluesobtainedbythismethodwith
t 

- ^^Èt-^ r'roÁ.?\ i r ts the Ieaves werethevaluesofJeschke(1967),ingomeexPerrllEn

alsoweighed(freshweight)beforebeingdriedontheplanchettes.

This enabled the cI influxes to be expressed in proles,/sec/cw '

Ttris method was tedious, involved a large afrþunt of handling of

radioactive material and generally resulted in errors greater than

IOt, and so was not often used'

After cutting, Ieaves were placed in the required solutions
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under the reqr:-ired experimental conditions for pretreatment periods

of gererally 60 rninutes before being transferred to solutions con-

36 - 36 - - ) ^--^v rl^ €nl 1¡
taining CI tracer. -"Cl uptake was measured over the following

40 - 60 nr-inutes and then the leaves were rinsed in 100 ml of un-

Iabetled experimental solution for 60 rninutes before being placed

onplanchettes.Idropof2*sucrosewasaddedtoadheretheleaves

totheplanchettes,whichwerethendriedandcounted.Specific

activiÈies of the experirnental solutions were obtained by aliquoting

0.2 ml onto planchettes, adding sucrose and cor:nting'

Carbon Fixation Ex¡leriments

The preparation and pretreatment of the tissue for HCOa a¡rd

CO^ fixation experinents was sirnilar to that for the CI influx
¿

experiments.DuringthepretreatmenÈandexperimentalprocedure

all vials containing the leaves and solutions were'sealed with clear

polythene (,,Glad-Wrap") to minimise inteìrference from atnrcspheric

carbon ðioxide.

Where low concentrations of exogenous CO, and HCO' were

beusedrthesolutionswerebr¡bbledforatleastl0ninuteswith

N^, scrubbed by bubbling through lOO mM NaOH to ensure complete
¿

r"r*.r-'t of small traces of Co' After this ' freshly prepared

NaHCO3 was added Èo give the correct concentration, and then finally

10 mM NaOH (freshly prepared) or 1.0 fnM HCI was added to give ttre

required PH.

Fixationwasinitiatedbytransferringtheleavestovials
t4

containing the experimental solutions labelled with C ' Flxataon

was rapidly stopped by emptying the contents of the vial on to a

\

\
I

.il

il 
^ 

ü't'
{l''
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polytheneStrainerfollowedbyseveralrapidrinses(lOseconds)

of distilled water. the leaves were then placed on planchetÈes

towhichldropof2%sucrosehadbeenadded.Twodrops(0.2nls)

of2%propionicacidwerethenadd'edtotheplanchettes,which

were then dried slowly over a hot plaÈe. The propionic acid en-

sured the removal of unfixed Co. (and HCo. ) during the drying
¿J

process.

Ttre specific actívity was obtained by a pipetting 0'2 ml- of

experirenÈalsolutiontoaplanchettecontaining0.2m].oflo0mM

NaoH (freshly prepared). one drop (O'I ml) of 2Z sucrose was then

added and the planchettes rapidly dried and counted immediately'

The planchettes used for the al¡ove specific activiÈy determination

hadbeenpreviouslycoated(3sprays)with''estapol''clearlacquer

toensurethattheloomMNaoHwasnotabletoreactwiÈhthealu-

¡n-inium. Although sinirar methods of determining specific activity

have not been used successfully (Hope eÈ aI, Lg12), provided the

above procedure was carried ouÈ swiftly and corrnting comnenced

inunediately after d:aring, ttre method gave highly reproducible spe-

cific acÈiviÈY deter¡ninations '

.++' Ca' ' Influx Experiments

ons and methods for these experiments

were sirnilar to those used for the Cl influx experiments. CaCl,

solutions were prepared using a stock solution of high purity I00 mM

CaCl^ prepared by Selby's (Adelaide) ' Radioactive solutions r¡/ere

¿

prepared by the addition of the required amounts of labelled

CaCl^ to give an activity of approximately 5 x 1o4 UC/moIe'
¿
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Because of the J-arge deposits of calcium carbonate on the

upper surfaces of mature leaves, Ieaves were treated lvith 5 mM MES

at pH 5.0 for several hours or overnight to remove these desposits

before being placed in the pretreatment solutions '

After the uptake period, the leaves were then soaked in dis-

tilled water or 10 mM CaSOn for I hour before being placed on plan-

chettes wiÈh o.2 ml of 2* sucrose. specific activities were deter-

mined as for CI influx experiments '

lnfluxes were deterrnined with reference to surface area and

no attempt \^/as made to deÈerrnine Èhem on a fresh or dry weight

basis.

++
Ca Efft ux Determinations

Leaves were cut and loaded with nuau** , by soaking in 5 'o mM

*u".ro* overnight. Leaves with visible coatings cif calcium carbon-

ate were not selected, and in any case tb prevent inÈerference from

this phase, Ieaves were given pretreatmenÈ in 5.0 mM MES at pH 5'0

for several hours or overnight before loailing'

Aliquots (1.0 ml) of ttre washing solution were Prepared in

perspex agglutination trays. washout l¡/as conmenced by removing

threé leaf sections from the loading solution into the first ali-

quotofwashingsolution.Ttrethreesectionsweregentlyagitated

for 30 seconds before being transferred to the next washing solution'

lrhisprocesswasthenrepeatedevery30secondsforthecomplete

washout period. For counting, 0.5 ml of each washout aliquot was

pipetted onto a planchette and dried' The final sample contained

only the three leaf sections. The ca** content of the leaves re-

maj-ning after each washout time interval could then be calculated'
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++
An sis of the Ca Efflux Curves

Theeffluxkineticsl¡Iereanalysedusingthenon-Iinearpro-

gralnmepackageofSPSS(StatisticalPackagefortheSocialsciences)

oftheVogelbackComputingCentre'llorthWesternUniversity'U'S'A'

Analysisforfirstrsecondand'eventhirdorderkineticreactions

wasattempted.Singleorderkineticreactionparameterswerealso

computed using an HP-25 calculator (Hewlett Packard) ' These kinetic

determinations were attempted in order Èo isolat. c.** effluxes

fromthevariousphasesintheELodealeaftissue,and,toobtain
++

evidence for the polar transport of Ca ions'

Radioac tive C t

than 2*.

Calc ulation of Fluxes and c- fixation

ftre calcul-ation of these values was ilçroved by the use of

an Hp-25 pocket calculator (Hewlett Packard) using a specíal pro-

grarrure devised for this purPose' ttris Progranme appears in

36 L4
Beta radiation from Èhe decay of CI' c,.rrd 45c- isotoPes

wasmeasuredusingeitheranendwindowGeigertrrbe(G.E.c.E.H.M.

25) connected to an Ekco auÈomatic scaler (N 53Of) which was coupled

toaBertholdautomaticsamplerchanger.(LB27I),orinlaterex.

periments, a Nuclear Chicago gas-flow cormter (1043) using O'5t

butane in helium as carrier gas' Ihis second apparat'us' had an

efficiencyapproximatelylOtimesttreformer,enablinglowerspecific

activitY solutions to be used'

' 'counting times were chosen so that counting error was less
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Appendix c. standard deviations of the values were also computed

on the same calcufator using the brrilt-in programme modified to

convert t].e standarddeviation to the standard error 
,' 
of the mean.

SoIutions a¡d Reagents

Glass distilled water was used Èo prepare solutions using

Analar grade reagenÈs.

Thenormalbathingmed.iausedcontainedl.0mMNaCl,0.lmM

KCl, 0.5 mM CaSOn, I.0 mM NaHCO3 using the required buffers de-

pending on the pH of the final medium. variaÈions from this ionic

composition are noted in the text, and' J.egends to the Figures and

Tables

HCO- -free and CO^-free solutions were prepared by br:bbling
3¿

the above solutions (with no HCo, ) with N2 gas scrubbeil by passing

through loo mM NaoH and subsequently freshly distilled Hro for at

least 30 minutes. Final pH vtas aajustea by titraÈion with freshly

prepared IO mM NaOH or 1.0 mM HCl. In all cases solutions containing

HCo3 $tere prePared by the addition of freshly prepared I00 mM NaHCor'

rn the c.++ irrflux and, efflux experiments, the solutions were

preparedfromastocksolutionofhighpuritylOOmMCaCLr'The

use of this cacl, to rePlace the n'onnat cason is noted in each case

in legends to the Figures and Tables '

Solutions were aII prepared at 2OoC using B-grade pipettes

and volumetric flasks.

Stock solutions of 1.0 mM cccP and IO mM cMU l¡,ere PrePared by

dissolving in absolute ethanol. Required aÍþunts were then pipetted

into solutions r:.sing rnicrocap syringes ' The small volumes of ethanol

had no effect on the ptant material or the O, and pH electrodes (Betts 
'

re70).



TABLE 2.I CULTURE SOLUTION gOP' ELOúEA úENSA

NaHCO
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K2HPO
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0.1
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5.0
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¿̂

río2
MnSO

4
ZnSOn

CoCL,

NiCl2

CuCl,
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50 rr

I0 uM

r.4 rr

o.25 r,

2"
o.25 rr

0.. r rr

60 nM

60 rr

g0 rr

lg rr

3

4

3

m¡[

tt

ll

tl

lt

ll

tl

tt

(s04) 
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ca(Noa),
CaSO -

4
FeSOn

+ Na2EDTA

"¡"o:
NarMoOn

uM

Culture medium developed by Palmcrantz (f953) for

Elodea densa
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CÊIAPTER THREE

THE CI TNFLUX ot ELodea deræa

The Liqht-stimulated CI Influx

The light-stimulation of the cl influx as deter¡nined from

36continuous "CI uptake experiments is shown in Figure 3.1. In

this e:çeriment, the external cl concentration was 2.0 mM, and

the leaves \^/ere from plants ta]<en directly from the Zoological

Gardens. Íhe mean of the lighÈ-stimulated influx was 1.78 + O.2

)-1
pmoles,/cmz /sec., compared with O.t5 t 0.02 pnnles/cm'/sec. for the

dark inflgx. Tttus, light does stimulate the Cl influx by approxi-

mately lo-fold over the dark value (see Table 3.1). ttris is in

agreement with Betts (1970), although the stinn¡lation is much greater

than the 2-fold stimulation observed by Jeschke (L967) from 0 ' I mM

CI solutions. \

The values obtained for the CI influx, however, were quite

variable a¡d depended on the source' cul.Eure and storage conditions'

as may be seen from Table 3.1. Leaves from the Botany Department

pond, which grew in strong sunlight and had large CaCO3 deposiÈs,

generally showed very high cl influx values corçared to leaves

collected from the Zoologicar e"ta.n=, which \^tere grown under much

lower light conòitions. Hovrever, Ieaves from the Botany Depart-

ment pond showed a rapid fall in the cI influx during storage in

indoor tanks, and fell to between 1O and 20* of the control value

in Io days. Leaves from the Zoological Gardens did not show such

rapid deterioration. Of the leaves grown in the indoor tanks'
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therewasalargevariationfromtanktotankandthisemphasised

the need for proper controls for each experiment'

The Effect o f External CI Concentration

The effects of increasing the external cl concentration at

pH4.5and5.5areshowninFigr:res3'2and3'3respectively'

Saturation was achieved at both pH values \^Iith the external CI

less than I.o nl4 in the light and dark. However' furEher increases

in the external Cl concentration (4 to 6 mM) resulted in an inhi-

bition of ttre cl influx. As the uptake time for this ercperiment

was 80 minutes it was possible that at 6 mM, the leaves may have

become saturated *ith 36Cl within this period, resultj-ng in a

Iower estimate for the Cl influx. In Figure 3'2, the KCI and

CaCl concentrations were both 0.1 nM, except when the external
2

CIwasO.lmM'andheretheKclandCaCl.concentrationswere0.0l¿

mM. Hohrever, in Figure 3-3 the KCI and CaCL, concentraÈions were

kept constant at 0.01 mMthroughout.

1lhe Ef fect of Solution PH

Jhe effect of solution pH on ttre CI influx is shown in

Figure 3.4. It shows data for thiee separate experiments, and

indicatesthattherewasapHvaluebetween5.5and6.5where

thelight-stimulatedClinfluxwasmaxirnal.There\¡,aSno

significantpHeffectonthedarkClinflux.llheseeffectsare

similar to those obtained by srnith and !{alker (1976) fox cvnvu'

although t]..ey obtained naximum cl influx values between pH 6'5

and 7.5. The buffers used for each exp'erimental point are shown
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' lFigr¡t. 3.4) . SÍLith (1970) for¡nd that these buffers

did noÈ affect the cl influx Ln chara, although buffers such as

TRIS and imidazole d.id. increase the Cl influx values noticeably'

snith (1970) suggested that an inhibition of the cl influx

by increasing solution pH, would provide evidence for this proposed

model for ion transport (I.9 and Figure 1.5), whereby the cI in-

flux was coupled to an oH efflux. ÍLre resufts here' na.y also pro-

yide evidence for this modeL i.n ELodea densa (see also Chapter 8) '

Hovrever, the inhibition at low pH values may reflect inhibition by

co (Jeschke, L967) .
2

The Effects of HCO and CO2-
Tables3.2,3.3,3-4andFigure3'5showthatatbothlow

andhighpH,theeffectofaddingHCo,tothebathingsolutions

was to rninimally increase the Ct influx' At pH 6'0' the adðition

of HCOa would have reflected an effect bf co2 since the concen-

tration of co, at this pH would have been approxirnately 0.6 mM'

whereas at pH 9, the effect would have primarily been due to HCO, '

The effects of treatment with potassium citrate and CaCO, rePlace-

ment are discussed in 3.5 and in detail in chapter 6. Ttre effects
.- ++

of HCO^ in the absence of Ca due to citrate treatrnent, made it
3_

possible to differentiate between ttre direct effects on the cI in-

flux of Hco3 , and the effects due to HCo. inflrrx and fixation.

The results therefore show that there was very little effect of

CO, and HCo3 on tJre CI influx. fhis is in agreenent with the

results obtained wírjn ELodea (Jeschke and, sirpnis, L969) and

ValLisnev,i'a (Príns, Lg74). However, if HCO3 did comPete with CI



3.5

3.6

56.

for transport sites as observed in VALLisnerLa (van Lookeren Cam-

pagne , 1957), then this rnay accor:nt for the lack of stimul-ation

of Èhe Cl influx in both treated and untreated leaves (Table

3.2) .

Ttre results at low pH, while only showing a small stimul-ation

of the Cl influx by CO.- did not agree with Jeschke (L967 I

who found an inhibitory effect of cor' Betts (1970) also found a

stimul-atory effect of Co, on the CI inflr:x compared to values in

N^-br¡bbled solutions and this is interpreÈed as evidence that the
¿

Cl influx reqrrires the operation of noncyclic electron transport

in the production of either or both ATP and I{A'DPH-

The Effect of CaSO

The effect of CaSO- on the Cl influx aÈ high pH in normal

and ciÈrate-treated leaves is shown in Tables 3.2 and 3-5. The

normal CI influx of the leaves in Table

Table 3.5 due to their different sources

3.2 was less than in

(3.1), but both demon-

++strate that Ca replacerent did reverse the inhibition caused by

++renþval of Ca" by citrate. In Èhe solutions that also contained

I mM NaHCO^' one cannot distinguish between a primary effect of
rJ

++'
Ca' ' as such or a,n indirect effect- via photosynthesis. lltris will

be discussed npre fully in Chapters 6 and 9-

The Effect of CCCP

Trhe effects of cccP on Processes such as photosynthesis and

respiration (see 4.1) show noticeable time-dependent changes. this

was well illustrated in Vallísnez"ia by Pxins (L974ll where I UM CCCP
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stimulated photosynthesis in the second and third hour after addi-

tion, but in Èhe fifth and sixth hor:r resulted in a 40? inhibition'

Ttris is undoubtedly due to cccP's action as an uncoupler of photo-

synÈhesis, which causes an increase in electron transport u¡rtil

there is a depletion of reactants. In contrast, respiraLion was

stimul-ated by over 2OO? in VaLLisnez"Ld and this took three to four

hours to reach a maximum and remained at this value into the sixth

hour.

Similarly, studies in this work not only showed that CCCP

produced time dependent changes on O, exchange - photosyntlesis

and respiration - but also differences depenòing on the presence

oflightduringtheinitialphaseofinteractionasdescribedin

Chapter 4.

In addition, CCCP showed a differentral effect depending on

the pu of tfie bathing solution' Table 3'6 shows t¡is effect on

Èhe cI influx. Here 2 UM CCCP t.= .a¿"a to the soluÈions con-

taining the leaves at four pH levels for one hour before being

Èransferred to soluÈions at pH 6.5 (conÈaininçl no cccP) for the

esÈimation of the Cl inflr¡x. As the effects of CCCP are partially

reverqible (prins , Lg74), Èhese values do noÈ represent definitive

irùribition values of CCCP. It doås aer¡cnstrate that CCCP adminis-

tered to leaves at pH 6.5 and 8'0, reduced the CI influx in a

sr:bsequentsolutionatpH6.5by42tandgtrespectively.Ast}te

pKofCCCPis6.3,itwasobviorrslyadifferentialeffectbetween'a
the ionised and unionised forms of the corçound. Thus, inhibition

studies in this thesis using cccP, were all carried out by adding

cccp to sorutions with pH values ress than 6.5, and then if necess-

ary transferring the leaves to other solutions'



58.

As CCCP showed r:npredictal¡le effects on o, evolution (chapter

4), it was d.ecided to stu y its effects on the cl influx while

monitoring the 02 evolution at the same time. Hence for each ex-

perimental run about lo - 14 leaves, cut and pretreated overnight

in the usual vray, vrere placed into the o>q/gen electrode in Nr-

bubbled solutions. The required amounÈ of CCCP and NaHCO3 was

added and allowed 30 to 60 rninutes in this PretreaÈmenÈ solution

before being replaced by labelled Cl solutions htiÈhout cccP.

Otherwise the methods were the same as described in 2.3.3. The

importance of Èhese experiments is that the cl influx was measured

under exactly the san¡e conditions of stirring and 1i9hÈ saturation

as photosyntheÈic o, Production measurenents. Tables 3.7 and 3.8

show the effect of cccP treatment under these conditions. It t/lras

surprising to see that with concentrations of CCCP less than 1 UM,

the Cl influx was stimulated, but at concentratiôns above 2 UM it

was inhibited in both HCO.- /CO, solution's and HCO, /COr-ftee solu-
5Z

tions. In Table 3.9, two e)<periments are shown where the cl in-

flux was measured by ttre ¡neÈhod described in 2.3.3. Trhe results

are very much the same as in Tables 3'7 and 3'8, and a sununary of

all these e:çeriments is shown in Figure 3'6'

Further discr¡ssion and compãrison with the effect of cccP on

o^ evolution will appear in the general discussion (chapter 9)
¿

after the effects of cccP on photosynthesis have been presented

(Chapter 4).

lInThe Effect of CMU on tl:e C flux and Photosynthesis

ThepresenceofCMUatpH6.5doeshaveamarkedinhibitory

effect on the CI influx (Table 3' 10) ' As npst of the exogenous

3.7
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carbonatt}tispH$'aSCo,,thisconfirmedtheresultsofJeschke

(Lg67). lt-e results of severat further experiments with and with-

out I.O mM NaHCO3 are shown graphicalty ín Figure 3'7' Again the

cI influx in N, was less sensitive to the presence of cMU - the

cI influx at to UM cMU was still 9Ot of the control values -

whereas t].e Cl influx and the O, evolution in the presence of

exogenous carbon were reduced to 303 and tot of controls respectively'

TheOrevolutionresultsareshownherebecauseCMUhada

more reproducible effect on photosynthetic o, Production in com-

parison to cccP, and its effects did not requ-ire careful considera-

tion. These results support the interyretation of Jeschke (L967'

1972) that the ct inflr¡x, when occurring concurrentt/ wiÈh photo-

synthesis shows si¡nilar sensitivity to photosynÈhetic O, production'

However, when there is no net o, production - photosynthesis and

respiration balancing each other - the cI influx is less sensitive

to cMU. Jeschke interpreted Èhis "= """tr" 
photophosphorylation

(ere¡poweringÈheClinfluxinNrconditions'whereasundercon-

diÈions of COr, noncyclic elecÈron flow occurred and the CI in-

flux had to cotrçlete with C-fixation for enerçfy' rt should be

poin.tedoutagainthatintheseexperiments,theClinfluxwith

no CMU was greater in the prese""å of Co, than in N, (Table 3'10) '

suggestingthattheClinflrurdependsontheproductionofboth

ATP and NADPH in the light.

Sunrna:¡l¡

I. Light stimulates the Cl uptake by as much as

10 fold, although the actual values obtained

3.8
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2

vary greatly depenòing on the growth and

storage conðitions.

Maximum values for Èhe CI infh¡x are

obtained when the external CI concentra-

tion exceeds 0.2 nM.

The light-stimulated Cl influx has a pH

maximum at pH 6.

co2 and Hco3 have little effect on

the CI influx except when photosynthesis

is occurring ma:rimally, tJlen Co2 and HCO3

stimulaÈe the Cl influx.
++Ca and an operating photosystem are

necessary for maximal Cl influx.

Low concentraÈions of CCCP stimulate

the Cl influx and inhibit it at higher

concentrations.

3

4

6

5

7. lltre Cl inflr:x is less sensiÈive to CMU

in N, bubbled solutions than when CO, or

HCo3 fixation is occurring; and both

these rates are less sensitive to CMU

than is I evolution.
2
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EF¡'SCTS OF ORIGIN, CULTURE AND STORA@ ON THE -JCI INFLUX Ot ELodea d'ensa

Source of
Material

Zoological
Gardens I

tt ll

Botany DePt.
Pond I

ll ll

Grown in the
indoor Èa¡¡ks

It ll

TABI,E 3.7

Culture
Conditions

Indoor
Tanks

Length of
Storage

24 hours
I0 days
40 rt

gtt

l-2'

Solution
pH

External CI
Concentration

CI influx
t

2.5A !
1.21 t
6.6 +

(pmoles
dark

2
cm /sec.)36

tl

tl

tt

i¡

2

2
2
t
I

4.5
4.5
4.1
5.0
5.0

2"
lrt
lrt
lrt
2"
2"
2"

5.0
5.0
5.0
5.0
5.0
5.0
5.0

I

ll

ll

il

ll

il

I.78 I
2.46 !
r.54 t
8.5 +

3.4 +

nM
tl

lt

2

2
I
2

3

.o2

.04

0.56 1 . tI

0.r5 +

0.37 t

L2
33

0.
0.

ll

2
tt

ll

ll

tt

9.0 t 1.3ll

I

ll

tl

tl

il

ll

¡t

I

2
tl

Í

ll

il

tl

tl

il

2
6
6

L2
4
7

20

3.0 t .I
4.9 ! .4

0.86 + .03

o.59 t .o7
4.7 t .3
L.4 t .07
L.7 t .09

3

II
3

1"
lrt
lrt

t
I

.0I

.o4

It tl

Tar¡k I
Tank 2

Tank 3

AII e:çerimental solutions contain I'O mM NaHC'O3 0'1 nM KCI'

O.I nM CaSOn at ttre PH indicaÈed'

6.5
6.0
6.0



TABLE 3.2

TREATMENT AND E}@ERTMENTAL
SOLUTIONS

No citrate treat¡¡ent
++

pH 6.O no Ca 2
++

no Ca + 1.0mM NaHCO3

Nz

1.OnM NaHCO3

EFFECT oF ca++ AND Hco. oN THE cl TNFLUX AT pH
3

6.0 AND 9.0 IN NORMAL AD{D CÍTRATE TREATED LEAVES

N

CI TNFLUX
(pmoles,/cn2 /çgS)

roF
CONTROIS

42

58

100

100

152

100

9

23

52

67

44

31

82

106

o.52 t
0.70 t
L.2L +

o.L7

o.26

o. 17

0.r1 +

o.28 +

0.63 t
0.81 t

o. oì4 I
0.053 t
0.14 +

0.18 t

.05

.08

.11

+ .008

+ .0r
+ .o2

.02

.o2

.05

.09

.007

.004

.03

.03

tl

tt O.ImM CaSO + I.OmM NaHCO
4 3

++
pH 9.0 no Ca

++noCa +

0.ImM CaSO
4

+ l.OmM NaIICO
3

Citrate treated leaves
+

pH 6.0 no Ca NZ
++rt r no Ca'' + 1.0mM NaIICO

3
rr rr 0. ImM CaSon *Z
It tt O.InM CaSOn + l-OmM NaHCO3

++
pH 9.0 no Ca *z

ll

l!

tl
!I

" no Ca' + 1.0mM NaHCO3

" O.lmM CaSO¿ NZ

" O.tmM CaSO4 + 1-0mM NaIICO3

The Cl influxes of the untreated leaves with 0'1mM

CaSO- and l.OmM NaHCO- $Iere tuf"" as controls' Ex-
----4 - J

perimental conditions: 5.OmM HEPES at pH 6'0' 5'0mM

TAPS at pH IO, I.OmM NaCI, O'InM KCI 0'1mM CaSOn'

Leaves from tank 2- Citrate treatnents as described

in 6.3



TABLE 3.3

E)<pe ri¡rental Conðitions

No citrate

EFE'ECT OF HCO^ LE\ÆIS ON THE CI
J

TNFLUX

!,TIEH CITRATE TREATED LEAVES AT PH 9.O

ll tt

citrate

Nz

1.OmM NaHCO
3

*z

O.05nM NaItCO3

0.01 rr tr

o.2 rr rr

0.5 rr tr

1.O rr rr

36cl Influx
(pmo Les/cm2 /secl

80f
Controls

100

52

54

59

61

66

5.7

6.6

2.9

3.2

3-4

4.O

3.5

3.8

+u

+ .3

+t

+ .3

+.4

+'.3

+)

t .3

114

tl

lt

tt

70

E:çerimental conôitions as descríbed in

Tab1e 3.2. I¿aves from tank 3'



TAELE 3.4 EFFECT OF EXOGENOUS CARBON ON THE CI INFLUX

AT DIFF'ERENT PH

36CI InfluxExI¡eri mental Conditions
(pmoles /cm2 /secl

pH 4.4 light 3

I

6

5

t
tft!

It

2

4

Nz

1.OmM NaHCO

*z
1.OmM NaHCO

2.9 +

4.5 +

5.L +

4.9 +

0.56 +

3.6 t
3.8 +

pH 6.5 light

dark

tt tl

lt

tt t¡

tl tt ll

3

3

3

pH 7.3 lisht "z
1.OmM NaIICOI

E:<perimental conditions as described

in Tabte 3.2. Leaves from tank 1'



TABLE 3.5

Experinental Conditions

++

Cl Influx
(pmo ,"=¡ss2/secl

l.2a +

L.24 +

EFFECT OF CITRAIE TREATMENT AIi¡D CA

THE Cl INFLUX AT PH 9.0

36

ON

No citrate
ll tl

++
No Ca

I.OmM CaSO
4

++
No Ca

0.5mM CaSOn

0.1 rt rr

0.5 tt rr

1.0 tt rr

5.OmM CasO4

2

I

Citrate o.17 t
o.22 t
o.23 +

o.52 +

o.42 t
o.31 +

.01'

.01

.01

.05

.04

.04

It

n

tt

tt

I

I

E:çerirnental solutions a¡rd treatnents as

in Table 3.2 except all contained l'OmM

NaHCO Lea\tes from ta¡rk 2 -
3



TABI,E 3.6 EFFECT OF PH ON THE CCCP INHIBITION

OF THE CI INFLUX

CI Influx (pmo Les/cm2 /secl

Pretreatnent PH

Controls 2.6 I -3 3.2 ! 3 2-7 t .3

2.5 ! .3+ 2uM CCCP I.5 ! .2 2.4 ! .3

Treatment with 2UM CCCP at appropriate pIi for

I hour then leaves washed and t'ransferred to

solutions (-CCCP) at pH 6.5 for flux measure-

¡rent (40 mins). Solutions as ín 2'3'10'

076.5 7.5 8.0

2.2 ! .3

2-O ! .2



T¡\BLE 3.7 EFF'ECT OF CCCP ON THE CI INFLTTX

36CI InfluxE)<pe rimental Conditions
(pmoles /cm2 /sec)

A light.
dark

Iight, + 0.25UM CCCP

ff+I.25"rr

B light
+ 1.0uM CCCP

dark + rr rr

lighÈ + 0.25"
,r + 0.5 tt

c tight

1.8 +

0.3 t
3.2 I
I.9 I

o.77 +

0.66 t
0.05 t
1.85 t
r.76 t

.2

.02

.4

.2

.1

.1

.002

.2

.2

rof
Controls

100

16

183

108

100
86

6

242

230

100

186tt

8.9 1r
+ 0.25UM CCCP 16.8 I 2

Íhree different e:<¡leriments with different

material: ArB - tank 2, Q, from Zoological

Gardens. experimental solutions as in 2'3'LO'

at pH 6.5. CCCP pretreatments at pH 6'5' as

described in Table 3.6. All e>çerinents per-

forned in the Rank O. electrode'



TABLE 3.8 EFFECT OF CO2 oN cccP INIlrBrTroN oF THE

CI INFLUX

E:<perinental Conditions Cl Influx
(pmoles /cm2 /sec)
36

HEPES APW + Ì.onM NaHCO3

+ I.5 yM CCCP

+ 2.0 yM rr

HEPES APW + N2

+ 1.5uM CCCP

+ 1.7uM tl

+ 2.0UM rr

5.2 +

6.0 +

2.5 +

5.6 1

5.7 t
4.7 +

4.3 t

o.24

0.19

o.4

o.2
o.2

0.3
0.3

rof
Controls

100

115

4A

100

LO2
'e¿

77

E:<perinental solutions as in 2'3'10

at pH 6.5 CCCP Pretreatnents as

described in Table 3.7. E:<¡reriments

perforred in Rank O. electrode'



TABLE 3.9 EFF"ECT OF CCCP ON THE CI INFLUX

cccP Cl Influx
(pmoles,/cm2 oc)(u¡t)

E4P I

E:<p II

0

0.5

0. 75

1.0

L.25

1.5

r.75

0

I.0
2.O

5.0

I.2
r.7
2.L

2.O

1.8

r.4
1.3

1.3 +

1.1 +

0.05 t
0.06 +

+ 0.o8
+ 0.16
+ o.2
+ o.2
t o.2
+ o.2

I O.2

*of
Control

100

L43

170

163

r46

114

106

l_00

91

43

5

0. 09

0.04

0.01

0.004

E:çeriments I ar¡d II were using the sarne

material , but rr:n at different times'

E:4>erinental solutíons and pretreatÍEnts

as in Tab1e 3.7.

-1



TABLE 3.10

Expe rinental Conditions

+ lUMCMU

+ 2uM rr

+ 5UM rr

+ 7uM rr

+ I0uM tr

+ 50 ¡rM rr

THE EFFECT OF EXOGENOUS CO2 oN TI{E CMU

INHIBITION OF TTTE Cl INFLUX

cl Influx
(p¡nc1es/cm2 /sec)

rof
ConÈrols

*2
ll

lt

tl

I

ll

ll

+1
+2
+5
+7
+10
+20
+50

uM CMU

¡rM rr

¡rM rr

pltt rr

pM 1r

uM r!

¡rM rr

2.62 t
3.2 t
2.5 t
3.1 t
3.0 t
2.4 +

1.3 I

3.6

2.3

1.8

2-I
2.6

1.0

r.1
0.94

o.3
o.2
o.2
0.3

o.3

o.2

o.2

+ o.2
+ 0.1
t 0.I

+ o.2
+ o.1
+ o.o7
+ 0.07

100

T2L

96

1r8

114

90

39

I mM Na¡fCO 100

63

49

57

70

27

29

26

3
It

lt

lt

il

tt

tt

il

I

tt

ll

tt

tl

tt

ll

r 0.1

E:çerimental conditions as in 2'3'1O, at

pH 6.5. Pretreat¡nent in CMU for t hour

before uptake measurement comrnenced'
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CHAPTER FOUR

PHOTOSYNTHESIS AND RESP IRATTON ot ELodea densa

Introd,uction

Although the early literature (Arens, 1938; Steemann Nielsen'

:|g47) demonstrated that ELodea densa was able to assi¡nilate HCO, I

Bro\¡/n et aI (Lg74) found ttrat in the presence of HCO3 ions, photo-

L4
synthesis - as measured by '=C-fixation - ceased when the calcu-

Iated co, level feII to zeÊo. This suggested Û1at- ELodea could not

utilise Hco3 for carbon assinr-ilation. These conflicting reports

warrant further investigation'

The chloroplasts of ELoflea not only showed rapid cytoplasmic

strearning in low intensity 1i9ht (seitz , Lg64), but at higher light'

intensities showed a second phototactic response whereby the chloro-

plasts 'clunç>' into a spherical formatiot' i" the middle of the cells

(De Filippis and Pallaghy, Lg73l ' This cturping was reversible in

the dark. Sirnilar observations by Betts (1970) were used to e:4>lain

the fall in net o, evolution and cl influx after 6O minutes of

illu¡nination (104 ergs /sec/cm2l. In addition, photorespiration has

been shown to occur in ELodea (sro:wn et a1 ' Ig74; Hope' Lüttge and

BaII,Lg72).Consideringtheobservationsabove'itwasconsidered

importanttostudyextraustivelyo:<ygenevolutionandC-fixation

under a large variety of conditions'

Inhibitorsanduncouplershavebeenusedtostudyphotosyn-

thesis and respiration in many plant species (Raven, L969; Jeschke,

Lg67,Lg72).Suchstudieshavebeenextendedtoestablishing
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souïces of energy for such processes as active ion accumulation

and nitrogen metabolism, (see I'8) '

CCCPisastrongrrncouplerofphotosyntheticandoxidative

phosphorylation(GouldandBasshamrIg65;AvronandNeumann'1968;

Gronet-Elhanan, 1968) a¡rd at higher concentrations inhibits elec-

tron transport in tJre region of photosystem II (Duysens ' L9'lL¡

Siggel, Rengel, and Rurnberg, L}Tl-') ' Because of its r:ncoupling

action, cccp stimulates the rate of respiratory o>(ygen consumption

and photosynthetic olqfgen production with in Uitro e>q>eriments of

isolated chloroplasts. However, in ULUO, tlte uncoupling appears

more corllplex and in many cases, has an inhibitory effect on photo-

synthetic o, Production, presumably by a build up of NADPH' which

cannot be oxidised by the calvin rycle in the absence of ATP (Prins '

Lg74¡ Betts , :lg7}l. The effects of cccP may be even more conplex

than this. Prins (Lg74) showed that both respiratory and photo-

synthetic o, exchange in vaLLisne?Ld leaves changed continuously

r:nd.er the influence of 1x 1O-6¡A CCCP' as discussed in 3'6'

Contínuous Measurement of O Exchan sinLi rk

Periods

Continuor¡s measiurement of o, exchanges in tfie Rank olqfgen

electrode are shovrn in Figure 4'l' Here the light'/dark periods

were controlled by a micro-switching system that ensured a light

changeataParticularoxygenconcentration(see2.3.1).

Trhe raÈes of photosynthetic o)<ygen production and respiratory

uptake r¡nder these conditions were very stable, except under con-

ditions of co^/HCO- depletion when the conpensation point between
¿.J
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o, production and uptake \¡/as approached (Fi9'ure 4.2). Such deple-

tion was rapidly reversed by the addition of NaHCor, which acts as

a supply of CO, at low pH and HCO3 at higher pH values'

These light/dark studies were undertaken to deterrn-ine whether

there were any díurnal changes in the rates ot o, exchange. Figure

4.2 shows a tlpical experiment, where over aperiod of 14 hours,

there \¡/as no sigrrificant change in the rate of respiratory OZ uP

take and in the rate of photosynthetic O, evolution' except v¡hen

the exogenous carbon became depleted at about 10 hours'

Leaves given tf"is type of treatn¡ent before any e:<perimental

runs, showed no sigrnificant differences in O, evolution rates when

compared to leaves freshly removed from tar¡ks and ptacêd in the

o, electrode.

Figure 4.1 also shows that the ratio of photosYnthetic o,

evolution to respiratory consunption !{as\approximately g to l.

In other e:çerirents the ratio was in the range 5 - 10 to I' Most

er<periments were performed using lightr/dark periods so that the

02 concentration in solution could return to a level where photo-

synthetic o, production could be neasured again. Another alterna-

tive to this mettrod was to change ttre solution with one havinq a

lovr O, concentration (due to Nr-br:bbling) . Hcm/ever, this nethod

was not used for long periods because chloroplast phototaxis and

photorespiration (4. 3) may have becone problematical, part'icularly

when the rates of photosynthesis \¡tere vellr slo!ìt (Betts , L97Q ¡

Servaites and Ogren ' L977) -
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4.3 Photorespi ration

Figure4.ldemonstratesthattherateofrespiratot-!oucon-

sunption changed during the dark period. v'lhen the light was turned

off the rate l/\lfas faster than near the end of the dark period. This

also had a small effect on the total o, evolution in the light -

the rate being slightly slorórer at the end of the lighÈ period Èhan

at the beginning. Similar observations were made by Hope, lüttge

and BaIt (Ig72) wi.tJ't ELodea cøtqdpns¿s . In their experiments, as

in these, the photosynthetic O, evolution was calculated by addinq

the rnaximum net O, production obtained immeðiately after turning on

t].le light, and the respiraÈion raÈe obtained immediately before

turning on the light.

This stimulation of respiratory o, uPtake in the light may

also have been due to the increased 02 concentration at the end of

a light period. However, Figure 4.3 shows that the rate of respira-

tion, when interrupted by short period,s of light, declined even tttough

the o, concentration did not ctrange sigrnificantly. Hence this pheno-

menon is attributed to photorespiration'

Brovrn, Dromgoole, Towsey and Browse (L9741 d'enpnstrated photo-

respiration in ELodea densa and Laganosiphon ma;jor under similar

conditions. However, they were gnable to find an effect of glycolate,

and cr,HpMS (2-pyridylhydro:<ymethane - sulphonic acid) and INH (iso-

nicotinyl hydrazide) - inhibitors of glycolate pathway, suggesting

that in these two species photorespiration originated from cn acids

which were the major early products of I4CO, fixation with low exo-

genous CO, and low PH-
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thetic O Evolution Saturation Curves

The rates of photosynthetic O, evolution are dependent on

exogenous CO, or HCO3 in the baÈhing solutions' When leaves were

first placed into the o, electrode, t}rere \^IaS always a small ¿rmount

of neÈ o^ evol-ution in tTre light, due Èo endogenous carbon re-
z

serves (Arens, 1933). This was noÈ observed by Hope' Lüttge and

Ball (1972) wít¡- ELodea canoadensis. However' for these experiments

it was essential to ensure that these residual carbon reserves

were exhausted before exoçJenous carbon was added. This normally

only required several rninutes in the light or several líqht-

dark periods in Èhe case of leaves that' had been encrusted t,'ith

carbonate deposits before tl..e pretreatrent period (see.2.3'5) '

Figures 4.4 and 4.5 show that photosyntheÈic o, evolution

was saturated at concentrations of approximately 0'4 nM NaHCO, at

pH 6.5. Such concentrations are muctt lower than tt'o"t obtained

by Blackman and smith (1911) and Brown, nn"'"ns and Rattigan

(1974\ using ELodpa cØLa'dens'is.

AspointedoutbyHittandVÍhittingham(1958)intheirdis-

cussion of Black¡nan and Srnith's (1911) results' this was possibly

due tq the long diffusion pathways particularly in unstirred solu-

tions. In the e:<periments described here the solutions were wigour-

ously stirred.

Effects of CCCP on Photosyn thesis and ResPiration

As already mentioned in 3'6, CCCP has a highly variable

infl-uence on o)<ygen exchange ín ELodea densa' one of the npst

4.5
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significant observations has not been reported before and this was

its differential effect in the light and dark. If CCCP was added

to solutions containing ELodea in the light the effect on O, evo-

Iution was much reduced conpared to its effects when added in Èhe

dark prior to a light period. In this light period, the inhibition

was apparently much greater for a coqparative CCCP concentration.

However, when CCCP was added in tJle light, in a subsequent light

period - following a period in the dark - the inhibition became

maximal again. As a result of this phenomenon' and the differential

time effect of CCCP (Prins, Ig74r, all CCCP additions were made in

the dark and rates of photosynthetic and respiratorY O, exchange

nEasured in the following Iight-dark periods, respecÈive1y. rn

all cases, it was necessary to conpare the influence of a parti-

culaï CCCP concentraÈion with a control, using new material for

each concentration. For a complete set of data, this involved

rreasurenents over several days, using ¿ìfferent plants' and hence

there r¡Ias a considerable scatter in the results.

From Figure 4.6, it may be seen that at CCCP concentrations

below 0.5 UM, photosynthetic O, evolution was stimulated a¡d that

evolution was only colq)letety inhibited aÈ 2 UM. Sirrilar effects
'14-.

are shown on the '*"o, fixation tirn 6.5), although there was no

stimulation at the lor¡rer concentrations, indicaÈing that CCCP was

acting as a true phosphorylation r¡ncoupler. CCCP stimulated res-

piratory O, Wtake at all concentrations used - Figure 4.7. These

results are in agreeÍEnt with Betts (1970) in tJ:at CO, fixation was

not markedly inhibited by CCCP concentrations less than I UM. How-

ever, o^ production was l-ess sensitive to cccP than observed by
¿
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Jeschke (1972), where 1 UM cCcP maximally inhibited the 02 pro-

duction. rn concurrent experiments (3.6), the tu"a- influx was

also stimulated by low concenÈrations of cccP in the light sug-

gesting that the cl influx may be coupled closely to the rate of

photosynthetic electron flow.

The effect of pH on the CCCP inhibition of 14CO, fixation is
¿

shown in Table 4.I. As with the inhibition of the Cl influx, CCCP

added to solutions at high pH had titt.le effect on the tn"o, fixa-
L4

tion. In fact, at pH 9.5, 5 pI{ CCCP only inhibited the co2 trxa-

tion by 39* of the control value. Similar observations were also

made with o^ evolution at high pH (see Figr¡re 4.6). Since Jeschkers
z

experiments (Lg72) were performed at pH 5.2, pH effects on cccP in-

hibition cannot explain the differences between his resulÈs and

those presented here. i

The interpretation of these cccP experimentç and the cMU ex-

periments (3.7) in terms of the energy sources of Èhe light stimu-

lated Cl inftux witl be discussed in Chapter 9'

Sounces of Carbon for Photosvnthesis

The effects of increasing pH on the photosynthetic 02 evo-

IutioJ are shown in Figr:re 4.8. H.ere' the O, er¡olution in leaves

from various sources and ages - as indicated in the legend to the

Figure - alt showed similar falls with increasing pH. Buffers used

were MES for pH up to 6' HEPES 6 to 8' TAPS 8 to 9'5' CAPS from

g.5. A sirfdlar fall in l4C-fi*"tion with increasing pH is shown

in Figure 4.9. Here the o, evolution, measr:red simultaneously' is

shown for comparison. Here, loot tn"-ri*"aion was equivalent to
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g5 - IOO pnoles,/cm'¡="". Hence, although at high pH val-ues, tna-

fixation was markedly reduced, it did proceed at rates slightly

Iess than Io - 15 pnoles,/cm'/=""- rn these experiments' photosyn-

thesis at pH 10, proceeded at a rate of 108 of the maximal rate

(observed at pH 6), whereas the exogenous co, concentration had'

fallen to zero, suggesting that ELodea densa can in fact utilise

Hco- as a carbon soìJrce' Raven (1970) ' 
(see 1'4'1) ' This confirms

J

Èhe indirect observations of Arens (1938) and Steemann Nielsen

(:-|g47',), although it is in contrast to the results of Brov¡n' et aI

(re74) .

Tempera tr¡re and C-fixation ín ELodea

Arens (1938) was not able to denpnstrate an influence of

temperat're (5o to 35oC) on O, evolution and exte.rnal pH change.

This may possibly be due to the lack of. sensitivity (quantitative)

of his meÈhods. Table 4.2 shows thaÈ there was a significant in-

fluence of temperature between 25oC and 35oC on the HCO, and CO,

fixation rates. Vfhile the range was limitedt COU fixation showed a

9Ot increase from 25o to 35oC. This increase cannot be e:<plained

by Fe higher temperature inseasing the rate of diffusion of co,

into the tissue, and must be 
"rçf.in.a 

by a stimrrlation of the

calvin cycle enzymes in this range. on the other hand, the influ-

ence of temperatr:re on the Hco3 fixation, which showed a maximum at

3OoC nay reflect a temperatr:re maximr:¡n of some enzyme inr¡olved in

transporting HCO" across the plasma membrane'
J
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ation to Either cO or HCO Utilisation

In section 4.6, it was denronstrated that ELodea was able to

utilise HCO3 at high pH and CO2 at low pH. In these experiments

ü:¡e ELOded v¡as gro\¡/n or stored in tanks at approxirnately pH 9 .0,

where Hco- utilisation would have been predominant. It was of
J

interest to deÈermine whether the ability to utilise either carbon

source, could be affected by long culture periods in solutions con-

taining either CO. or HCO. . Find.eneSg G976) found rÀaE Seenedes-
¿J

rm,ts obLiquus dld show an increasing ability to fix HCO3 on adapta-

tion to conditions when HCO3 utilisation was necessary and he asso-

ciated this with the induction of carbonic anhydrase activity.

Table 4.3 shows that ELodea tissue grov¡n at low pH for.7 days and

25 days could prod.uce fixation rates at high pH that were equivalent

to tissue cultr¡red at high pH. This occurred even when the pre-

treatment times h¡ere as short as 60 seconds (Tabl-e 4.3B). Sinilarly,

tissue cultured at high pH, could ptoanà CO, fixation rates at low

pH equivalent to tissue continuously cultured at low pH. This sug-

gests that enzyme induction for Hco2 transport and fixation is not
J

required in ELodea and that such an explanation would not be suffi-

cient to account for the different results of Brown et aI (L974),

who observed that ELodea d.ensa were not able to

photosynthesis.

utilise HCO for
3

Summary

1. Continuous light/dark e:<perinents showed that

there is no diurnal change in photosynthetic

O, evolution and respiratory uptake.

4.9
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2. Photosynthetic O, Production proceeds at a

rate in the range 5 to 10 times faster than

respiratory uptake.

3. Photorespiration is observed in Elodea.

4. At pH 6.5, phoÈosynthesis is saturated at

exogenous carbon concentrations of 0.4 mM.

5. CCCP exerts different effects when added to

Ieaves in the light and in ttre dark. 2 VNI

CccP (added in the dark) completely inhibits

photosynthetic O, Production at pH 6.5.

6. ELodea densa is able to fix both CO, at

Iow pH and HCOa at higher PH values

7. Temperature changes both CO, and HCO3

fixation rates differentially.

8. ELodea leaves do not change their abifiiy

to fix either CO, or HCO3 witi very tong

preconditioning periods .



TABLE 4.1 THE EFFECT OF pH ON IHE CCCP INHIBITION OF

14"-rr*rro*

Pretréatmént
14c-ri*"ti.rt

(n¡noles/sec/GFW)

6.55(no ccCP)

6.55

7.5

8.5

9.5

L9.2 ! 2.3

O.It t .O4

8.3 + .3

10.9 + .3

11.7 t .7

tof
Controls

100

o,6

43

57

6L

pretreatnent with 2 uM cccP at appropriate pH for I hour, then

leaves washed and transferred to solutions (-cCcP) at pH 7'O for
I4c-fi*"tion measurement (5 mlns). solutions as in 2'3'10'

a



TABLE 4.2 TITE EFFECT OF TEMPERATURE ON and ttl4coL4co

FI)qTION

pH Temperature
14c-ri*"tio'

2

c(
o (pmoles/c^2 ¡=e"l

3

8of
controls

100

L44

190

r00

L75

150

6.5

6.5

6.5

9.5

9.5

9.5

90

130

170

L2

2T

l-8

t5
t6

t6
+r

1I

+1

25

30

35

25

30

35

Experiments performed in ttre Rank 02 electrode' Samples equil-

ibrated for 2o minutes in the solutl-ons at each temperature.



TABLE 4.3

Long pretreaÈment

time and PH

Experimental
Pretreatnent
Time (Hours)

Experímental
pH

14c-ri*"tior,

(pmoles/crn2 ¡"""1

THE EFFECT OF LONG PRETREATMENT AT HIGH A}üD Lo[{ PH ON

ELodea's ABrLrrv ro urrt,rsl co2 and HCoa '

A 6.5

9.5

B 25 days IO.5

6.5

7 days I
tl

2

ll

9.7

6.5
9.7
6.5

15.6 I .6

L27 t 3.0

17.5 r.6
110 + 4.0

13.0 1.5
130 t 4.0

1-9.0 t 1.0

109 t 3.0

10.0

115

99 .0

6.0

101

1.7

tl

lt

tt

tt

ll

tf

t¡

I

tl

tl tl

tt ll

Ill

Í[

tt

tl

tl

I
tt

2

tl

o.o2

9:7
6.5

9.7

6.5

10.5

6.5

6.5

10 .5

6.5

10.5

.6

4.O

4.O

.2

10.0

.1

0.5 t
+

+

+

+

t

tl

t!

tt

lt

lt

I

I

tt

tt

ll

I I

I

lt

ll

tl

tl

il

Solutions at pH 10.5 for long periods were 5'0 mM CAPS' 1'0 mM

Na¡ICO3, 0.5 mM CaSOn and O.1 mM KCl' Simílarly at pH 6'5' 5'0 mM

HEPES was used.

i

I



FIGURE 4.1 Continuou" 02 exchange experimenÈ in the light and'

and dark, as descrjlced in 2.3.I.
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CTIAPTER FIVE

SOTUTION pH CHANGES IN THE LIGHT AND DARK

Introduction

prelirninary experinents wi-tt. ELodea to rneasure the effects of

light on the bulk solution pH were performed using a Beckman pH

electrode inserted into the Rank 02 electrode. The output from

the pH meter was plotted manually rather than using a potentiometric

recorder. As with all co, evolution experinents, the endogenous

CO^ and, HCO^ within the tissue \^ras reÍþved by pretreatment for¿3
short periods in the light (see 4.4). During this tine it was

noted that the pH did not reach equilibrium quickly like the 02

exchange but rose slowly for 5 ninutes and then rapidly fell as

shown in Figure 5.14. However, if 1.0 mM NaHCO3 \¡Ias present in

the sotution, the pH of the buJ-k solution rose quite sharply -

Figure 5.18. A review of the literature showed that a pH fall in

the light had previously been observed in ELodea by Jeschke (1970),

who attributed it to a large H+ efflux and by Brown et aI (Lg74),

who attributed it to respiratory COZ release (see 1.5.2). It there-

fore seemed extremely ilçortant Èo study the conditions under which

there r¡tere net solution pH changes and relate this to the primary

sources of photosynthesis and ion transport.

DH Chanqes with Low Exosenous Carbon Concentrations

From Figure 5.2, íE can be seen tltat l¡¡hen no exogenous CO,

or HCO, \¡ras present in the external r:nbuffered solution, the pH

of the solution fell from a value of approximately 6 to a new equi-

5.2
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librir:n value of approximately 4.2, afber peaking to pH 6'7'

Simultaneous measurement of. O, producÈion showed that initially

there was net p:roduction before equilibrium was reached. This is

the compensation point r^¡here the O, produced by photosynthesis is

bala¡rced by the O, uPtake of respiration. Sirnilarly under these

conðitions there would have been no net co, Production so that tÌ¡e

pH fall cannot be attributed to co, release from respiration. In

this respect, the resul-ts differ from those of Bro'uln et a] (L974)

as these authors observed a net o, uPtake under similar conditions.

f,lhen the light was sl¡Iitched off there was no change in solu-

tion pH aIÈhough there \^tas a net o, uptake (Figure 5 '2) ' In sr¡b-

sequent light and dark periods, there \^ras no further change in the

solution pH, although there vrere s¡nall changes in the o, exchange.

In all experiments where the effects of e)'cogenorls carbon concentra-

tion was being determined, this faII in pH $tas allowed to proceed'

to ensure depletion of endogelous carboi =tot"" within f)te ELodea

Ieaves. fTris fall in solution pH s¡as not observed by Hope et al

(Ig72) wLl¿t. ELodea earurdensis -

lltreeffecÈofaddingSma]-lalÛcuntsofNaHCo'tothesolutions

in the light during the minimr¡m pH equilibrium value (5.2) ' is

shown in Figure 5.3. Here it can"be seen that there was a spike

in the pH value on the addition of NaHCo, to give final concentra-

tions of o.I mM and 0.2 mM NaHCO3. llhe new equilibríum pH values

after these adðitions were due to the alteration of ttre equilibrium

HCO3-=> CO2 + OH . Ho\,vever, when the concentration of NaHCO3

reached 0.3 mM, there was quite a rapid rise in t]le pH which reached

a new equilibrirm value of 9.2 aÍ.tet 90 minutes. Following this
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the pH rapidly fell in the dark. In a subsequent light period

there was again a rise in pH, but note the inflection after approxi-

maÈely 15 minutes. After 8 hours of Li-ghriu/dark treatnents, the

pH, after an initial slow rise, peaked and began to rapidly fall

again to an eqrrilibrium pH below 5. Ttris is interyreted as being

due to a depletion of exogenous CO2/HCO3 as the pH did increase

again on the addition of CO, (as NaHCOT) . This type of event l^¡as

consistently obtained in many repeat experiments using other ELodea

Ieaves.

The Rapid pH Fall in the Oark

As shown in Figure 5.3, there was a very rapid fall in solu-

tion pH when the light was turned off. This may be interpreted in

t\^/o v¡ays.

t. Co, Produced by respiration which drives the
_'

equilibrium reaction CO2 + OH + HCO3

(Helder and Zanstra, 1977).

2. A light stimutated tt+ efflux, which is

only detected once HCO, fixation ceases,
3

and which continues for some time after

the tight is switched off-

From Èhe o, evolution experiments (chapter 4) it may be seen

that O^ uptake in t]1e light proceeds at a much slower rate than
¿

photosynthetic O, production. Provided the ratio CO2/OZ exchange

rerning constant for photosynthesis and respiration, then the

first alternative above seensr inadequate to explain the very

rapid pH fall. A sirnilar conclusion was made by Hope et al (L972)
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who found that although u+7o, eQualled I, the co2/H+ was closer

to 0.6 - O.7. Ttrey suggested therefore, that there v¡as a component

+

5.4

of the H ftux that was independent of CO, fixation.

lllre "AlI or l\¡one[ pH Increase,/Decrease

The pH changes observed under different total carbon concen-

trations appeared to be an "all or none" process. Either the pH

fell to a ninimum value as with 0.1 and 0.2 mM NaHCo3 in Figure

5.3 or it rose to a maximüt pH greater than 9 as with 0.3 mM

NaHCO^ (Figure 5.3). Under these latter conditions the pH rose
J

again in subsequent light/dark e)ç)osures until the exogenous COr/

HcO- level fell to zero and the pH again fell to a rn-inimum- If
J

the CO^ added to the solution at any time was insufficient for a
¿

stable pH maximum to be reached the pH woufd increase a¡rd then

decrease until a rninimr¡¡n eqrrilibrilxn value was reached.

Tt¡is "all or none" phenomena would not be expected íf CO2

and HCO^ fixation alone $rere contributing to the pH changes. If
3

this was occurring, equilibrium ptt values would be reached that

were dependent on the exogenous carbon concentration, or untiÌ satura-

tion was reached where the pH could not be increased further. Such

a pH was found to be 9.5 as sho!ùn ir, rig,-,.e 5.4 using a solution

containing t.O mM NaHCOr. Here the maximum was reached after approx-

imately 80 ¡ninutes.

Hence the apparent 'rall or nonerr Phenomenon observed, in

the presence and absence of CO, and HCO, in the light, is inter-

preted as furEher evidence for u.n H* efflux.



5.5

75.

The ApparenÈ "Switch on" of HCo Utilisation

As already noted (5.21 there was an inflection in the rate

of pH rise when small concentrations of exogenous carbon $¡ere

present in the bathing medium (Figure 5.3) . fhese variations in

the rate of pH change were always observed between pH 6 and 7 in

control tissue. This suggests that at a particular pH, provided

the exogenous carbon concentration was sufficientr sottle mechanism

$¡as being rswitched on' and that this mechanism was responsible

for an OH efflux (or H+ influx). Such a mechanism could weII be

HCO3 uptake and assimilation.

The slower initial rise in pH lflay be interpreted as the uÈi-

lisation of CO, from solution during CO, fixation disturbing the

equilibrium reaction HrClc, + CO2 + H2O

As the pH increases, the level of HCO,

then suddenly the HCO- fixation mectranism becomes active and Èhe

reaction HCO^--+ CO^ + OH within the leaf tissue is initiated and
32

the OH efflur from the upper leaf surfaces causes the pH of the

bulk solution to increase furEher untit a ne\iv equilibrium pH is

reached.

. ,Similar observations and conclusions lfere made by Helder and

Zanstïa (L977) w|tJh Potamogeton lear¡es. fhese authors also noted

tJ:at wiÈh sorrp experirents, at this point, the pH sometires fell .

whether this "switchinçl on" r¡ras determined solelY by pH, CO, to

HCO- concentration ratio, or a combinaÈíon of both is quite diffi-
J

cr:Lt to deterrnine. Helder and Zanstra (L977') for:nd that the solution

pH at their inflection point was equivalent to the CO^ compensation

point.

also increases and
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The inflection in the pH rise was much rpre obvious when

mM (NH4)rSOn had been added to the solution (Figure 8.1). In

the pH rose and started to faII before again rising sharyly.

is inÈeryreted as being possibly due to delay in the onset of

fixation in the presence of lüIn+, as discussed in npre detail

Chapter 8.

The rswitch onr of HCO^ utilisation coul-d be activated in
J

the presence of low exogenous carbon by artificially increasing

the pH of the solution by the addition of appropriate quantities

of freshly prepared NaoH. similarly, the utilisation could be

'switched'offr by reducing the pH below 5.5 by the addition of

HCl. Hence the ,switch on' mechanism appears to be determined by

Èhe exogenous HCO. concentration, which in the unbuffered solutions
J

used in these e><periments was deterrnined by pH. FurEher quantifi-

cation of these observations by the use of strong buffers to con-

trol pH and the actual HCO3 concentratibn were not possible using

the present experimental set up whereby pH char¡ges in the bulk so-

lution reflect H* and OH fluxes out of and into the leaf tissue-

To perform such e:çeliments one needs to be able to separate upPer

and lower leaf surfaces (Helder and Zanstra, L977) - ELodea does
I

not easily lend itself to such ex¡leriments because of tJle size and

fragility of the leaves' as ¿isclls;sed in Chapter 9.

Ttre OH Efflux

The oH efflux that occurs during HCo, utilisation as shown

in Figures 5.1 and 5.2 is ¡rpre extensively studied here. It should

be noted at this stage however, that the apparent OH efflux ¡nea-

0.1

fact

This

HCO3

in

5.6
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sured is contributed to by the OH efflux during HCO, fixation
+

and any H' efflux thaÈ may be occurring, as discussed in earlier

sections of this Chapter.

In order to quantify the OH efflux, at the end of each ex-

periment known arnor¡rÈs of NaOH were added to the solution containing

the leaves in the O, electrode. Such a calibration curve is shown

in Figure 5.5, which although quite linear does not pass through

the origin. The pH range for this curve was 5.6 to 5-8. AtÈempts

to calibrate over very large pH ranges l^tere not very successful due

to the buffering capacity of the leaves themselves and the HCO, /CO,

in the solution (Hope et aI , L972). Hovlever, calibration \^las rea-

sonably linear in the range 5.6 to 6.5 so estimates of the apparent

OH exchange in this range l¡¡ere obtainable. In the light, values

between 5 and 20 nnoles /sec/G$il were obtained for the OH efflux

of. ELodea in the light during HCO, fixation. A typical OH efflux

cu.rve in the light is shown in l'igure 5.à. Duplicate runs after a

dark period of 20 rninutes are shown, and so is the H+ efflux during

a 16 ninute dark period. In this e><periment the rate of OH efflux

in the light was 8 times t}e dark H+ efflux. Ho\â/ever' as pointed

out in,5.3 ttre H+ efflux is affected by the lengrEh of ttre inuneðiate

light period, which in Figures 5.2"and 5.3 were over 90 minutes.

These values for the OH efflux are similar to those obtained wit'h

ELodea earwãensíe, by Hope et aI (L972) 
' who obtained values rP to

25 nrples /sec/GH¡1.

lltre Effect of CCCP on the OH FIr¡x

The effects of 60 minutes ÈreatÍEnt r¡¡ith CCCP at pH between

6.6 and 5.7 (unbuffered solutions) are shown in Figures 5.7 and

5.7
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and 5.8. cccP was added in the dark to obtain maximum effecÈ

(see 4 .2.4). Hence 0.5 cccP UM inhibited oH effh¡x by approxi-

mately 472 of the control values, and I.4 UM CCCP inhibited Èhe

oH efflux to a maximum or. 2ot of the control values (Figure 5.8).

However, at both these concentrations of cccP, the pH changes were

not constant and changed during the light period'

This further highlights the problems with experiments using

cccp as shov¡n in 3.6 and 4.5. Figure 5.9 shows that cccP had no

effect on the apparent dark H+ efftqx at both 2 a¡rd 80 rninutes '

If the apParent H+ efflux here was due solelY to Co, released during

respiration then the pH change should. have been much greater as

respiration is stimulated by as much as 3OOt of the control values

at ttris CCCP concrentration (4.5). ttris is taken as further evidence

+
for an active H' efflux pump in ELodea.

Suruna4t

I. At low pH and when the level of exogenous CO,

or HCO^ falts to zero there is an observable
J

I

H' efflux from ELodea leaves.

+2. lfhe H- efflux aPPears to be light stimul-ated'
'r. 

llhere is a very large ori- efflur during Hco
3

fixation, (5 - 20 nmoles/sec/GÑ) '

4. At low levels of exogenous carbon there

apPears an inflectíon in t}re pH rise,

which is evidence of a 'switch on' of the

Hco^ utilisation mechanism'
J

0.5 uM CCCP inhibits the OH efflux by 53t

of the control values.

5
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CHAPTER SIX

CATION REOUIREMENTS DIJRTNG PHOTOSYNTHES IS

Introduction

The large influx of HCO, into the lower surfaces of the

Ieaves of ELod.ea at high pH, and the associated high OH efflux

from the upper surfacesmay provide the potential energy for an

eiectrogenic cation ftux across the tissue (Helder, 1975a). With-

out ttris cation flux, potentials could develop not only between

the surfaces of the tissue but also between the upPer and lower

Iayers of cells. ftris may in fact e:<I>Iain some of the very high

potential differences tþat have been measured between adjacent

cells in ELodea (@odwin, L974). Vüithout this form of charge re-

distribution the potential difference woutd build r4> during photo-

synthesis, reducing the OH efflux and HCo" effltu<, and photo-
J

synttresis itself would eventually be inhibited.

steema¡¡n Nielsen (Ig47) and Arens (1933) suggested that in

ELodea, Potamogeton and VaLLisneryiø these cations may be principally

+ ++ --- ri ++
K or Ca 1.n Uí.DO but r:¡rder e:<perimental conditions also Mg

(Arens 1933) Sr ,Bê and Na* (Mazia, 1938; Brilliant, 1947¡

Baslavskaya and Zhuravlyova, 1948). While ltlazLa found that these

cations courd replace c.++ i' the tissue he did not attempt any

subsequent studies to deterrnine whether they were physiologically
++

active. He did, however, find levels of Ca-- in aguarium ELodea

Ieaves up to 16 mg/gm of dry weight, or at a tissue concentration

of 0.23 nlq. Furthermcre, he found that 8OE of this c.** t.= t"-

++++
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nþved by treatment with potassium citrate (or sodium citrate).
++

The citrate ion, having a sÈrong negative charge, binds the ca

rrpre strongly t¡an the Ca** binds to the tissue, thus effectively

renoving it (uazia and clark, L936¡ McLean and Hastings,1935) .

fhis is sin-ilar to the rernoval of Ca+* from eryttrrocytes during

anticoagulant treatment with sodium citrate-

l¡tris chapter sets out to describe the ef,fdcts on photosyn-

thesis o¡ chernical removal of ca++ from tt¡e tissue by citrate treat-

ment, and the reversibility of this treatrEnt by subsequenÈ re-

placenent of the tissue in solutions containing not only C.++ brrt

also other cations. Also described are the erçeriments with the

++Ca-- chetatihg compound ED(IA (ethylenedianineteÈra acetic acid

disodium salt), where the data proved to be npre confusing than

helpful.

Effects of Chancing the Exte
++rnal Ca' Concentration

prelirninary e:çerilEnts, where Elodea leaves were washed for

long periods in distitled water to elute tissue C"**, did not show

any deterioration in eiÈher HCO3 assirnilation or O, evolution.

However, experiments, whereby Ca++ was sr:bsequently added to this

tissue, showed increases in HCo, assimilation and 02 evolution'

Table 6.I shows tl.e effect of a 21'-hout pretreatnent in dis-

tilled water on HCo, fixation (pH 9.o). Fixation was stimulated

by as much as 5oE after a sulcsequent two hour treatment in 5.0 ml'I

CaSO. compared to treatnent in solutions containing no CaSOr'
4

Considering the apparent importance of c.*+ as a counterion

in balancing ttre potential developed resulting from the high fluxes
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of OH and HCO
3

++of Ca-- shor¡ld have a much greater effect than tl¡is. However, if
II

the Ca'' in the tissue is still sufficiently hígh after 24 hours

and is sufficiently labile (see Chapter 7), then t]¡ere may be suf-

ficient renaining for it to act as a counterion. Since citrate

treatment does renpve an additional 8OC of ttre total Ca** from the

tissue, the effect of this treatment r^ras studi€d-

++
Effects of the External Ca Concentration on

Photosynthe sis of Citrated Leaves

In Tables 6 .2 and 6 . 3 we see that treatment with 50 nl'{ pota-

ssium citratè did in fact reduce HCO- fixation by about 8Ot and
J

tlrat sr:bsequent treatment with 0.5 mM CaCI, for two hours did re-

verse this irùri-bition. However, 0.5 mM KCI had no effect on re-

versing this inhibition. In these experiments t]¡e ciÈration treat-

ment was for 1O slinutes, after which the tissue was continuously

rinsed in distilled water for another lO rninutes before being placed

in the appropriate e:çerirrental solutions for 2 hours ur¡der low in-

tensity light. In Table 6.3, increasing the concentration of the

++Ca-- in the experimental solutions progressively reversed Èhe in-

hibition of HCoa fixation due to the citrate treatnent.

rt is weII known that ca++ is required to nraintain the inte-

grity of the ceII plasma membrane and membrane enzymes (1.7.1) and

the resufts presented above could be interyreted as the re-establish-

nent of the carrier system for HCO, or other membrane processes '
3

The C.+* concentrations normally required to prevent such inhibition

are much less than 0.1 mM - a level above which we see further re-

storation of HCO^ fixation (fa¡te 6.3) -
J

( > 20 pnoles,/cm2¡""") (Arens, 1933), renrcval

6.3
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Effects of Chanqinq the External Potassium Concentration

on Photosvnthes is of Citrated Leaves

In Table 6.2 0.5 ril{ KCl did not reverse the inhibition of

photosynthesis by potassium citrate, and as suggested above, this
++

may have been due to the depletion of the Ca" in tj.e tissue' Re-

sults of e:<periments whereby the Ca*+ Ievel was replaced at suffi-

cient concentraaton ,o restore plasma rembrane'integrity but

sufficiently low, not to sigrnificantly restimulate HCO3 fi:<ation

are summarised in Table 6.4. It can be seen that íncreasing the

+external K' concentration òid not significantly alter the HCO,

fixation rates above that achieved by O.O5 nM CaCI, treatrent alone

\-
(322), although at 0.5 mM KCI, HCO3 assimilation was increased by

an additional I5t. This de¡nonstrates that K* cannot replace C.++

efficiently as a cornterion during photosynthesis as for:nd by Arens

(I933) ín ELodea and Stee¡nann Nielsen (L947) ín Potanpgeton'

Effect of Citration on Photosynttresis at Low PH

lltre effect of citration on photosynthesis and other metabolic

processes has not appeared in t]" e literature, and it is quite possi-

ble that in the above e:4>eriments, citration may have had direct

effects on tìe processes of photosynttresis and that such effects

courd have been reversed by ca++ repracement in tlte externar sorution'

Ho\^Iever' it can be seen from Table 6'5 that at low pH (5'5) '

photosynthesis was noÈ irù¡ibited by citration and ttrat sr:bsequent

fr

replacement of C.t* ôid not fur¡her stimulate-photosynttresis' At

this pHrco, fixation rather than Hco3 fixation' I^tas being nreasr¡red

and the lack of inhibition with citrate supports the concept that
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rras only required when HCO, was being transPort'ed into the

cell for assimilation.

++ ++ Assimilation inEffect of Mq and Ba on HCO
3

Citrated Leaves
++ ++

++
Ca

6.6

6.7

Replacernent of the leaves in solutions of 149 and Ba

afÈer citration treatment may result in a revdrsal of HC:o, fixa-

tion (Uazia 1938). However, it can be seen from Tabte 6.6 that in

1.0 mM MgSO4 or BaSOn, such reversal was only partially achieved

and in fact was similar to the reversal achieved by f+ replacement

(6.4) -

'+
A more detailed study of Mg' replacenent is seen in Table

6.7, and in this studlz, it can be seen that naximum reversibility

was achieved at 0.5 InM Mgso4 (75C). At 5.0 mM ¡{gso4 reversal was

less - fixation was only 368 of the controls. It r4tas possible that
++at high concentrations, Mg" becomes toxic (Heilbrunn, L937i Ashkenaz'

1938) and that in t]-e presence of C.++, this toxicity was reversed

(Procter I97O), as in Table 6.7.

o)<ygen Evolution and PoÈassium Citrate Treatrent

Initial experiments using the o:<ygen electrode indicated that

sodium citrate and potassium citrate had little or no effect on the

oxygen evolution at low pH where CO, was tl¡e carbon source for photo-

synttresis. similarly, at high pHr o, evolution was not inhibited

sigmificantly (Ta-bl-e 6.8). Although the concentrations of sodium

citrate were much less in this e>çeriment tha¡r in the preceding

1^
Ht*COr- fixation eq)eriments, the O^ evolution was stimulated when
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cacl^ was added to give a final concentration of 1.0 nlM. In other
¿

experiments when 50 mM potassiut citrate was r:.sed, O, evolution

was not significantty inhibited nor affected by sr:bsequent Ca4*

replacement.

Despite the small inhibition of o, evolution in t]le a.bove

experimenÈs, there"was at t}e sane time quite marked inhibition

of the pH changes in the external solution (ra6fe 6'9) ' The

ApH and 02 evolution e:çeriments were performed concurrently (see

2.3.2) .

In e:ç>eriments where higher concentrations of potassium ci-

trate(5OnM)wereusedritwasagainnotpossibletoderonstrate
\

a significant restimu.Iation of O, evolution at pH 8'0 by replacing

C.+* in the external solution. Ho\^¡ever, the citrate treatment did

inhibit the O, er¡olution by 8OS of tÏ¡e control value without citrate'

This lack of reversibitity of o, evolution is difficult to

reconcile with tt¡e reversibility of the HCo, assirnilation. citra-

tion appears to have had no effect on 02 evolution at low pH sugges-

ting that the photosynthetic mechanism in the chloroplasts was still

intact. This is further discussed in Chapter Nine'

c itration and PH Changes

Treatmentwithlowconcentrationsofsodiumcitratehasa

dramatic effect on the ability of Elodea to raise the pH of the ex-

ternal solution. In Tabte 6.9, the conditions are the same as those

in Tabte 6.8, and the pH values indicated are the initial pHrs of

the sotutions. 5.O mM sodium citrate inhibited the apH by 828 and

1.O mM Cacl-2 only slightly reversed this (I4t) '
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The effect of a 10 nr.inute 50 mM potassium citrate treatment

is deronstrated in table 6.10. Here pH changes were measured in

ur¡buffered solutions in 1.0 mM NaHCOr. Ttre effect of citration was

to inhibit ApH by lOoB in the absence of added c.+*. However in

the presence of 1.0 mM CaCI, the effect was to reverse the inhibi-

tion so that the pH changesl^/ere 80t of the control values. Cali-

bration of the system by additions of, sodium hydroxide, (Hope et

ê1, Lg72) to allow pH changes to be expressed as an efflr:x of OH

from the ti.ssue,was difficult (see Chapter 5).

Colçarison of Tables 6.8 and 6.9 indicate that citration may

effect
have a dramatic on ApH at concentrations where no effect on the O,

evolution was detected. SimilarlY CO, fixation was not affected

either (see Table 6.5). As discr:ssed in Chapter 4, HCO- fixation
J

did proceed at significant rates at pH 6.7 and in the above experi-

ment, the exogenous HCO- concentration was 0.5 mM. Hence in this
J

case the ApH changes did reflect the efdecÈs of citration on exter-

na1 pH changes when HCO- \áras acting sigrnificantly as tlte carbon
J

source. Hence l¡re see that HCO- fixation and the associated OH
J

efflux could not proceed sigrnificantly wittrout cu.++ in the external

solution a¡rd in ttre leaf tissue (see Chapter 7).

Effects o f EDTA on Photosvnthesis and External pH Changes

++
EDIA is a well-known agent in medicine for renoving Ca from

erythrocytes to prevent fibrin for¡nation which leads to blood clotting.

In the presence of unlcound calcium or even proteín-bound calcium it

forms calcium disodir¡n edetate ((eÈhylene dinitrilo) tetra acetic acid

calcium disodium salt) as indicated in Fiqrure 6.1. Hence EDTA should

behave in a sirnilar manner to citrate.



86

++In Ca -free solutions EDIA behaved dífferently in citrated and

non-citrated leaves at pH 9.0,as shown in Table 6.11. In non-

citrated leaves, tna-rr*ation was inhibited at low concentrations

( < 2 nrM) but at higher concentrations (5 trtM) was stimulated by as

much as tSOt of the control values. Hoe¡ever' in the case of citra-

ted leaves where the rate of HCO^ assinitation was much reduced in
J

the absence of C"**, lov¡ concentrations of EDTA, dia not furEher in-

hibit l4c-fi*"tiorr. 5.o mM EDTA had stimulated fixation to values

L4greater than the control (non-citrated) --C-fixation leve1s.

However, the behaviour of EIIIA becane nþre complex in the

presence of calcium as inilicated by Table 6.L2. In the case of

citrated leavès, the presence together of both EDTA at low concen-

trations ( < 2 mM) and 0.5 nM CaCl^ did reverse the effect of citra-

tion. See also Table 6.13.

The effect on o><ygen evolution on non-citrated leaves l^ras

much the s¿Lme. Although EDTA did not inhibit er¡olution at any

concentrations used, as \^¡as the case with Hco" assimilation at
J

low concentrations, evolution htas stimulated much npre in the pre-
++

sence of Ca" than in its absence (see fable 6.8) -

EDIA influenced the ÂpH changes in the same manner as citrate

treatments - inhibiting it in calcium free solutions by 70e. The

addition of t.o mM cacl, then reversed this inhibition to 92t of

tlre control value (Table 6.9) .

These experiments indicate that citrate and EDTA did behave

in a similar manner by inhibiting photosynthesis {U14CO, assirnila-

tion). Addition of 0.5 mM and 1.0 mM EDTA did not further inhibit
1^'=c-fixation of citrated leaves and this inhibition was reversed in
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the presence of C.** ." with leaves treated with citrate only.

Hordever high concentrations of EE{IA did rever"" I4"-fixation inhi-

bition in the absence of Caf* and this did not occur on the addition

of excess citrate.

This simitarity between citrated leaves and EIIIA-treated

leaves was not observed with O, evolution, however r as O, evolution

was not irùribited and was in fact stimulated by'.1-1 "o"""ntrations

of EDTA.

This suggests that in add.ition to acting as a chelating com-

pound, EDTA also acted on ELodea by stimulating photosynthesis -

non-cyclic electron flow; this is because at
\-

higher concentrations it did stimulate o, evolution and HCO, assim-

ilation and OH efflux. These coìn¡ter effects made EDTA unsuitable

for the study of ca** requirements of tissue undergoing HCo,

fixation.

Srurunary (see Table 6.14)

I. Addition of ca+* to leaves soaked in distilled water

for long periods only partiatly stimutate$HCO3 fixa-

tion.

2. Addition of ca++ to leaves treated with 50 mM

potassium citrate which inhibits HCo3 fixation'

reverses this inhibition-
++++3.. K', M9', and Ba" cannot restimulate HCO'

fixation in citrated leaves -

4. Citration has no effect on (i) CO, fixation or

(ii) O, evolution (at low and high pH) '
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5. ca++ only elightty stimulates o, evolutlon after

cl-trate treatnent, which has no effect on 02

evolutlon.

6. Citration irùríbits ttre abllity of the leaves to

increase ttre solution pH during HcO3 fixation
#

and tl:is tnhibition is reversed by Ca

7. EDTA stimulates O, Production and has a l¡ariable

effect on carbon fixation. EIIIA inhibits the

ability of the leaves to ctrange solution pH.



TABT.E 6. 1

E:çerinental
Solutions

++no Ca

O.O5 mM CaSOn

0.1 r '
0.5 r '
1.0 rr rr

5.0 rt rr

r4c-fi*atiort

(pnples/c¡n2 /=""1

s

of controls

100

92

106

t29

136

L52

5
IN DISTII,I;ED WATER

25.5

23.O

26.4

32.2

34. O

37.9

+)
+)
!2
+)
t2
t2

Pretreatment (2 hours) 
"rra 

l4C-fixatíon measured in solutions of
II

increasing Ca--, as indicated, a¡¡d 5.0 mM TAPS, 1.0 mM NalICOt at

pH 9.0.



TABLE 6.2 EF¡TCT OF CITRAIIE TREATMENT AND CATIONS ON

HCO3 FIXATION

Pretreat¡rent

no citration
citration

citration

E:<perinental
Conditions L4

Icac
MM

C-fixation
Lr) (pnores/c¡n2 ¡s"cl[rct]

mM

t
of controls

100

19

119

22

LO2

4A

0.5 0.5

00
0.5 0

o 0.5

0.5 0.5

1.0 NM EDTA

L2.6

2.4

14.3

2.6

L2.A

6.r

tI
t .1
+q
+ì
+.7
+)

Pretreatment ín 50 nM potassium citrate Solutions all-

contain 5.0 mM TAPS, 1.0 nM NaIICO3 at pH 9.0.



TABI,E 6.3

E:çerÍmental
Conditions

0.0I nM CaCL,

o.o2 rr .

0.05 t '
0.r r '
o.2 r ''

0.5 tt *

1.0 r '
2.O mM CaCl,

14c-rixation
(prncl,eslc# /sec)

c
of controls

24

26

35

26

36

65

98

r00

++
EFFECT OF Ca

TREATED LEA\¡ES

oN HCO3 FTXATTON OF CTTRATE

2.3
2.5

3.3

2.5

3.4

6.2

9.3

9.5

+u
+1
+?
+t

*.3
t.5
+ .3
+)

Citrate pretreatment and solutions as in Table 6.2.



TABLE 6.4

E><perlnental
Conditions

0.5 mM CaCl,

O.05 mM CaCL,

'':u y "1""

+
EEEECTS OF K

++
IN TTIE PRESENCE OF IO!{ CA

CoNCENTRATTONS ON HCO3 FTXATTON AFTER

CITRATION TREATMENT

0.05 mM CaCL,

L5.4

4.9

+ 0.05mM KCI 5 .7

+ 0.I t! rr 4.8

+ o.2 ¡r rr 6.2

+ 0.5 rr rr 7.2

+ I.0 rr rr 5.4

+ 2.0mM KCl 5.4

It

t1

I

tt

tt

ft I

t
of controls

100

32

37

3L

40

47

35

35

t L.2
+ .3

t.9
+.2
+q
+.8
+.2
t.2

CÍtrate pretreatrent and solutions as in Tab1e 6'2'



TABLE 6.5

Treatment

no citration
citration

citration

++
EFTIECT OF Ca

TREATED LEA1¡ES

co2 FrxATroN oF crrRAlEON

Experimental
14"-ti*"aio'

Conðitions (pnol-es/c 
^2 ¡r"")

tl

ll

tt

0.5 mM CaC
++no Ca

0. 05 m¡l

0.5 mM

Lz

CaCI,

CaCl,

96 13
95t2
95t2
94!3
92!4
95 13

I.O mM CaCl.,

5.0 mM CaCL,

citrate treatment as in Table 6.2. Solutions contain 5.0 nM

MES and 1.0 mIÍ NaItCO3 at PH 5.5.



TABLE 6.6

Treat¡¡ent

no citrations
citration

citration

EFIEST OF CATIONS ON HCO

CITRATE TREATED IiEA\ZES

Erçerinental
CondÍtions

I.O mM CaSO
++no Ca

4

1.0 mM CaSO

FIXATION OF
3

il

lt I.0 mM M9SO

l,.O mM Ba"SO

r7.4 t .2

3.8 t .8

L9.4 t .3

5.3 t .4

8.O!2

4

4

4

t
of controls

l-00

22

1r1

30

46

Citrate pretreatnent and e>çerimental solutions as in Tabl-e 6.2.



TABLE 6.7

Pretreatment

no citration
no citration
citration

citration

'++
EFFEqt OF Mg ON HCO FIXATION OF

3

CITRAIE TREAÍED LEA\¡ES

E:<¡lerinental
Conôitions

I.0 ÍM MSSon

0.05 nM rr

0.r r .

o-2 t '
0.5 r '
1.0 r .

2.O rr rr

5.O mM I"lSSOn

0. I rnM CaC

1.0 mM CaC

I.O mM CaC

tof
controls

il

tl

It

ll

ll

tl

tt

tl

9.0
L2.4

5.3

4.9
5.7

9.1

5-4

7.9

3.2

3.9

L4.5

l3.4

.7

.8

.3

.6

-7

.7

.6

1.0

.3

.4

1.5

1.9

73

100

43

40

46

73

44

64

26

31

LL7

108

+

+

+

+

+

+

+

+

+

+

+

+

rz
lz
rz

Citrate pretreatnent and e:çerimental solutions as in Table 6.2'



TABLE 6.8

Pretreatrent

no cítrate

5.0 mM

citrate

l-0 mM

citrate

I.0 mM EDTA

I.O mM EDTA

5.0 mM

citrate

EFFECTS OF CITRATE AND EDTA TREATMENTS

ON 02 EVOLTTION AT PH 6.5 AND 8.5

E:çerinental
Conditíons

Ë. solutions

t
of controls

6.85

8.8

8.8

6.5

8.8
8.8
6.7

6.6

8.6

8.6

6-7

6.6

8.5

8.5

6.75

6.6

8.5

8.5

6.7

++no Ca
++no Ca

1.O mM Ca

++no Ca
++no Ca

1.0 mM CaCI
tt I

no Ca
++

I.0 mM CaCI

++no Ca

tl lr

tl

no Ca
++

It tt

1.0 mM CaCI
I

1.0 mM CaCl,

2

2

L97

2A

30

168

24

37

158

150

30

42

139

I85

54

75

199

LO4

39

4I
119

100

L4

15

85

L2

I9
80

76

15

2L

7L

94

28

38

10r

53

20

2L

60
2

AIl pretreatr¡ents were in 5.0 mM HEPES at pH 6.7 with the

concentrations of citrate or EDTA indicated- After pretreatment,

tissue was washed in d.istilled water for lO ¡nins before transferring

to o>qrgen electrode. At the low pH and high pH O'5 mM MES and

0.5 mM TAPS buffers were used respectivel-y.



TABI,E 6.9

Pretæat¡nent Initial

no citrate 6. 85

EFFECTS OF CTTRATE AND EDTA TREATMENTS

oN fT¡E EXTERNAL pH TNCREASES

E:perlrental
Conditions Âr¡H t

(pH/ninr/GFw) of controls

0.43

o.o79

o -37

ÞH

I.O mM EDTA 6.6

6.7

I.O mM EDTA 6.6

+ 5.0 mM citrate 6.7

++no Ca

++no Ca

1.0 mM CaCl,

++no Ca

I.0 mM CaCI
2

++no Ca

1.0 nM CaCI
2

+no Ca

1.0 mM CaCI,

100

18

86

citration
(5.0 nM)

cítration
(10 mM)

6.85

6.7

6.6

6.7

o.o92

o.281

o. 133

o. 396

0.067

o.242

2L

65

31

92

l_5

56

Erçrerinental conditions as in Table 6.8-



TABLE 6.10

Pretreatnent

no citration
citration

citratíon

E>çerirental
Conditions ApH

(pHrZ¡ninr/GFVf )

Q.27

o

o. 06

0.17

o.2l

t
of controls

100

o

22

63

78

EFTECT OF CITRATE TREATMENT ON EXTERIiIAI. PH

INCREASES AT INITIAL PH 9.0

1. O ml{ CaC
++no Ca

0.1 mÌlt CaCI,

0.5 mM e,p"Iz

1.0 mM ."t,

Lz

ll

I

Â pH changes at initial PH of
citrate for 1O minutes followe
pH 9.0 wíth the ðífferent con

before A pH ttþasurenents made.



TABLE 6.1I

Pretreatment

no citrate
citrate

E:çerimental
Conditions

no EDTA

0.5 nlf EDTA

1.O t '
2.O rr rr

5.0 mM EDTA

no EDTA

0.5 mM EDTA

I.0 rr rr

2.O rr fr

5.0 mM EDTA

L4C-fixation
(pmoles/qn2 

¡"""1

t
of controls

100

32

35

47

t77

I
I

12

27

15L

EF'FECTS OF EDTA ON NORT"IAL AI{D CITRAIE

TREAIED LEA\ZES

no citrate 19.1

6.1_

6.8
9.I

34

1.6

1.6

2.2

5.1
28.9

t.9
1,5
+.7
t .3
+4
+ .1
t. .2
x.2
t.6
+2

I

I

ll

ll

ll

ll

citrate

Citrate pretreatment and e:çerimental solutions as in Tabl-e 6'2'



TABLE 6.12

Pretreatment

no citration
citration

citration

E>ç>erimental
Conditions

0.5 mM CaCl,

no CaCI,

0.5 ntq CaCl,

0.5 mM ED{TA

I.0 rr rr

5.0 mM EDTA

0.5 mM CaCl,

.2 nM EDTA

0.5 trû4 CaCl,

I.O mM EDTA

0.5 mM CaCl,

5.0 mM EDTA

C-fixation
(pmoles/qn2 ¡="")

t
of controls

100

7T

ro0

500

550

7t

++
EFFECTS OF CA AÀTD EDTA ON HCO FTXATION

3

OF CITRAIE TREATED LEAII/ES

L4

tt

I

lt

tt

2L

2.8

18.4

2.O

2.4
14.3

+-4
+ 2.5

t .8

*.2
t .3

t2
+

+

+

l_1.4 t l-.5

I5.4 t 3.2

2.O + .2

407

Citrate pretreatrnent and e:çerimental solutions as in Table 6.2.



TABLE 6.13

Er{¡eri¡nental,

Conditions

++no Ca

0.5 mM CaCl,

0.5 mM EDTA

I.0 mM EDTA

O.5mM CaCl,

(pmore!,/c m2 ¡"eel

t
of controls

100

257

101

L64

325

736

COMPARATIVE EFTECTS OF EDTA ENO CA++ OIU

HCO^ FIXATION OF CITRATE TREATED LEAVES
3

l4c-fixatio'

lr ll

+ O.5mM ED4TA

+ I.OnM EDIIA

3.1

8.O

3.2

5.1

10.1

22.9

+?

t.6
+q

+ .g
+.9
+4

Citrate pretreatnent and e:çerirental solutions as in Table 6'2'



TABLE 6.14 SI]IIMARY TABIJE (CHAPTER SIX)

evolutíon L4C-fÍxation

coz HCO
3

HCO

no effect no effect no effect effects

Treat¡nent

citrated lear¡es

citrated lear¡es
+++Ca

slight
stirm¡lation

slight
stimulation

3
co2

OH efflux

effects

rer¡ersibleno effeqt reversible



NaOOCCH, CH ,cooNa

cHz
I

O-C:O

\ cH2 - cH2 /
NN

Ca"r1O:C-O

FIGURE 6.I Calcium disodium edetate
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CHAPTER SEVEN

THE EFFT;T'X AND ABSORPTION OF CAIæIT]M

TN ELodea LEA\TES

Introduction

As shown in C\apter 6, the presence of ca+* in the solution

or tissue is a prerequisite for HCo. absor¡rtion and fixation but
5

not Co^ fixation. lltrat ca+* and ottrer cations are transported from
¿

the lower surface of ttre leaf to the upper surface has been amply

demonstrated (Steemann Nielsen, L947¡ Lowenhat4>t, 195ó; Helder and

Boerna, 1973). Lowenhaupt (1956) suggested that this nrcvement is

active into the cells at the lower surface and active out of the

cells at the upper layer. But in ttre experiments, Lowenhaupt ùid

not distinguish between c.++ in the cells and in t]1e tissue as a

whole, as he measured changes in labe]Ied ca*+ in Èhe external

solutions. Similarly, llazia (1938) did not distinguish between

intracellul-ar and extracellular tissrr. c"** in his uptake e><peri-

ments. After the uptake of labelled ca++, he washed the tissue in

distilled water for 60 minutes. Mazia and Clark (1936) and Mazia

(1938) de¡rpnstrated that C^** t.= not found in t]1e vacuoles of

ELodea except after the effects of stimulating agents (plasrolysis

with O.5 mM sucrose or dextrose) when large amounts of calcium
++

oxalate crystals were fot¡¡d. llhey assumed Èhat this Ca came from

the cytoplasm.

If, as dernonstrated by Helder and Boerma (1972), the rate of

cation transPort across the leaf is stimul-ated in the light during
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HCO^ assimilation, then one should also find a stimulation of the
J

uptake of labelled cation into the tíssue itself and also a light-

stimr.rlated effh¡x of labelled cations from previously labelled

cation-Ioaded tisgue. Also, as there is this cation requirement

for HCO^ fixation as shown in the last chapter such intake and
J

efflux should be affected by Pararpters that affect HCO. fixation,
J

such as pH and infrititors. Such effects are examined in this

chapter.

++
Uptake of Ca ínto ELodeø tissue

Uptake of 45c"** 1nto ELodeø tissue in t¡".e light and dark is

shown in Figure 7.L and,7.2. Although the errors are quite large,

there appears to be only a small difference between Èhe light and

dark uptake. Figure 7.1 shows the uptake into leaves that had been

ll

soaked in aCa" free solution for 24 hours, whereas in Figure 7.2

leaves had been treated for 10 rrinutes in 50 ml'! potassium citrate'

then washed in the normal pretreatmenÈ solution (5 mM TAPS, I mM

NaHCO^ at pH 9.0) for 3 hours, before being transferred to 0.5 mM
5

L4*'c.cl^ in the same solution. Assurning t¡at there was linearity
¿

in the first 10 ninutes, then the Ca*+ influx to rmtreated tissue
t

is approximatety 50 pnroles/cm'/sec, whereas in potassiun citrate
)

treated cerrs, the c"++ influx is 350 pnores/cm"¡sec (assuming

Iinearity in the first 2 rninutes - Figure 7.2) .

Ir¡ both of the a.bove erçeriments the leaves were washed in

distilled water for less than 5 rninutes. As shown in 7.6, this

was not sufficient to wash all the nU".** from t1-e free space -
the flux

presurnably the ceII walls 'hencé^represents uptake into the tissue



as a vJhole and not only into the cells. Such uptake is referred

to as the tlssue r4rtake. Figure 7.3 shows t¡e Ca++ l*take into

tissue renaining after a 60 minute washout in I ml{ Nacl. Again it

appears that I mM Nacr did not exchange th" 45c"+* i,, tl't free space'

In figure 7.4, when tlle washout was for 60 ¡ninutes in I.0 mM caso4,

there is a linear uptake of 45C"+* for 40 minutes. lftris does re-

present an uptaJ<e into tte cells of the tissue, andthe ftu< is cal-

curated to be 2.2 pmore=/"^2/t"". 1ft¡is uptake is referred to as tÌ¡e

91.

++
cellular Ca uptake.

++
Influence of CCCP on the Cellular Ca uptake

To deternine whether the cerrular ca++ uptake r{as dependent

on energy from photosynthesis or respiration' the effect of I UM

cccp was investigated. As cccP has little effect at high pH, for

this e:<perirent the leaves were treated with I uM cccP at PH 6 for

50 rninutes before being transferred to the e:ç>erimentar pretreat-

ment solution for 20 hours. uptake was determined at the end of

thisperiod.FigrrreT.5showstheeffectofCCCPtreatmentonthe

continuous cellular ca++ uptake. rte ca** influx was estimated to

be reduced to 2Ot of ttre control value by this treatment'

ffect f. on lIuIar

7.3

7.4
++

As shown in Chaptet 6, ca++ vras not requi:æd for Co, fixation

(Iow pH) whereas it was at pH 9'O for HCO3 fixation' Hence mea-

sureÍEnts of the celrurar c.++ influx at these two pH values shourd

have given inforrnation as to the role of c"++ i,t maintaining photo-

synttresis. Figure 7-6 shows that there was very little difference
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between the cellul"t C.** uptake at tl¡e two pH valr¡es and in addi-

tion, the uptake was tåe same in ttre light and dark. l[t¡e effect

of increasing the solution C"** "o.t"entration 
suggests that the C"**

follows its own ctiffusion potential and enters the cell passively.

lfhis was the concfu¡sion of Mazia (1938) but in his e:<periments r4r-

take was rnost probqbly into the whole tissue not the cells.

++
Ttre Effects of CMU and pH on the Tissue Ca tþtake

The effects on short term uptak" of C"*+ to the whole tissr¡e

are shown in Tables 7.L and 7.2. In the pH range 5.5 to l0 there

was no differentiat effect on the upÈake in CO, free solutions and

in sotutions containing NaHCO3. Similarly, CMU in the range 0.1 UM

to 50 pM had no differential effect on tl¡¡e Ca# uptake. lltrese ex-

periments !Íere to test ttre relationship between HCO, fixation,

which is both pH dependent and inhibited by CMU, and Ca** uptake

into the free-space. Ifrey show in conjunction with the experinents

of chapter 6, that while photosynttresis requires the presence of

c"+* in the free-space, the rate of photosynthetic HCo, fixation does

not inftuence the rate of exchange of Ca++ between tÌ¡e solution and

the free-space.

Calcium Efflux
45 ++ __ ___:__

The efflux of -ca into solutions containing increasing

ca" concentrations at pH 9.O is shown in Figmne 7.7. 1¡he curves

45 ++
are e)<pressed as a percentage of ttre initial total ca In Ëne

tissue. A is tÏ¡e Ca*+ efflux into distilled \i¡ater, and curve G
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the effhul into 5.0 il't CaSOn. Anatysis of the curves usíng the

computer p,rogram non-linear of ssPS (2.3J) showed that afÈer 90

secOnds Curves A to D l^rere nþnophasic and COnfOruEd to a One coIIF

pafrÍ¡ent rpdel.

[ ""**]a 
= [ c"**] o "-*t (r)

is the l"rf 45c"** .o.t"rrt at any .time t after washing

_++
conmences, [ca"Jo is the total leaf content at time t = o, and k

is tþe efflux constant. Íflre curves E, F and G show a biphasic

++efflux of Ca-- after 90 seconds, according to the two comparÈment

model

where [ca

I c"**]

**1.

t I c"**] -kt -kz'
e

o [ca++]c e+ (2)

where [c"**]a and [c"**]o are as in eguation (I); [c.**]. is t]re

45 ++ca renatnLng in the second comparbment which is the slower

exchanging corpartment, which in ttrese e>çerirents may represent
II

the ca++ efflux from the cytoplasmic or cellular conpartment. lrtre

faster coÍponent represents intercellular ca** ex"hange. TWo phases

were not deÈected in t1.e washout e:çeriments inÈo low Ca** solutions

because most of th" 45C.** t"" sÈil1 being washed out from the tissue

and tÌ¡is was occurring at similar rates to the exchange from the

cellular coÍPonent.

5 uM cccp had no effect on the fast and =Iot 
45c.++ efflux

(Fig're 7.g) , suggesting in t1. e case of tt¡e ceIIuI"t 45a"** ah"a

it was not an enerçfy dependent Process' Sinilarly 50 UM CMU had no

effect on tfie cerrular 
nt""** effrux.

Theeffectofadding50mMpotassiumcitratetothewashout

solutions after 5 rninutes is shown in Figure 7'9' rn the various
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washing solutions containing various concentrations of C-** it can

be seen ttrat. the apparent exchange from tJ:e extracellular phase was

45 ++
extremely rapid. In all Idashout solutions, the '-Cá' exchange after

10 nr,inutes represented an exchange from the cellular components.

Suunary

++1. Ca-- uptåke into ELod.ea tissue is into' 2 separate

collpartrents. A rapid uptake int¡ the inter-

cellular sPaces (ceII walls, etc') (50 prrcles/

"^2/="") 
and a slower uptake of 2 prrcl""/" 2/

sec into ttre cells (ce1lr:lar uptake) '
++2. ca-- uptake inÈo potassium citrate treated lear¡es

is extremely raPid (350 pnrcl es/cm2/secl but equi-

librium is reached in less than 2 rn-inutes '
++3. Cellular Ca'- uptake !ùas reduced by 2Oz of ttre

control values bY I YM CCCP.

4. Cellular ca++ uptake is unaffected by solution pH'

5. nu""** in the tissue exchanges nnre rapidry into

washout solutions as the Ca

ttrese solutions increases.

++ concentration of

!{ashout into 50 mM

¡ntassium citrate solutions is extremely rapid'

tlashout into 5 mM CaSon is biphasic, the slower

phase representing a Ca++ efflux from the cellular

comPartment.

TLre cellu]-at c.** efflr:x is insensitive to CCCP

and CMU.

6

7

I lltre cerrul"t c"** concentration is not affected by citrate



TABLE 7.1 EFFECT oF pH oN ca++ I'PTAKE rNTo rrsstE

pH of Extemal Solution

-coz
+ I.O nM NaItCO

-coz
+ I.O rü NaIICO

-coz
+ 1.0 mM NaHCO

-coz
+ 1.0 trùI NaHCO

-coz
+ 1.0 nM NaIICO

II

Ca'' U¡rtake
(p¡noles,/cm2 /secl

92 r 5

108+6

118r4
It6t6

103+4
86+7

5.5

6.5

7.5

8.5

9.0

I0.0 -coz

I

3

3

ll

I

3

3

98

93

+11
+4

f104 4

4lt 116 t

LO2+4
It8t9

3

+ 1.0 mM NaIICO
3

solutions contained 1.0 mM cacl, and 5 mM buffer (læs - pH 5.5,

6.5; HEPES - PH 7.5, 8.5; TAPS - 9.0, to). AlI solutions were

bubbled wittr N^ for 20 ¡ninutes. l- mM NaIICoo then added to required
Z--- J

solutÍons. Pretreatment was then fot 2 hours'

il
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TABI,E 7.2 TÍIE EFFECT OF CMU ON TTIE TISST'E T'PTAKE OF CA

CMU Concentration c"++ rrrfr,o
cm2/secl

o

O.I yM CMU

o.2 il 
',

0.5 r! rt

1.0 il ,.

5,,il

10Iil

20ilI

50ril

I10

I06

100

101

IO0

93

106

115

98

t5
f3
t3
f2
r3
+3
+4
+3
t3

cMU treatrent in 1.0 nM caclr, I.o trùt NaIICO3, 5 mM HEPES at pH 7
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CHAPTER EIGHT

AT{MONITJM SULPHATE - ITS EFTECTS ON

PHOTOSYNTIIESIS AIi¡D ION TRANSPORT

Introduction

Ravenarrdsntth(1976)havewrittenadetaitedreviewon

nitrogen assirnilation and transport in vascular land plants ' They

point out that nitrogen assimilation in'olves either H+ production

(during NHn assirnilation) or OH production (during No, assi¡nita-

tion). In the aerial parts of land plants, no direct exchange of

¿
H* or oH with an external liquid phase is possible' whereas in

the roots it is. In aquatic plants, especially a19ae' H+ may be

lost to ttre batÏ¡ing solution as may oH . some aquatic plants are

able to make carbor<ylates (e.g. ThaLa^ssia testudirutn (Benedict and

Scott, 1976) and ELodea. cØnàerlsis (DeGroote and Kennedy, 1977)) as

a further alternative to maintaining steady state cytoplasrnic pH'

Land plants may remove oH produced during NOg assirr-ilation in

leaves by transport to the roots or by storage in the vacuoles

as carbo><Ylates.

nsELodeaapparentlycontainslargevacuolarconcentrations

of organic salts such as malate and oxalate - see L'7 - it seems

possible that it (and other similar aquatic angiosperms) may be

able to deal with 'pH stat' problems during nitrogen assimilation

bybothdirectexchangewithbat'hingsolutionsandbystorageas

carbo><ylates.

Althought}teexperimentsdescribedinthischapterdoriot

deal primarily with nitrogen assimilation but rather with the
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direct effects of nitrogenous colpounds on photosynthesis and ion

transport,t}reeffectsdescribedaboveshouldbekeptinnind.

lltre effects of (NH4) rSon on photosynthesis a¡rd ion trans-

port in aguatíc angiosperms have not been reported in tt¡e litera-

ture. lftre hlpothesis of l"lacRobbie (1965, 1966) that photophos-

phorylation in uitso Yas inhibítecl by arnines (e'g' anunonia a¡rd

imidazole) was initiatly ctrallenged by snittr (1967), who showed

tt"t 14CO, fixation in Chaîa coraLLina was insensitive to i¡nida-

zole and (M¿)2so4 at pH 7-0. Lucas (19771 found ttrat there was

a differential effect of (NHn) 
2SO4 

on l4C-fi*"tion with increasing

external pH. He found that at high pH (9'O), where HCo3 is fixed

ín Chara, I.25 mM (M¿)2So4 irùibited the HI4co, fixation by 908;

whereas at pH 6.2, there $ras no inhiJcitio" of 14co, fixation in

agreeÍrent with snitj.¡ (1967). This observation of Lucas may be

taken as evidence that Wttn+{lVttr) does not uncouple photophosphory-

latión. - In in aitro e:çerinents wittr isoLated chloroplasts, Hind

and !{hittingham (l-963) had for¡nd that such amines rutcoupled photo-

phosphorylation. viith furttrer experiments using his ¡isolation

chamber', Lucas (1977) concluded that the (M¿)rSon exerted its

inhi-bitory effect èirectty on the oH efftux mechanism, thereby

exerting an indirect effect on HCO, fixation' Suctr a¡r indirect

effect may be due to alkalinization of t]:e cytoplasm or by charge

imbalance. As the inhibition of HCo, fixation was dependent on

the external NH, and not the tlHn+ concentration, Lucas attributed

ttre oH efflu< inhibition to NH, not NHn+, because the inhibition

ofHCO'fixationwasrelatedtoexternaLNHrconcentrationbut

not NH
4

+ However, it is necessary to postulate that this inhibition
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occurred at the plasmale[ûla, withoua *¡ necessarily penetrating

into the cytoplasm. lftris is necessary as the NHr,/NHn+ ratio in

ttre cytoplasm would be different to the external ratio as the cYto-

plasmic pH ís lcn¡rer tt¡an tl.e solution pH (as discussed belovr) '

one point that needs to be considered when discussing the

+
effects of (NHn) 2504, is the fate of NHn' or NH, once it enters

the rytoplasm. If , ,ot "*"*rte NH, enters the cell (and at high

solution pH, M3 is predoninant over tl".e cation WHn+) then it should

be protonated in the cytoplasm, car:sing crytoplasrnic pH to rise '

similarly at lower pH, M4 may predorninantly enter a¡¡d be depro-

tonated in the cytoplasm, causing tJ:e pH to falI' To what extent

ttrese processes do occur depends on what other factors are requ-

lating cytoplasnic PH- However, such observations were made by

!{alker and Srnith (1975) wjlù}r CLtæa at lor¡r pH (6.9 to 7.0) in long

term (I5 hours) e>q>erirents in the light. Hower¡er, in short term

erçerirents, snrlth and !{alker (1976) found t}¡at at an external pH

of 6.6, cytoplasmic pH was increased marginally by O'3 units by

2mMinidazole.AthigherpH(8.0to8.1)therewasnoeffectof

irr-idazole. These different effects may also be e:çIained by changes

in the perneability of inidazole and other nitrogenous coÍpor¡nds at

ttre different pH values a¡rd hence different q¡toplasrnic concen-

trations.

Studies of Cl transport ínto cells of C'Ltav'A coraLLiflT have

shø.¡n that arnines, NH.*, i*id.zo¡e, and methyla¡nine increased the
'4

CI infhu< at lorv concentrations (Snith and !{est ' L969; Smitl ' L9'7O '

Ig72¡ SrfLith ar¡d !{alker, L978, LgTgl . Recent e><periments from slfÉth

(unpr¡blished) have shown tl-at the stimutation of tl¡e cI influx is
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dependent on the pH of external solution, showing maximal stimu-

lation at, 6.5 to 7.5. By rEasuring the cytoplasmic pH by the dis-

tribution of DMo, s¡frith (r:npr.rblished) has also shovrn that a¡¡ in-

crease in the CI influx is accorçanied by a small increase in
+

crytoplasrnic pH (increased bY NHr- or nethylanurpnium) . lltris supports

earlier conclusions that the CI ínflux ín Chara involr¡es ann+¡CL-

sylçort (as discu"""U ,n I-9).

ttris chapter reports the effects of (NH4) 
,SOn 

on photosyn-

tÏ¡esis (C-fixation), Proton (OH-) transport and the CI influx in

ELod.eA and tl¡e results are discussed of ttre available data obtained

wittr the giant-celled algae.

Effects on Photosynttresis

From Talrles 8.1 and 8.2, it can be read.ily seen that at pH 6,

concentrations of (NH4)2so4 up Eo 2.0 mM had a ¡ninimal effect on

'n"o, fixation. rn fact, in the experiment shown in Tabre 8.2,

the:re vüas a stimulation of co, fixation. In Table 8.1 ancl 8.28

the pretreatnent with (NH4) 
2so4 

was for 2 hor:rs before r4c-fi*.tio,,

was nÞasured. vgh"r, 
14co^ fíxation was measured in the first 20

¿

minutes after the addition of (NH4) 2so4, the stimulation of coi-

fixation appeared to be instanta¡¡eous (Table 8'24) '

on the other hand, ul4cor- fixation at pH g and 10 was in-

hibited by even very low concentrations of (M¿)Zso¿ (Ta'bles 8'I

a¡d 8.2); and it appeared (Table 8.24) , tl. at the inhibition h¡as a

much sLower process because in t].e first 20 ¡ninutes after addition,

o.r mM (NH4)rson had inhibiteit the Hl4co, fixation to onry 63r

of the control value vrhereas Ul4COr- fixation had fallen to 4t
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after 2 hor:rs. Tt¡ese results are sinilar to those obtained by

Lucas (L9771 using Chtøya,

Effects on the External pH Changes

The effects of low concentratíons of (lütn) 
2So4 

ot the ability

of Elodea to change the soluÈion pH were qualitatively studied. In

Figure 8.1, bottr pu ana O, changes are shown. Ihder conditions of

Iow exogenous COr/HCO3 , sufficient to a1low HcO3 fixation and a

measurable OH efflux, 0.I mM (M¿) 
2504, added in the dark, caused

a gross exaggeration of ttre inflection during the pH rise (see

5.5). Following this, the rate of pH rise was reduced to approxi-

mately 25t of the control va1ue. There l{as no apparent effect on

the O^ evol-ution rate, even at the higher pH values. However, it
¿

shoutd be noted that in these experinents where long e:çosures to

Iight were r¡sed, the solutions were O, saturated and it was not

possible to observe small decreases in O, evolution.

Figr:re 8.2 which is taken from tÌ¡e same e)<peri¡rents as Figure

8.1, shows tl¡at 0.3 mM (Mf4)rSOn caused an even çtreater inflection

in the pH rise. At, 1.1 mM (NH4) rr?n, the pH rise became a faIl

and net O^ evolution ceased.
¿

since it was shown in 8.2 that rnn+/lw, inhibited Hco3 fixa-

tion, ttre exaggeration in t]1e inflection of the pH ríse with low

concentrations of (NH¿) 
rSOn 

maY possibly be due to a delay in the

onset of the HCO^ fixation mechanism as the pH rises (see 5.5).
J

Because of this de]ay, the H+ efflux, stimulated by light, causes

the pH to falt for a short period. lltre stimulation of the apparent

H* efflux when tt¡e exogenous CO^ was low may be also explained by
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an NH4+/H+ antiport under these conditions. Such an antiport is

only possible if the cells assinifåËä"ålt"-t" carboxylates in the

vacuoles. Such oPtions will be discussed in more detail in Chapter

9.

ftre Effect on the CI Influx

As wittr carbon fixation, cI influx was inhibited at high pH

but not at low pH, as shown in two seParate e:çreriments (Tabtes 8'3

and 8.4). In Table 8.3 the cI influx, which was low in ttris ex-

periment, \das measured at pH 6.0 and 9.O, and in Table 8.4 where

the cI influx was much higher it was measured at pH 6.0 and 10.0.

This inhibition at high pH is consistent with the evidence (Chapter

3) that photosynthesis (both phosphorylation - ATP - and electron

transport - I{ADPH) is the energy source for t}re CI influx. These

results are in contrast to those obtained using Clnla, where Cl

influ< was maximally stimulated at lower pH and ninimally at higher

pH values (Smith and walker, Lg78, 1979¡ Slftith, unpublished data) '

++
8.5 (lu¡ SO and the Cellular Ca InfI)

AtlowandhighpH,(M¿)rSOnhadliÈtlealthoughavariable

effect on tÏ¡e cellular uptake of Ca*+ as shown in Tab1es 8.5 and

g.6. Ttris was true whether the solutions contained exogenous carbon

(Tabfe 8.5) or were bricbled with N, (Table 8'6) ' ftris suggests that

ca++ uptake into the reaf cerrs is not dependent on co, or HCO,

fixation, even though HCO3 fixation does not proceed in leaves

with ca++ removed by citrate treatment (chaPter 6) '
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2

,SOn 
inhibits HCO, fíxation (pH 9.0)

but not CO, fixation (Pn 6.0).

(nH¿) 
2SO4 

tnhibits the CI inftr¡x Ín a similar

nanner to C-fixation, e.g. not at low pH but at

high pn., It cüces not stÍmulate CI ínflux as

ín Chara.

(Mt4) 
2SO4 

alters ttre PH response of leaves

¡¡ossibl.y by delaying the onset of HCO,

fixation.

(ñI4) 
rSOn 

has no sigrnificant effect on the

++cellular Ca" influx at hi$r ior\ low pH.

3

4



TABLE 8.1 TIIE EFFECT OF (NII

Al{D HIGH PH

T4
Exlrerimental conditions c.fixation

(pmotesr/c^2 ¡""".1
(NH

4

o lIOt2

8'4+ 4

84t8

0.2 ¡nM

I.0 mM

¿l zso¿ 
or¡ r4c-rrxATroN AT I¡W

tof
controls

pH zso¿

6

6

6

9

9

9

o 4.6 + .2

0.8 t .09

0.48 È.04

100

76

76

100

I8

l"r

0.2 mM

1.0 mM

I€aves pretreated wíth (NH4) 
2SO4 

for 2 hours -rd 
l4C-fixation

measured for Io minutes from 1.0 mM NaIICO3. 5.0 mM MES used at

pH 6.O and 5.0 mM TAPS at PH 9.0.
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TABI,E 8.2 TrrE EEFECT OF (NH¿) 

2sO4 
oN C-FIXATION

AT f,OW AND HI@t PH - SHORT TERM Àr\¡D LONG

TERM EFFECTS

E:<pe rí¡rental ConditÍons

pH I twno) rso4f

t Change íir

A

100

L27

t28
115

118

ro0

63

29

18

1T

Fixation

B

100

L20

TL2

114

109

100

4

3

2

I

a¡rd C-fÍxation
C-fíxation was

L4coz

6.O

6.0

IO.0

0

O.I m}l

0.5 "
1.0 "
2.0 mM

o

0.1 rù,1

o.5 t'

1.0 "
2.0 nM

ll

10. o
ft

I

ll

L€aves pretreated for 2 hours in (M¡4) rton tt.,T
measured on the addition of (NHA) 

rSOn 
J-n A-

L4

¡reasured for 20 rninutes - O'20 (A) , ].2O-LAO (B) - 5-O mM MES

buffer r¡sed at pH 6.0, and 5.0 mM CAPS at pH 1-0.0-



TABLE 8.3 THE EFEECT OF (NH4) 
2SO4

AT LOW AlfD HIGH PH

CI Influ<

ON TTTE CI INFLTTX

Exoerirental Conditíons

pH I tuHnl 2so4]
(pmole s/cm2 /sec)

*of
Controls

100

90

109

IlI
100

4L

100

33

33

T7

33

3.5

46

6.0
6.0
6.0

6.0

6.0
6.O DARK

o

0.I mM

0.5 tt

r.0 t'

2.0 nM

0

0.90 t
0.81 +

0.98 f
l-.0 t
o.90 +

o.37 +

I .03

o.34

o. 33

0. 18

0.34

o. 04

o.47

.06

.06

.08

.07

.05

.05

t .1

t .o2

+ -o2

+ .01

r -01

r .005

+ .o4

9.0
9.0

9.0

9.0

9.0

9.0
9.0 DARK

0

0.04 nM

0.1 '
0.5 '
1.0 rr

2.0 nM

0

Leaves given 2 hour pretreatnrent in the e:çerimental solutions '
50 mM MES was used as buffer at pH 6.0 anil 5.0 mM TAPS was u.sed

at pH 9.O. Leaves grovrn in indoor ta¡rk No. 2 - Lø¡ CI infh:x
(see Table 3.1).



TABLE 8.4

E:<pe rirental ConditÍons

PH

6.0 o

0.05

0.1
0.5

J-. O6.0

10.0

rlrE EFFECT OF (NH4) 
2

AT I,oW Al{D HIGH PH

o

o. 05

0.1
0.5

1.0

so O{ TttE CI INFLUX
4

[ {unot 2so4J

CI Influn
(prroles/crn2 /secl

rof
Controls

100

IO6

95

85

84

100

to6

68

I
l_

lt

I

I

11.9

L2.6

LL.2

LO.2

10.0

f I.o
+ L.2

t.6
+.9
+.5

tt

lt

7.2 t
7.6 É

4.9 t
o.07 t
0.08 t

.5

.4

.7

.01

.01ro.0

I¡eaves given 2 hours pretreatnent in the e:<peri¡rental solutions '
5.O mM MES was used at pH 6.0, and 5.0 mM cAPS at pH 10.0 I-€aves

gro\dn in indoor tank No. 3 - high cI influx (see Table 3.1).



TABLE 8.5 EFFECT OF (NlI4) 
2SO4 

ON
++

CA. 
. 

I,PTAKE IN PRESENCE

OF 1.0 mll NaHCO AT LOW Al{D HIGH PH
3

++E:çt. A E:<pe rinental- Conditíons

[ {uHn) rso4f

0

0.1 mM

0.5 t'

1.0 "
2.0 mM

0

0.1 mM

0.5 t'

I.O t'

2.0 mM

0

0.02 mM

0.05 "
0.1 .

o.2 '
0.5 '
1.0 '

pH

6.0

Ca Iþtake
(pmoLes,/cm2¡secl

rof
Controls

100

95

L27

L24

l_09

r00

95

LL4

116

t27

100

100

93

88

116

LL2

110

I

ll

I

tt

2.39 +

2.28 +

3.04 +

2.96 +

2.60 t

2.43

2.30

2.76

2-82

3. 09

2.43

2.44

2.25

2.r3
2.82

2.7I
2.68

.L4

.r8

.33

.20

.23

r .16

+ .26
+ .2A

+ .36

+ .24

t .26

+ .30

r .25

+ .2L
+ .2L
+ .30
+ .24

9.0
I

tt

lt

tt

E)çt. B 9.0

Lêaves pretreated for 2 hours, as described in Tables 8'l
to 8.4.

tt

ll

I

ll

lt

tl
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TABLE 8.6 EFFEST OF (NH4)rSOn ON Ca" TPTAKE rN N2

BT'BBI,iED SOI,T}TIONS AT I¡II AI{D HIGII PH

I tunn) rso4l
++

Conditions

pH

Ca tþtake t

6.0 o

0.I ml,f

o.5 "
1.0 "
2.0 nll

o

O.1 nM

o.5 "

1.0 u

2.O mM

5.31- t
4.49 t
3.46 t
4.4L +

3.99 +

4.O7 +

4.45 +

4.34 +

3.23 t
4.77 t

.5

.5

.4

.6

.4

100

85

65

83

75

100

109

LO7

79

r17

I

fr

ll

lt

pH9 o

E:çerimental conditions are the sane as in Tab1e 8'5 except

ttrat no Na¡ICO3 Ìdas Present in ttre solutions, whidt were

continuously br:bbled with Nr.

4

3

4

2

4

il

ll

lt

tl
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CX{APTER NINE

GENERAL DISCUSSION

rhe Calcir¡n lon

One of the im¡nrtant findings of this Thesis is the role
tl

ptayed by ca' ' . From the e><periments, particularly those in chap-

ter 6, it becomes apparent that C.++ i" not actively transported

through tJle cells during moverent f:rcm the lq¿er surfaces to the

upper surfaces of the leaves, as suggested by Lowenhaupt (1956).

++ - _++
Rather Ca'' npves through the intercellular spaces. Ca l-s Pre-

sent in large a¡rpunts in tt¡ese sPaces, weakly bound and readily

exchangeable. Sma1l a¡nct¡tts of C.** do enter the cytoplas¡n but

do not accou¡rt for the active role of Ca++ d.rrring HCO- fixation.-3

since this intercerrtil-ar c.++ i= weakry bound it is possible

that during HCO, fixation when there is a net transfer of charge

aeross tÌ¡e leaf with OH being released at the upper surface, C"**

diffuses passively through the tissue and maintains charge balance

(see Figure 9.1). A sinirar rore could be prayed by K* or other

cations in Potanpgeton (Arens, 1933; Helder, 1975) , although in

ELod,ea it appears that C.** 
""rrrrot 

be replaced by other cations.

TL¡is nrodel does not contradict the findings of Arens (1933) using

ELodea because his experiments were only quantitatively able to

detect OH efflux, using indicator dye. In the experirrents des-

crilced in chapter 6, although photosynthesis and oH efflux were

occurring at very low rates with citrate treatment, such rates

$¡ould have been sufficient to have been observed - see Tables l'3
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++
and 1.6. Furttrerrþre Arens (1933) may still have had Ca re-

serves in the leaves even though he made attelçts to renþve them'

l1tre activ" C"** pu¡W at the lower surface and u¡rper surface

proposed by Lowenhaupt (1956) was only deduced from e:ç>erinrents

++
where Ca exchanges between tissue and solution were estimated

by changes in solutio¡ 45C"** 1"',r"I=, not cellular levels. His

results could tnl¡s atso be explained by the neur ,*a.r proposed in

Figure 9.1.

1[k¡e existence of small potential differences of 25 mV across

Potanogetzn i;eaves (Helder, I975a) is further evidence for an electro-

motive force whict¡ could npve cations across tjre leaf. lhis is

different to the situation in Chøta where there are localised cur-

rents between tlle acid and alkaline bands and cation inr¡olvenent is

not reguired.

In Potanpgeton, Steemann Nielsen (L947) was able to show that

photosynthesis (o, evolution) proceeded at 58t of the control values,

when HCO, tvas supplied to the upper surfaces only' A sinilar ob-

servation was made in preliminary experiments wíEln ELOdea (not shown) '

In both tt¡ese cases it is suggested that HCo, can enter the inter-

cellr:l-ar spaces from the upper surfaces and nigrate to the cellular

uptake sites. under these conditions, there would be no net move-

++
ment of Ca

Suchanrcdelalsoexplainswhycitratetreatmentwhichre-
++

moves Ca from the intercellular spaces has no effect on Co, fixa-

tion, during which there is no charge redistribution across the leaf'

lltre effect of citrate treatment on HcO, fixation rnay also be ac-
J

counted for to some extent by the decreased diffusion of HCo,
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through the negatively charged intercerrular spaces. A sirnilar
e:çlanation courd be used to accornt for the ínhíbition of tÌ¡e

Cl influx by citrate treatnent, and its sr.Jcsequent restimr¡lation

by 0.1 * c"** (see 3.5).

Ttre fact ttrat cccp and cr4u have no effect on celh¡r"r c"**
inflr¡x is taken as"further evidence that intracelrurar ca** prays

no part in ttre contror of photoslmttresis or other ion transport

processes.

Tt¡e CI Inflr.r:< of ELodea

The CI influx and O, evolution showed remarkably sirnilar res-

ponses to cccP treatment in that both were stimurated by row con-

centrations of cccP and maximatly inhibited at 5 ¡rM cccp. These

were in solutions at pH 6.5.. These observations suggest that the

source of energy cor,ùd be lü,DpH which wourd be produced in gïeater

quantities when erectron transport is r:ncor4>red by cccp. However

the differential effect of cMU on the cr inftux in N, and when

carbon fixation is occurring suggest that when liB,DpH is not avail-

abLe, the cl infrux derives its energy from ATp produced,sayrin

cyclic photophosphorylation (Jeschke Lg67). However these inter-
pretations do not consider what effects these treatments have on

other ion transport processes, control of cytoplasrn-ic pH, nitrogen

metaborism, and carbon assirn-ilation itself , as discussed below.

Ion Transport and Carbon Assimilation

Às already mentioned, studies of ion transport - not only

active ion transport but arso passive transport - cannot rearly be

9.3
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successful without extensive knowledge of photoslmthesis - both

reactants and products. An obvío¡¡s example of this is the trans-

port of HCO3 during photosynthesis. As discussed before, photo-

synthesis may be controlleil by the presence or absence of cations
-++

(Ca ) which may not even enter the cells. Íhis is due to charge

distribution at the tissue level. However, when charged nolecules

enter the cells or rþve between ce1ls as a result of photosynthesis,

which involves hydror<ylation, oxidation and reducÈion reactions,

the problem becomes a dynanic one. Snith and Raven (1976, L979)

have looked at these questions in relation to H+ and the control of

intracellular pH.

If HCO- is being assimilated then an uncouPler of photoslm-
J

thesis may exert its effects on a cation/Hco- symport rather than
J

a supposed energy source. Tt¡is may also happen if the Cl inftux

is coupled to the OH efftux (antiport) - see smith, L}TO - which

is itself dependent on assimilaLion of HCO. . Such an antiport
J

would be light stimulated but the CI inftux would not d.erive its

energy specifically from any one of the light reaction products -

ATP or IùADPH. In this case it would not then be necessary to propose

a shuttle mechanism for the transport of energry to the ion trans-

port site at the plasma membrane (see 1.9). Sirnilarly, if any other

ion Èransport systens \¡tere coupled to HCO" transport, then any in-
J

hibition of photosynthesis reactions would also affect tÌ¡is trans-

port. Furthermore HCO- uptake shouLd have a noticeable effect on
.'

the membrane potential and this again woufd influence other ion

exchanges.
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However, a different interpretation is possible when co, is

assimilated. In such a case, diffusion of co, into the leaf cells

Ís not coupled to afiy syrq>orts (or a¡rtiPorts) and shor¡ld have no

influence on the ÍÊnlcrane potential . Holvever, if ttre products of

fixation are orçlanic aciils or salts, then fixation nay be accom-

panied by the trangport of H+ or other cations (e.g', K+) res-

pectively. Hence, for example, inhibition of the cI influx at

low pH by CCCP nay or may not inôicate a direct influence on the

source of energry for the Cl PumP.

In barley leaf tissue, it has been shown that light-stimulated

salt uptake can alter organic acid synthesis (Ktroldebarin and Oertli'

1970). In contrast to the situation in roots (Hiatt and Hendricks'

1967), salt uptake hlas generally followed by an increase in organic

acids, with larger increases when caÈion uptake was in excess of

anion uptake. However, when there was an excess anion uptake, oI-

ganic acid synthesis was reduced. Hence it shoutd be borne in nind

that ion accumulation can also affect the fixation of photoslmthetic

products.

E:<periments have suggested that in ELodea' C4' C3 and CAM

types of carbon fixation are oPerating (Decroote and Kennedy, L977¡

Brovm et aI , Lg74i Bro\,¡se et al , Lg77; Hocking et aI L975); that

at low external pH, C4 acids are incorporated first and at hígher

pH, PGA is incorporated. Browse et aI (L977) erçIained these diff-

erences as being due to the higher levels of exogenous co, at the

higher pH (see 1.4-31.

similarly Raghavendra and Das (L977) formd that in cn Plants'

incorporation inLo Cn acids' sugar phosphates sugars and starch



107.

showed considerable variation depending on such parameters as light

quality and intensity. BIue light far¡oured the retention of car-

bon as malate and aspartate and less carbohydrates were forred.

Hence, pith ELodea, the.varior:s differences found in different

IaboratorÍes nay be e>çtained by the ilifferences in the etç)erinental

conditions. In addition, evidence has accumulated in the course of

ttris Ttresis, that differences in ion trans¡rort ana photosynthesis

do exist under different e¡ç)erimental conditions.

Similar differences in carbon incoporation have been dernon-

strated in other aquatÍc angiosperms TVaLassia testuáinwn (Benedict

and Scott, Lg76) incoporates C, acids, whereas HaLophiLa spínuLosa

and, T\taLassia Lentpriehii (Andrews and Abel, l9?7) and Potønogeton

pectirøtus (Winter, 1978) incorporation is into C, compounds. l{in-

ter showed that ca corpounds were formed at low and high PH, even

when leve1s of free CO, were very low.

Davies (L973a, 1973b) proposed a scheme whereby there l^ras an

interaction between cytoptasmic pH and the formation of carbon assi-

milates. He p:oposed that at high pH, PEP carbo:<ylase activity is

increased, causing the formation of malic acid; and that at low pH,

the activity is decreased and ¡nalate is converted to pyruvate with

release of OH . Such a model does e><plain how under different con-

ditions the patterns of ion transport and photosynthesis may alter'

Before any models for photosynthesis and ion transport can be

proposed, consideration shoufd be made of the anatorly of tf¡e ELodea

Ieaf. lltre leaf has two layers of cells with quite different ana-

tomy. For example, the lower layer contains small cells with large

nu¡nbers of sma1l chloroplasts, whereas the cells in tl¡e uPper layer
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are much rarger and contain large chroroplasts with extensive re-

serves of starch, as do ttre mid-r¡ein celrs (Hocking et ar, Lg75).

Hence, it is quite possibre that different tlpes of carbon fixation

IItEty occur in each layer. A sinpre e:çeriment (not described else-

where in tJ:e ftresis) using phenol red also indicated that the lower

cell rayer has a molre alkarine cytoprasm than the upper rayer. (lltre

e:<perinent inr¡otved pracing a leaf in a solution at pH 6.5 containing

phenor red and observing the colour change within the cerls under

the rnicroscope). This again suggests tt¡at pEp carbo:<ylase would be

the npre acÈive enzyme in ttris layer of cells (Hiatt, r967a, r967lc) .

rt is therefore proposed that under different cond,itions,

different types of caròon assirnilation occur. At low exogenous

co. concentrations where co. is primariry fixed, it is proposed¿2
that carbo>q¡lates are fixed ai¡d stored in tJ:e vacuoles, as shown

in Figure 9.2. This varies from cAM-type incorporation in t]¡at

lighÈ is required for it to proceed. rncorporation proceeds mainry

in the lower rayer of cerls where pEp-carbo><ylase is the active

enz]ãrte. li¡o fixation (or very littre) proceeds in tlte upper rayer

of cells. This is supported by the evidence that pEp-carbo:qrlase

has a much lower Km tt¡an RuBP-carbo><ylase (Van, Heller and Bowes,

1976). A primary reacÈion may be an H+ efflux resulting in the

alkalinization of the cytoplasm which actívates pEp-carbo:<ylase.

To maintain charge balance K* (or another cation) exchanges with
+the H and is transported to the vacuoles where carborqrlate salts

are stored. Such a system would account for the observed external

pH fall r¡rder these conditions.
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At higher exogenor¡s co, concentrations malate (nalic acid)

formed by the lonrer cell rayer is now transport,ed to the upper layer
and cn type incoryoration occure¡ (e.g. cn in the lower rayer and ca

in the upper) - Ítris results in the formation of sugars and starches

in the chroroplasts in tJ:e upper layer of cerrs. Again a primary

reaction is the tt+ effrr¡r from the rower rayer that pnovides the

arkarine nedir¡tr of pnp-carbo:<yrase. H+ may then re-enter through

tlte rower rayer and is transported to the upper rayer to ensure

maintena¡rce of steady pH revers (snith and Raven, Lg79). such a

system results in onry a smarl increase in pH as co^ is rerpved
¿

from the solution.

!{hen HCo, is being assinirated, modification of this scheme

is proposed - see Figure 9.4. Again there is a primarry H+ efflux
that re-enters tÏ¡e lower cell layer with HCO Decarbo:qzlation

3

of the cn acids in tÌ¡e upper cerl layer results in oH production

and the observed pH increase at the upper leaf surface. charge and

pH barance are maintained between tl:e upper and ror¿er rayers of

cells.

These nucdels are consistent with ttre folrowing data from

other sÈudies:

(I) that starch was found in greater quantities in

the chloroplasts in the upper ceII layer (Arens,

1933 - see Table 1.7)

(2) that there are approxirnately egual activities

- of PEP-carboxylase and Rr¡BP-carbo><ylase in ELodea

at pH 6.5 (Degroote and Kennedy, L977).
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Various other observations made during the course of this

lltresLs can be e:çlained in terms of these models. These are dis-

cussed rpre fully belor.

As shown ín Chapter 5, r¡rder conditions of low COr, the pH

of the e:rternal solutíon falls. Itris was taken as evidence of an

t¡+ efflux purp and (urthernore the d.ata suggested.that this tl+

efflr::< persisted dr:ring HCO- fixation although masked by the large
J

OH efflux from the upper leaf surfaces. Although the upper and

Iower leaf surfaces of ELodea were not isolated in ttrese e:çerinents,

pH changes at the upper and lower leaf surfaces of other aguatic

angiosperms have been studied. Steemann Nielsen (L947') and Helder

and Zanstra (L977) observed a pH decrease at tl¡e lower surface of

Potatnogeton ùrríng HCO- fixation (and sulcsequent OH efflux at the
5

upper surface). Similarly in CLtana there are large areas where

there is light promoted H* extrusion during HCO^ assi¡nilation
3

(Lucas a¡rd Smith, 1973) .

Membrane hlperyotarization in ttre light during HCO- fixation
5

has also been taken as evidence for an electrogenic H+ efflux

(Jeschke , IITO; Spanswick, 1973) . lltris H* electrogenic pump is

favoured as a rnajor prlnp in plant cells and its re-entry into the

cell with associated ion antiports and symports has been well dis-

cussed by Smith and Raven (Lg7g)and Poole (1978).

The stimulation of this H+ efflux by (NH4) 
ZSO' - see 8.3 and

Figure 8.2 - may be erçIained by a nnre rapid wun+/H+ exchange than

++K-/H' exchange, with accumulation of anunonirrm carbo:<ylates in the

vacuoles. In addition, increased fixation of uttn+ rnay account for

some of the increase in H+ efflux.
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One of tt¡e rpst puzzLing observations of this work, was the

Iack of inhibition of O, evolution by potassír.¡¡r citrate treatnent

(see 6.7 and Tab1e 6.8). Citrate treatrûent ir¡hibited Hl4cor- fixa-

tion and OH efflux at concentrations that had no effect on 02 evo-

lution. Similar i¡nbalances betvreen or/n+/CO, exchanges have been

obsen¡ed by Hope et_ aI (L972) when CCCP was added to t}re e:<peri-

¡rental solutions. f,üttge, Kramer and Ball (Lg74) also for¡rd tJlat

in greening barley a¡rd maize leaves O, evolution proceeded at

higher rates than CO, fixatíon and attributed tt¡is to a faster

development of the photosystem. Horivever suct¡ imbalances are hard

to e:rplain. Tf CO2/HCO, fixation stops, then there would be a

build up of NADPH and ATP in the chloroplasts and presumably in the

cytoplasm (¡lepH) and once ttre NADP (NAD) pool was conpletely reduced,

tfien O^ evolution should be inhibited.
¿

However it is possible that in the e>g>eriments of Chapter

Six, citrate was exerting an indirect effect on photosynthesis or

sr:bsequent carbo:<ylation. As shown in 6.5, Table 6.5, citrate

treatment has no effect on the rate of'nao, fixation at lor pH,

indicating that it has no effect on primary carbon incorporation.

Citrate itself is a carborrylate salt and as such may inhibit con-

versions between carborq¡Iate satts in tJ:e cytoplasm as shov¡n witÌ¡

oxalate ín ùi,g'itaz,ia søtgtrLnaLis (Rathnam and Edvrards, L977). Such

a reaction could well be the malate to oxaloacetate interconversion

which involves oxidation/reduction steps. Such a suggestion could

only be tested once tl¡e pattrways of carbon metabolism for ELodea

have been clearly worked out.
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Future l{ork

Fro¡r ttris general discr:ssion it beêoles quite obvious tt¡at

the patterns of caràon fixation urder different e>perinental con-

ditions need to be established, and correlated wittr the nndels pro-

posed (Figures 9.2 and 9.3). Such e:ç>eríments include conditions

of citrate treatnenÇ when there is an O2/CO2- fixation imlcalance,

conditions when CO, or HCO3 are the urajor sources of exogenous

carbon, conôitions when exogenous carbon is low, and where there is
+

ar¡ observed H' efftr¡x. The use of inhibitors such as oxalate (¡qpp-

malic enzynÊ inhibitor), 3-MPA-3-mercaptopicolinic acid I (PEP-carbo><y-
/

Iase inhibitor) and the phytotoxin fusicoccin which has been shown

to increase the H+/K+ antiport (Pit¡nan, Schaeffer and !{iIdes, L975a,

1975b) may also provide useful information.

Isolation chambers that separate the upper and lower surfaces

of the leaves need to be developed. Such chambers would be il-iffi-

cult to build for ELod.ea as the leaves are small and fragile. Such

work may have to be done on larger and less fragile tissue, such

as Potamogeton Lucens.

Autoradioqraphy may be useful in confirming ttre nodel shown

in Figure 9.I where it is proposed that Ca++ entering the cytoplasm

plays onlv a rninor role duri¡rg high rates of HCO, fixation compared
i^ lhq-

++to Ca-' intercellular sPaces-
tt
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Conclrlsions

lftre initlal aims of this Ítresis were essentially achieved,

although j-n some aspects the e:çrerirents proposed nore guestions

than answers, but such is the case with a lot of e:çerimental work.

lltre erçeriments confirmed the crude observations from the earlier

part of ttris centurA and put their interpretation'into line witÌ¡

current ideas on photosynthesis and ion transport. TÏ¡e nodels pro-

posed e>çlain the importa¡rt role of calcir.¡n during HCO- fixation
5

as opposed to CO, fixation. Elodea, and possibty other aquatic

angiosperrns, unlike C'ltara, is abte to assimilate carbor<ylates under

certain conditions. Otherrpise the e:<periments show that there is

a remarkable sinilarity between the single celled giant algae and

the multicelled leaf tissue of aguatic angiosperms - particularly

in that they both have acid and alkaline areas where sinilar ionic

processes are occurring and that they both are capable of fixing

HCO
3
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APPENDICES

Durlng the course of this lttresís work, various studies were

carried out on ELodea which proved to have no direct reJ-ationshíp

witÏ¡ the theme of the 1!t¡esis. Suctr studies included the effects

of such Herbicides ds Copper, 8T8-60 (S-DecyI iso-thiouronium

bro¡nide) ar¡d acrolein on Elodea. Tt¡e latter study,was tâken out

in cojnrrction with the CSIRO Griffith, NSW, a¡rd ttre ELoèlea Co-

ordination Sub{om¡nÍttee. Both t}rese Organisalions were concerned

at the tine, with the uncontrolled spread of. ELode¿ ín the irri-

gation channels around Griffith. Studies were undertaken to study

the effects of these corçounds on the physiology of ELodea in ttre

eventual hope of finding more coqpetent ways of eradicating the

ELodea infestation in these aieas.

In the first two appendices f have described the results of

the work with two herbicides - copper and 8T8-60.

The apparently non-specific effects of bottr BTts-60 and cu+*

on photosynttresis, respiration and ion transport made t}te detaíls

of ttreir effects unsrritable for incl-usion into the main body of

the Thesis.

In the final appendix, I have included soIIE programs for the

Hewlett Packard HP25 podcet calculator ttrat quicl<ly calculate ion

fluxes, c-fixation and other estimates used in tìis Ttresis work.
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and a,naerobiosis. Habelrran (1969) also found that nranganese re-

versed the copper inhiJcitíon of photosynthesis in isol-ated chloro-

plasts.

rn more extensir¡e studies, Cedeno-Maldonato a¡rd Swader (L972)

++
for¡¡rd that Cu" strongly inhibited uncoupled photosynthetic elec-

tron trar¡sport in isolated spinach (S. oLeraeea) chloroplasts. In-

creased inhibítion was observed after pre'incub.tiot in the light

as compared to dark pre-incgbation; and photosystem II was more

sensitive t}ran photosystem I. Ttre nagmitude of these inhibitions

was deter¡nined by tte C.r++7chlorop1ast ratio, rather than just the

++Cu" concentration as reported by other workers.

rn these erq>eriments t¡1e effects of cu++ on photosynthesis

and respiration after short periods of time were studied using

ttre Rank Oxygen Electrode (see 2.3.I). CI influx was measured

using the technique described in 2.3.3.

copper was added to tJ¡e e:ç>erinental solutions as either

CusO4 or CuCt, to give the required concentrations.

Results and Discussion

The effecÈ of cu+ on the net photosynthetic or-production

of ELodeA is sho¡n in Figrure 4.1. As the Cu** .on"entration in

t1.e bathing solution increased, photosynthesis decreased such that
++

aÈ lOO ¡llul Cu--, it is reduced to 25t of tf.e control value. How-

ever the relative effect on the dark O, consunption - respiratíon -

was much more marked, and at IOO UM Cu++ was four-ti¡res- the con-

trol rate (Figure 4.2). Presumably this íncreased O, consunPtion

reflects EIn uncoupling of respiratory electron flow.
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Figure 4.3 shows the effect of 80 lrlt c,r** over a period of

time. lfhe effect on respJ-ratory electron flor¿ was very marked over

a four hour period, whereas the effect on photosynthetic o, Pro-

duction was much smaller. lfith Io,¡er concentrations of cu++, these

changes occurred over a much longer period of tine.

Tt¡ese inhibitory effects of cu** on photosynthesis occur at

much smaller concentrations and were much greatet tfr.t those re-

ported for ChT,oreLLa over similar tine intervals. Shioi, Tamai

and Sasa (1978) four¡d ttrat 2 Ult crr** irùribited photosynthetic

electron flow of isolated spinach ctrloroplasts by 5Ot ar¡d such

inhibitions occurred in less than 10 rninutes. lltre very large un-

coupling of respiratorlf electron flov¡ (400 - 500t of control values)

has not been reported before.

The effect of 5.5 hours treatment at increasirrg cu++ concen-

trations has an even greater effect on the Cl influx in tJ.e light

(Figure 4.4). 10 UM Cu** irrhibited the CI influx to I4t of tJ:e

control values in this time. T'he actual time course of this inhi-

bition by J-0 U¡a crr** is sho¡rn in Figure 4.5. 5Ot inhibition occur-

red in less then I hour and maximum inhibition was attained after

approximately 4 hours. Such effects have not been described before.

As tt¡e CI influx in the light is more sensitive to cu** than is

photosynthesis, cu++ probably does not affect the energ'y source for

the CI influx, but probably the carrier proteins in the plasmalemma.

lltre site of action of crr** has not been deterrnined yet. Pre-

fumabty it has different mechanisms of action in the chloroplasts

ar¡d mitochondrÍa since in the former organelles electron transport
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ls inhibited whereas in tt¡e nitoct¡ondria elecÈron transport is
++

stimulated. Das Grg>ta and Mukherji (L9771 showed that Cu-' (10 mM)

had effects on ttre aLkali-soluble proteins of rice seedlings but

that ttre effects vrere different in the eribryo a¡rd tÌ¡e endosperm'

Shioi, Tanai and Sasa (1978) concluded tÌ¡at in isolated chloro-

plasts Crr*+ dít"ctly, interacted with ferredoxin causing inhibition

of ferredoxin dependent reactionst ar¡d also causea a wealc inactiva-

tion between the oxidising side of photosystem II and the electron

donating site of DPC (1,5-diphenytcarbazide) .

Hence, a lot nþre vfork is needed to deter¡nine tlte many app-

arent sites of copper sensitivity in in ViOo and in titro studies'
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APPENDIX B

THE EEFESTS OF 8T8-60 ON PHO{TOSYNTTTESIS

RESPIRATION AIID CI TRANSPORT tn E\oilea densa

Introduction

In the cslRo in canberra, Australia, 8T8-60 (s-Decl¡I iso-

tt¡iouronium bro¡n-ide) is being exarnined as a potential herbicide

by studies on its effects on photosynthetic o, evol-ution and res-

piratory o, uptake w:rth Elodea eØLad.enszis using an oxygen electrode

(Brown, personal conunur¡ication, L9741 '

Theínitialreportsfromttrelaboratoryindicatedthatat

highpu,50to2OOuM8T8-60uncoupledrespirationandconpletely

inhibited photosynttresis in ELodea cøtaÅpræis. Preliminary work

using ELodea densa, carried out at the request of Dr' Brown' at

pH 5 and 8, indicated ttrat although 50 uM and 100 uM 8T8-60 un-

coupled respiration (O, uPtake), it had little effect on photo-

synthesis - inhibiting it by less than 2ot of the control values -

while higher concentrations (greater than 2oo uM) dicl sigrnificantly

inhibit O, evolution.

This work exarnines in some detail the effects of BTB-60 and

(i) photosynthetic o, evolution and respiraÈory AZ rptake using

ttre nank o><ygen Electrode (2.3.I); (ii) tnaor, fixation using the

rEthod described in 2.3.4; and (iii) ct influx using the method

described in 2.3.3.
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Results

lftre effects of increasing concentrations of 8T8-60 on photo-

synttretic o, evolution at pH 6.5 and 8.0 are shown in Figure 8.1.

The contror rates at pH 6.5 a¡rd 8.0 were 29 and r4.9 nmo1""¡cr,,2¡ewl

respectively. Atthough these rates at t]-e two pH values were quite

differentrthe effect. of increasing 81ts-6O concentrations vrere vely

sirnilar, producing approximately 50t ir¡tribition of photosynthesis

at 3OO ¡rM BTts. This was in contrast to the effects observed on

respiratory AZ uptake (Fígure B-2), where at pH 8'O, r:ncoupling

occurred at much lower 8T8-60 concentrations than at pH 6'5' At

pH 8.0, I5O yM BTts-60 had increased respiratory O, uPtake to 25Ot

of the control values, whereas at pH 6.5 tt¡ere was virtually no

stimulation. Ho\^¡ever, at higher concentrations of 8T8-60 (300 U¡¡),

respiration was uncot4>Ied to a sirnilar extent (3OOt of controls)

at both pH values. The control rates of respiration were approxi-

mately 3.4 nmoles/3?9/Gwl at each pH.

Increasing concentrations of BIts-60 showed a differential

effect between O, evolution and 'n"O, fixation, as sho\^In in Figure

8.3. CO^ fixation was rþre sensitive to 8T8-60, being reduced to
¿

2Ot of tJle control values. At ttris concentration the o, evolution

is 88t of the control values. As found wittr cu++ (Appendíx A) '

tlre cr ínfrux is more sensitive to 8TB-60 than both 'n"o, fixation

and o><ygen evolution (Figure 8.3), being reduced to 20t of the con-

trol value at 50 yM 8TE}-60. ft¡is differential effect suggests that

the site of action of BÍts-60 is different for photosynthesis and

tl¡e cI influx - the cl influx being possibly inhibited at the

transport site.
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APPENDIX C

HP-25 (HEWI,ETT PACI(.ARD) PROGR.AT4S FOR CAT€UI,ATING

INFLUX AND FIXATION RJATES

Tvro programs ,are Presented here tl.at enable the calculation

of ion influx (or carbon fixation rates) from isotope e)iperiments

depending on the nature of ttre data. In general both prograns

reguire data about the solution activity in order to compute tlle

solution specific activity a¡rd tT¡en data about the er<perimental

counts in order to corçute the influx rates. In both the progranìs

t}re calculation moves onto the next calculation step at the end

of each block of data without direction from the operator. llhis

is done by flagging with zeljot and if no number is entered the

progrrans ¡nove to the next step in the program'

Asspecíficactivitycountsarealwaysquitehighbothpro-

grarns are desigmed for the cormter to set for a given number of

cor¡nts so that ttre tine can be measured for ttris nunber for any

number of repticates. Hor¡¡ever, as the e><perimental counts may be

high or low, the two prograrìs are desigrned to compute influx when

(I) the experir,nental cor¡rts are fixed and ttre time for replicate

counts is measured - Program I or (2) ttre replicate e>ç>erimental

counts-are measured and t]-e time for these counts is fixed - Pro-

gram II.
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Progran I - experi¡rental cor¡¡rts fixed, time for replicate

counts neasured.

Program displays

(a) ¡rean specific activity count time '

(b) the specific activity (l- cPn = x nmoles)

(c) infhur ( n¡rP1es/orr2/="".)

PROGRAM

DISPI,AY DISPI,AY

157r
r308

235106
OI

235LO7
o0

r300
2406
2407

7L
74
2L
7t

2400
4t

240L
2t
7L

2305
00

2306
2307
2405

74
1571
]-332

235106
OI

235rO7
o0

r324
2406
2407

7L

2402
2t
7L

2400
4L

2405
61

2403
7T

2404
7L
74

I320

o8
09
10
l_1

L2
I3
t4
I5
16

18
T9
20
2L
22
23
24
25
26
27

-28
29
30
31
32
33
34

o0
01
o2
03
o4
05
o6

35
36
37
38
39
40
4L
42
43
44
45
46
47

o7

LINE CODE

KEY
ENTRY

gx=0
GTO 08
ST0+6

I
STO+7

0
GTO OO

RCL 6
RCL 7

R/S
xêY

RCL O

RCI, 1
x+Y

LINE CODE

KEY
ENTRY

RCL 2*1"
RCL O

RCL 5
x

RCL 3

RCL 4

R/s
GTO 20

T7
REGISTERS

*o Background

*t Specific activity (Pr. x nM)

RZ Sanple counts

*¡ Uptake time (secs)

*4 r,eaf area ("*2¡

STO 5
0

STO 6
STO 7

RCT, 5
R/S

gx=0
GTO 32
ST0+6

t
sTot-7

o
GTO 24
RCL 6
RCL 7
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Step

I
2

3

User Instructions

Instructions

Key in Progran

Key in baclcaror:nd (cPm)

Key in S.A. I (voI.
(U1) x conc, (mM) )

Key in sarçlle counts

Key in uptake tine
(secs)

Key in leaf area (.*2¡

Initialize

Key in first S.A.
time (¡nins)

Repeat I n times

Obtain rnean S.A. tine
Key in S.A. cor:nts and
corpute S.A.

Key iñ fírst sarq>le
tÍre
Repeat 12 n times

To calculate influ<
For next set of influx
estimates Key then
repeat steps 12 to L4

Input
Data/tlnÍts

x

....xn

x

x
n

Output
Data,/Units

0

o

nean S.A. tine

S.A.

0

0

Influx

S.A.

Keys

sro o

STO T

sTo 2

STO 3

sTo 4

fENG 2
fPROG

R/S

R/s

R/s

R/S

R/S

R/S

R/S

R/s

4

5

6

7

I

9

10

I1

L2

t3
L4

15

I This nr¡rnber is the product to the volume (UL) sanpled

from the labelled solution and the concentration (mM)

of the ion to be'measured.
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Program II - tÍ¡re for replicate cor¡nts fixed'

Program displaYs

(a)

(b)

(c)

PROGR,AM

DISPI,AY

ÍEan specific activÍty count tine

the specific activity (1 cpm = x nmoles)

influx (nmoles,/cm2 ¡="".1

LINE CODE

KEY
ENTRY

DISPT,AY

LINE CODE

2402
7L

2400
4L

2405
61

2403
7L

2404
7L
74

L320

KEY
ENTFJ

00
OI
o2
03
o4
05
06
o7
08
09
IO
II
12
13
I4
I5
I6
t7
I8
19
20
2L
22
23
24
25
26
27
28
29
30
3I
32
33
34

1571
I308

235106
01

235LO7
00

r300
2406
2407

7T
74
2L
7L

2400
4L

240L
2L
7I

2305
o

2306
2307
2405

74
157I
]-332

235106
ol

235LO7
00

L324
2406
2407

7L

g)Fo
GTO 08
ST0+6

I
sro+7

o
GTO OO

RCL 6
RCL 7

R/S
x+Y

RCL O

RCL 1
x+Y

STO 5
o

STO 6
sro 7
RCL 5

B/S
g:<=0

qro 32
ST0+6

I
srot-7

o
GTO 24
RCL 6
RCL 7

RC], 2

RCL O

RCL 5
x

RCL 3

35
36
37
38
39
40
4L
42
43
44
45
46

RCL 4

R/s
GTO 20

REGISTER^S

R Background
o

*t Specific activitY (Pr, x mM)

RZ SarçIe Cor:¡¡t Tire

*: Uptake Time (secs)

*4 r,eaf Area (cm2¡
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Step

T

2

User Instructlons

Inbtructions

Key in Progrart

Key in background
(cpn)

Key in S.A. I (voI.
(Ur,) x conc (mM) )

Key in sarçIe count
time (¡nins)

Key in uptake tine
(secs)

Key in leaf area
(cm2¡

Initialize

I3
L4

15

Key in first S.A.
cor¡nt time

Repeat I n tires
To obtain mean S.A.
cot¡tt ti¡re
Key in S.A. cor¡nts
and conpute S.A.

Key in first sarq>Ie
count

Repeat 12 n tines
To calculate influx

Input
Data/Units

x

....x
n

x

. ...x
n

Output
Data/Uníts

rean S.A. tire

S.A.

0

0

Influx

s.A.

Keys

sTo o

STO 1

STO 2

sTo 3

sro 4
fENG 2
f PROG

3

4

5

6

R/s

R/S

R/s

R/S

R/S

R/s

R/S

R/s

7

8

9

10

1t

L2

0

0

For next set of influx
estimates
Key
then repeat stePs L2 t'o L4

I ftris number is the product to t]le volume (uL) sam¡r1ed

from the labelled solution and the concentration (mM)

of the ion to be measured-
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