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Ab6rrct. Slightly vacuolated celh, i.e. microalgae
and me stematic cells of vascular planrs, maintain
low Cl- and Na* concentradons even when exposed
1o a highly saline environment. The facbrs
regulaling the internal ion con€eniralion are the
relative rat€ of volume expansion. lhe membrane
permeabiliry 10 ions. the elecrrical poiential, and the

For ion species which are not acrively transporred.
a formula is developed which relales the rnternal
concentralion to the rate of expansion of cell
volumc, the permeability of membranes lo rhat ion.
and the eleclrical polenlial. For example, when the
cxternal concenlralion of Cl- is high. and Cl innux
is probably mainly passive. the formula predicts that
rapid growth keeps the inlernal Cl concenrratron
lower lhan lhat in a non-growing cell with the same
electrical polenrial; this effect is substantial if the
plr .malemma has a lo\  nermeabrl i ry lo Cl .

For ion species whicb are acljvely rransponed, rhe
rarc of pumprn! mu't  be consrdered. For rn\rance
Na' concentrat ions are kept low mainly by an
cff icrenr Na' c\ l rusion nump uhr(h \^ork" againn
Ihc elecrnc 6eld l lcro..  lhe membranf.  The requrre-
ment for Na* extrusion is related 1() rhc exrernal
Na' concenlral ion. the rate of expansjon of c€l l
lolume. the membrane permeabiliry. and rhe
clectrical polential. Il is possible that nicroalgae
havc a more positive electrical potenrial rhan many
olher plant cells: if so. requirements for high rates ot
active Na' cxtrusion will be lowcr. The required
rates ol N ' extrusion are lower during rapid
growrh. proljded thal rhe perrneabilily of the
plasmalemna to Na' is low.

The energv requircd for the regulation of Cl and
Na' concentrar ions is low. especial ly in rapidty
cxpanding cel ls $hcre Na* extrusion requires only
I l%, ol rhe energy normally produced in resprra-
1'on. The cxclusion of thcsc ions. howev€r. musl be
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accompanied by the synlhesis of enough organic
compounds 10 provide adequate osmotic solutes for
the increases in volume accompanying growrh. This
process reduces lbe subslrate\ a!ailable tor respira-
tion and synlhesis of cell constituenrs, bur the
reduction is nol prohibitively large €ven for cells
growing in 750 mol m-r NaCI. rhe carbohydrate
accumulaled as osmolic solute is only l0% of rha!
consumed in respiration.

(4-r,rA nicroalSacj slishtly lacuolated celhi crpansron
growthi salinilyi regulation ol Cl and Na' Suxcsi energy

Introduction

This and the subsequenl arlicle consider some
aspects of the inleractions belween growth. ion
rclar ion5. and qdler relat 'on, ol  plant,  l i ! inB in
marine and terreslrial saline environments. We define
sal;ne habilats as those conlaining watcr with an
osmolic pressure of more than 0.33 MPa. equivalent
to 70mol m-3 monovalenl sal ts (Green*ay c
Munns. 1980).  The ion concentrat ion in ocean wal€rs
is approximarely (mol m r) :  460Na+. t0K*,
I u  C a ) '  .  5 0  V g : ' .  u n d  5 4 0  C l  l h r \  g r \ c s  a n
osmotic pressurc of 1.5 MPa (Levring, Hop€ &
Schmid, 1969).

Opinions di fer on the levels ofCl .  Na' .  and K t
which seriously inhibit metabolism. However. the
alailable information on |n rir., enzyme activity
dcfinitely indicates that metabolism would be
adversely af lected once CI and (Na++K+) con-
cenlralions €xceed 100 400 mol m I (Jennings. 1976i
Munns. Crccn{ay & Kirsl. 1982). Furtherrnore.
KttNa* rat ios ol  less than L0 arc probably
inhibitory b some metaboUc p.ocesses. including
prolein synlhesis (Grcenway & Munrs. 1980r Wyn
Joncs. Brady & Speirs, 1979) This conclLrsron rs
consistenl wi!h est imates of inrcrnal ion con-
cenlrat ions of moS1 freshwaler and mltnne
mrcroalgrf  Ccl lular ion concenrral ions of such
sp€cies are l ikel ]-  to bc within these l inr i rs.  e\cn $trcn
ccl ls arc exposed to high sal inir)  (- Iable l ) .  Na-
conccntrallons in salt lakc specjes. such !s Drln.?//.,/l/
2drua arc possibll higher than :100 400 mol m r.
but are si i l l  sLrbstanl ial ly lower lhan Na' rn rhe
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Trbl€ L lnrrnal ion co.cntrations (hol n r) io niffoalgae growinB at high saliniU. A nrorc qlensivg
rab le  i s  B ivc .  in  Munns. r  da  ( t982)

(mrnnc](m"r ine) (sr l r  lakc)
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iCrmml$  & Sch i r l ing  (1978) .
iThe hieh Na'rK' in D. Fia tct. P suhca t[omis) 6^! ba rctalcd lo lhe niCh Na,]K. in lhe

cxrernal solulron rn thi cxpcriment ralher lhan lo rnheEnr rac@rs.

external solut ion (Table I) .  Because inr€rnal con-
centrat ions of Cl and Na' of  marine and salr  lake
mrcroalgae are much lower rhan rhose in rh€ errernal
solutron. organic solutes contribule a large pan ot'
the toral inlernal solurc concenrration i.1?c rrl.1rJ ,r
Kau*. I978: Munn\ ,  r  d/ .  lo8.2r.  lhe . : rme pr inci f , ie
probabl)  appl ies to the clroplasn of highly
vacuolat€d cells of tcrresrrial hslophytes (Munns {,/
, / .  1482,.  The pnncipal arm of rhi .  pafer j r  ro
discuss mechanisms by which plant cells kecp low
Cl and Na* concentral ions in their  cyloplasm.
when the cells are exposed to high eJilcrnal NaCl

In sl ight ly vacuolated cel ls.  i .e.  microalgae and rhc
menstematic cel ls of highcr planrs, the intcrnal ion
concenrrdlon ur l l  be loq r f  (he rare ot cel le),pansion
is sumcienlly high. and rh€ membrane permeabilit),
ro ron, i \  los. The Inf lu\  of  Ct rn. l  Na ar hrglr
exlernal concenlralions is presumed ro be mainly
passive. Thc lacr lhat nearly all planr cells have a
negalr !e electf lcal  potcnl i r l  rmnlres lhr l  an dclrve
Na' emux is essent ial .  and rhat acl ive Cl ef i lux is
nruch less likely. The influence of these flu)ies. s we 
a. of  rhe gr. 'wth rJlr  dnd lhe mfmbrane permedbrlr l )
lo ron\.  on rhc jnrernal ion conrcnrral ion, r \  rhe
theme ofthis paper.  I t  is assumed. for s impl ic i ly.  rbal
in slighrly vacuolated cells. solutes othe; lhan Cl
and Na'produce a high inrernal solute conrcnr so
that sumcient lurSor (or volume. in the case of wa -
less cells) is generared tor growth. tn lbc subsequenr
paper. lhe somewhat ditrerent casc of highly
\,acuolaled cells is rrcated: in such cells, ions are the
major solures conlriburing ro iurgor generation. The
rclalrve encrgy cosrs of these t|ltcrnarivet. i.e. the use
of organic solules versus ions for turgoFvolume
marnlenance in a sal ine environment.  are inalyscd in
the conclusion of lhe subsequent paper.

The rclation b€tweeo ion concentrations ,od ero$tb
rates in a systefi at ste{dr. state

The ussumplion rhat a syslem is in a sterdy slare
impl ies that the concentrar ions and lu,{es of al l

species, including warer. are consranl. This
assumplion simplifics considerabty an anallsis of rhe
relalron b€tween growlh rales and ion
concenlrarions. The index of growth we shall
consider is volumerr ic expansion. and we shal l
restr ic l  our analysis to eipansion in rhe slead)r narc
We ackno$ledg€ rhal, in general. growth of walled
cells may be accompanicd by changes in concentra-
uon: ne\erthele,s.  the rread) \ ldrc doe. rppro\ imate
the condit ion of cel ls in the cxponenrial  phase of
growlh. This approach is sinilar to rhat used by
Jennines (1969) in considering uptake of essential

If lhe internal concenlrarion of somc ion. [4,. js
unchanged during expansion. then thc rar io of rhc
increJsc rn rhe lotal  numbcr ot ion, to thc lncre. lsc tn
the amount ofwarcr musl be the samc as rhc ral io of
the number of lhose ions in lhe cel l  ro rhc amounl of
water in the cel l  alread].  i .e.

Nel rate of ion uptake = [ ] l i  lncr rare of t larcr
uptakel.

Now i f  I /  is the volume of warer in the cel l :
' I  oral  rare of ,on uprrr .  -  t ,11,! /  L |  |'  ' ' d l

(This is equivalenl to Eqn. 7 of Jcnnings (1969) for
lhe ca.e of rhe . ledd)-, late a.,umptron, ie.
(dt! , idD = 0).

Chloride ftAi?s in stea.lr state

Unless otherwise stated. we shall assnme rhal ar high
lcl-1., lhe Cl flux is passive, i.e. it is dcrcrmrneo
sol€ly by concenlration gradienrs. electric 6eld. and
membrane permeabiliry. lt should be emphasized
lhi l  lh i \  zq!umplron wnuld apply.  at  bc\r .  lo high
Cl-.  acrr\e Ct r , / / l l l .  \  ha\e been $ett  endbl i rhed
for s€veral sp€cies of microalgae grown ar Cl less
than l0molm r (reviewed b) Ravcn. I98O).Asfaras
we lno$. Cl r / f l ! \  r .  at$al i  enr iret !  pd\si !e
(R!!cn. leTor W h lhis d,\umtt ion. rnd a\\umjng i ,
uniform el€clric Iicld across rhe membrane (ic.
negligible dielcclric variarion or charge in the
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membrane). we may employ th€ passive flux
cqualion from Coldman as givcn by Briggs, Hope &
Robertson (1961) ( their  Eqn. 30):

J  _  : t - L  R T  p .  f a . -  r , e x p ( z F l  R T i l .  
( l )'  {  |  e),p (zFE, RT)

where J is the nct inward flux (per unit area). .7 is the
clcctric charge of the ion. F is the charge of one mol
of protons. t rs the electrical potenlial of the inside
of the membrane less thar of thc ourside. Pr is the
permeability of the membrane to the ion X, R is the
gas constant, T the thermodynamic lempcrature and
di and ao are the activities of ion inside and
oulsidc lhe membrane. respeclively. We may rewflte
Eqn. I in terms of J for a cell of surface area ,,1:

Making the furlher assumplion thal the aclivity of
ions is equal to their concentration, we may
rearrange I  qn, 2 rnd I  to relare cel l  c\nan. ion ralc
at steady stalc 1o the internal and exlernal
concenrrut ion of chlor ide ionsi

txl,
txl"
_ _*"'!1 -lttl]l

/  t  l . l L  .  ,  ' o '
l + l  ̂  .  1 , . ^ _ |  e x p r - : F L  R l ) l

\ r r  ,  0 t  / : f  r . / K  I

for rpherical  cel l ' .  [ r l  , { )  (d/d| , l  is appropriare
since i t  is approximately equal to the rale of radial
erpansion. However, the relative erpansion rate (G)
is mor€ usually measured. and in tbe steady slare.

-  t d y
-  

Y d t

0.01 mol m r Cl (Langmnller & SprrngeFtfdcrcr.
1974). This potential is ralher smaller than the
porentials (typically l40mV) measured ln th€
vacuoles o[ highly vacuolated cells. Il lhis diference
is re l .  rather than ar lefaclual,  thcn i l  means ci thcr
thal the polenrial across the plasma membrane is
lower in slightly vacuolated cells than in highly
vacuolated c€lls, or that a subsknrial potential
difference exists across the tonoplast of highly
vacuolaled cells. The ditrerence may be arrefactual,
ho\rcver lhe inserrron of microelectrodes into
microalgae may cause shorCcircuiting resuhing in a
recorded t which would be much less negative than
the E ofthe c€ll (Davis, personal communication). A
much more oegative t of - ll5 nV was estimated
for a freshwater specres. C/'/or"/a 'rkdlj\. u\ing
positively charged lipophilic compounds, labellcd
with 3H (Komor & Tanner.  1976).  This value is
closer to the E usually found in frcshwater
macroalgae (Raven. 1976), but resulls obtain€d wirh
th€se lipophilic cations also remain in some doubt.
due to several unverifiable assumplions (Davis,
personal communication). In any case, E might
depcnd on experimcnlal conditions and rnelabolic
rctivily (Pihan & Liitlee, 1982).

A lurther variable which should be consid€red is a
changc in Pcr wilh increasing salinity. Passivc
movement through the lipid bilayer of thc membrane
would be very small. Pcr of polar lipid bilayers
being I  x lo ' ' ' �  m s I  lRaven. 1976).  Most of rhe
passive Cl movement will therefore be lir porrcrs
or channels (Ravcn. 1980).  I f  the Cl f low rs vra
porlers. lhen rales of uptake may become salurated
a( high salinity, and the apparc t P.r will dccrcase
wilh furrher increases in [Cl ]o. On the orher hand. rf
Cl-  Rows mainly through ion channels.  rhen a
change in membrane structurc may cause a f.z/
change in ion permeabilily.

Despite our ignorance ol  the values of the
pa.ametcrs in Eqn. 5, and of rhc undoubtcdly
complicatcd interactions betwcen them. \\'e wish lo
examine the dep€ndence of [Cl ] r  on [( l  I  n (d I  rd/) ] .
wirh al l  other paramelers f ixed. We shal lexpress !his
as the di lut ion of in lernal ICI I  due to expansroni
lhal  i ' .  lhe tur io ol  lCl  l ,  rn J cel l  \  i rh a gr\en
growrh rarc to [Cl ]r in a ccll wirh conslarl volumc.
bul wilh the samc f and [Cl ]o as the g.osing cetl.
This dilution is shown in Fig. I for diferenl values of
r. Slriclly speaking. the condilions demanded in our
comparison are no! found in practice; with thc
e\ceprion ol  d !olrJge Llamt i r  rs dr l l i \L, l l  ro rmaerne
an clectrogenic pump which could maintain tr  $hen
ICI I  is lar ied. Figure lA sho$s. howeler.  rhar
provided the varialion in ,E is small ( 5 l0 mV. say).
the di lul ion effecl  ofcxpansion is wel l  approximaled
by Eqn. 5. Figure lA sho{s rhat g.owlh rales of
10-40 x I0-" s- '  would subsrant ial ly reducc [C] ] j :
nnd such growth ralcs have been reco.ded ior somc
species of microalgac (Munns./  a1. l9 l l2 l .  Funher.
i fal l  o lher varables arc equal.  Eqn. 5 shous rhnt the

l d y  y . .

A d I  A

and for Cl , :  = L Thus Eqn.4 becomes

tcl- ] ,  exp (Ft,rRT)

t c r  1 , ,  / r / ^ \  r'  
\F, ,  I  " /  Fr,ni[ ]  exp {Fti  RT)l

(5)

Equat ion 5 has morc than onc unknown. /cr and
t, fo. example, are unknown for microalgae grown
in hish [NaCl]. An indicalion of P., can be sained
from dala oblained for the plasmalemma of fresh
waler ma€roalgae: Pcr of Charophyles vanes
b c l w e e n  2 x  I 0 - ' r  a n d  4 x  l 0  ' !  r n  s - i  ( R a v e n .
I976). Measurenrents of tr of freshwater microalgae
with microelectrodes havc givcn an E of :10 mV for
Chbr(lla pvenoidosa grown in I rnol m 3 Cl
(Barbcr. 1968) and of - 55 nV tot Chlorc a funa;n
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same dilution elTect resuhs liom a snarrer
proportionalexpansion raie in cells wilh small rather
than large surface area:volume rar io.  Thrs rarro
difl€rs subslantially among species (Table 2).

The fo.egoing observarions have assumed a
pa(icular value of Pcr -  Figure lB shows rhat
unless Pcr is lower than about 50 x l0_'r  m s - '  the
inffuence of Pcr on [Cl ]r is not grear. At higher
permeabili!ies. lhe ralio of water flux ro chloride flux
is not high enough ro keep [Cl ]r much lower rhan
ICI L. (For this reason we rook a Pc, of
I0 x l0-1: m s '  for lhe demonstrat ion of lhe ef lecr

figur. l. Efd of growlh rate, ell radius, menbrane nemeabrht ro Ct , and etehcal porenudt on Inrernal Cl
concentralions. The tilure 6 bascd on Eqn. j presnr.d In rhe re 

 

la| ct fluxes ae assumed r; bc pa$ver. (A) Etrect ol
ra rc  o r  lo lune c rpch ion  or  e l l  radru \ :  (Br .R( l  r f  p . ,  :  (Cr  ene( t  u t  I

Parmere^  lcpr  connanr  inpar t rcu la rcases{eErc ta r i le ra reo fvo lumer , i cexpans ion= lOi t0 -6s I , rad jus=3r t0  6
n [borh ulu* neasurcd for cr lttdto enqtuhii tsener & Gtenway. t979)j. and p., - trt0 I'ns'.Theraro

lcl L ar a nre orvolune cxpansion > 0

lcr  1, , i , , , rc ot,or*. ,p*ron -o

isn*d roshowlhcen€cr oa volunc expansion on lct_], .  ( .  . )  (  t i  r / )  td l / ]dd = 0j  (  ) l0rf)(dr l td4l=30!to i  s. ,

o , ( i#=o l

of rale of volume expansion, cell size. and 6 on
inl€rnal Cl concentration: Fie. tA. C.)

_Figure lC shows rhe depenidcnce of [CI-], on t.
The elecrric field and diturion by waler i;uke are lhe
onl)  _facrors which keep lCt I  to$er rhan ICI- lu:
l h e r e l o r e .  o n e  o r  b o r h  o l  f  o r  l t  , 4 r r d l d 4 l  m u . r b e
large to mainrain low [Cl ] i .  as Fig. lC shows.

Equadon 5 may also be used ro indicate wnerner
or nol Cl nures in expanding cells are passive. This
cdn be done in cd!e. where bolh I  und lct  l ,  hale
rteen mearured: jn (hat ca\e Eqn. t  f \ redrcr.  $helher
t and [Cl ]r are consistent with merely passrve

", (r"::'%.

Tdle 2. Atsa over roltrmc ratb (,,til) dnd ccll dincnsions of some mioo.lsae Thc e'Iccl
ol .hang6 rn ,,ti y on lcl L in srowinScc|\ nshown rn Fig tA

Ccll drmensions
A ' r '< !n  ' )  ( / rh )

(groqn in l.l5 nrcl m I NaCl)

scdsaler rt 25 bar r0)

t 0



fluxes. Consider the examplc of the freshwater
species Chlotc a mersonii gtowr' al l35mol m I

NaCl (Greenway & Settcr. 1979) in which [Cl ]rwas
about 20mol m r.  The Nernst equarion, which
assunres 'lo net waler flux and thereforc no gfowth.
would prcdict  an f  of  -70mV. However,  Eqn. 5
shows that for a relalive growth rate ot 3 x I0- " s - '
(Greenway & Setter. 1979) and an assumed value lbr
P . ,  o f  l 0 x l 0 - ' ' � m  s - r ( a s  u s e d  f o r  F i g .  I ) .  t
would be -50mV. The eleclr ical  potent ial  of
Chlar?Ia emetlonii (or for any oth.r ChlorcIa
species) exposed to high (Cl-lo has not been
measurcdl however, an E of 50 mV is vefy simjlar
to the value Gee above\ of C. ptrenoidosa ̂nd C.
/rdca gro$n in lo$ [Cl- ]o mearureJ wirh micro-
electrodes (Barber, 1968; Langmnller & Springcr'
Lederer. 1974). If this value is unchanged at high
NaCl, lhen Cl fluxes would be purely dilTusive. If.
however, these microelectrode measurements are
artefaclual and , is closer 1o the value of - I35 mV
measured by Komor & Tannef (1976) then this
would suggest thar therc were subslantial d.rilc Cl
influxes. even at this high external Cl concentra-
lion. A similar inference can bc nadc fro data for
the marinc microalga Phttnrcnas suhrcrdilonn|\:
lc l - l j  was 70nol m-tr  when [Cl- ]o was 500 mol
m 3 (Table l ) .

Sodiut fluxes in s|@dt st tc

Our analysis ofchloride flLrxes assumed thal, al high
[CI_]0, such nuxes wcre passive- However. an
analysis of sodium fluxes must take inro account the
presence ol-an act ive 'pump' (a mechanism which
cuu\c\ a loctr l  f lu\  agalnsl  ei lher conccntral ion
grtldienb or electric field or both whilc dissipating
chernical energy). Because lhe electrical potential of
most plant cel ls is negat ive, a low internal Na*
concenlration can be maintained ar higb [Na']o only
when there is a large capaciry for active Na* eliux.
Therc is convincing evidence for energy-dependent
Na' extrusion mechanisms in boih th€ freshwater
tpecies ChbrcIa pvenoldo.rl? (Shieb & Barber. l97l)
and Chbre a /rr.d (Tromballa. 1974) and in the
marine species Dunali?Ia tc ioleda (Lalorella &
Vadas. l97l) .  The evidence favours Na*/K*
exchange for some species and Na*,/K* exchange
mediatcd by prolon flu,(cs in olh€r species (Pitman &
Lnxge, 1982).  The lype of Na. exchang€
mechanisms in marnre microalgae have as ye1 nor
becn establ ished (Pihan & Li i l tge, l98l) .  lhough
there is some elidence for Na*-amino acid co-
transporl in rhe dircclion of rhe clecrrochemical
gradient for Na* {Raven. 1980).

In Table 3 we comparc some measuremenls of the
actr! i ry of Na+ extrusion wirh I ikely rales ofpassive
influx encountered by a microalgal ccll ar moderare
sal ini t )  Obse.vcd rates of Na* extrusion in thc
freshwater species Chbrclta trruoidosa are in the
ordcr ol l0 times greater than the passive Na+ influx
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T.ble 3. Comparison belwen calculated pa$ive Na' innuxes at
higb cilernal Na' and obrncd ralcs of Na' cxtrusion hon

'Na'aicll qlls ot Chl.reUa Dtenoidosu'
(a) calcllarcd pasive innux for a eadicnt or I00mol m r Na'
acro$ the plasnalenmat

( n v )  ( n o l n ' s r )
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100

(b) Obscrved rates ofNa' cxt.usion

8 x l 0 '

Na ' rNa 'exchange 50  60x  l0  "

Na ' iK 'e rchaneet  I50  200 x  l0  "

'Thcs alk wcrc grown in +? nol n I Nar and 0.04 nol
m I  K '  and conta incd  55  no ln  I  Na 'and 30  mol  m r  K ' .

t The value aor PN!1 asuncd aor lhisqlculalion {as 2 i l0 r I
m s I, enimalcd fron rhe mcasurcd Na1 innux (Shieh & Barber.
l9?l) and an , of 40mV (Barbcr. l96a) tot Chlor.Ia
/,)r.,rriil,ra measured at lo* crkmal Cl Howcvs. n h possible
thd t  En igh l  bc  as  low as  lS tnV(c f  Komor&Tanncr .  1976) .
lhus giving, lore. csrimalc for PN"i

tr N3'/K' cxchaiSe after I rrol n I K' was addcd 1o nulnent

calculated for a Na+ Sradient of I00 mol m-r across
the plasmalemma (Table 3). This indicates lha! the
rcl ive \a exlru\ron rs sufrcient lo ma,ntarn
relalively low interoal Na* concentrations nol only
in freshwarcr species growing in l00mol m I sall.
but also in marine or salt lake species growing in
much higher external sah concenlrations where the
gradient of [Na.]can bc yery larye. e-9. in Dunaliella
(Table l). For these calcularions we used a
permeabi l i ty coemcient for Na+ of 2 x l0 I '  m s- ' .
lf, however. the permeability coemcient incrcases
wirh increasng \dlrn y.  or r ,  hrgher in other specrer
of microalgae, then (hc grealer difusive Na* fiux
musl bc opposed by a grealer active flux. A high PN"
cerlainl '  occJr\  in {veral  macroj lgae. lhe
PN,, of bolh rhe lonoplasr and plasmalemma being
3-1000 times higher than the plasmalemma of
Chlore a ptrcnoidosa (Raven, 1976).

A high growlh ratc is lberefore much l€ss likely to
be of major importance in the regulation of [Na*]i
than of [Cl- ]r  s ince thc Na' extrusion pump
probably has sumcienr capacity to keep Na+ low
under mo.t  condi l ion\.  Houc\cr,  under cef ldin
condilions, cell expansion may be a significan!
factor.

In the case ofNa'.  Eqn. 2 is replaced by

:F L f , r , , - . r .  exo l :Ft lRT)l'  I "  a , . L . T l-  
R T  '  I  e x p i : F E  R T )

whcn Je, rhe componenl ol- f lux conrr ibuled by rhe
pump. is a function ot L:. a". ai and T. which is nor
expl ic i l ly known (though this knowledge, of course,
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is one ol lhe objeclives of plant elcclro-physiology).
T a k i n g  z :  l .  a n d

l d v  v
A d t  , 4  

- '

then Eqns I and 6 give

/ t \  I
I N J ' l u c r p i  l r  R T i  - J r { "  

) , . " ,  [ t - e r p '  F I R t r l
l N a  l , -  ,  I  v  \  ; -  

' " ^ '  -  t l l
l r l  r : l  :  , l  c r p t  l L  R I , l

\PN" ,4 
- /  

FE, Rr .

Our ignorrnce of rhe dndl l r ic form of J" renders
Eqn. 7le.\  urcful  rhan Fqn. 5 l r  r . l ikel)  rhar [Na ] .
and [Na-]j and ,E affec1 Jp via mass aclton anct
actr!ntron energy. r€specrively. Further, the ellects of
[Na'] t  and E may be great i f  the pump may be
descrjbed as a regulator of either variable.

If the pump was salurated under some condirions
then one could use Eqn.7 with constant Je to
examrne the dependence of [Na']r  on c.  Under
condir ions \rhr(h do nor ,aturale rhe pump. r l  \ rcrns
hkely that changes in any var iable wi l l  cause large
changes rn "Ie. N€vertheless. Eqn. 7 can supply one
uscful  relat ion: that beiween J, and (t / i ,4).c,  with
all other variables conslant. That is. we may
compare the active extrusion rates necessary to
mainlain tdenrical  t .  l \a '10. rnd [Na ] ,  in luocel ls
w||h drfrcrcnr r l  ,4) C. Thrs cdn be e\empl i f ied \  rrh
some data for rhc salr lake specics Dunxlietu w^a.
lak,ng [Na']r  lo be 700mol m r al  l500mo1 m l
Nacl (re. Table I). In rhis species volume expansion
due to growth would reduce the requirement for
Na' cxtrusion by only 3 5%. lhough we remark
lhal In some microalgae the !olume expr .ron rdl(
may be four times higher than in rhis exarnpte. (This
value is calculaled from measured !alues ol8 x l0_6
s I for th€ relative expansion ratc, 2 3 !m for radius
(Briigg€mann et al., 19181. and assumed yatues of
lx l0-r t  m s I  for Pr\"* and l00mv for f . )  A
less n€gative f would. of course. reduce lhe
requjrement for Na' exlrusion substanl ial l ] .  For
e)(ample. an increase of f from - I00 to 50 mV
\r, 'u ld reducc lhe Nr '  Inf fur b!  10d0. {  te, ,  negdrr\r
-8 would incrcase the Cl inf lux. but lh is would nol
necessa.ily lead to cxcessively high Cl, in rapidty
growrng cel ls (F- ig- lC).

The energy .cquiremcnt for osmotic regulation and ion

A low cytoplasmic ion concenrf  l ion mcans nol onty
that energy mly be e) ipended in ion exrrusion. bul
Iso that cnough organic solures musr bc svnrhesizcd

r , '  m J r n | '  n  ! u  u m c  i n  u J l , . l ( *  ( c l t .  l n d  r u r r o r  r l
qbl l (J Lel l \  fnerp) rcqurrcmenr. r . , r  ron e'r iu,r"n
and osmotic rcSulal ion lould in pr inciple be
delermincd expcrimenlal ly b) dis l inguishinB mun-
tenance resprratjon lioln growth respiralion. by such

procedures as d,scussed by Penning d€ Vrics (1975).
Howevcr. there are no suitablc data alailable for
algae growing at high salinily. We lherefore consider
the total energy requirements for osmolic regularion
of a growing cefl. using the example of Dunali?lla
pdlra, a specres native to salt lakes. The [Na*]r in
this species is usual ly substanrial ly lower rhan in the
ext€rnal mediun (ree Table l). and we uke ncre Lne
case of [Na.]r  = 300 mol m-3 at an exlernal [NaCl]
of 750 mol m r (c immler & Schining. 1978).  Thia
part ial  exclusion of Na' adds a requirement tor
accumulaiion of other osmotic solutcs. and glycerol
fulfills most of this requirement i1 D. ljurv (Ben
Amolz, 1975).  The total  cost of  lhe Na' cxlrusion
and glycerol  accumular ion equuls aboul l0% of lhe
carbohydrate consumed in the respiration measured
a1 750 mol m r NaCl (Table 4).  Mosl of  thrs cosr rs
due to rhe requifement for accumulation of gtycerol.
The rolal energy r€quirement is rarher moqesr.
considering lhc high exrernal sall concentration.
Such a low energy expenditure. in tenns of toral
resprrarron per gram protein. would be exp€cted only
in cells with small vacuoles. The cost of accumula-
t ion oforganic solul€s would be probibir ive in hightr
vacuolated cclh; this point is raken up in rhc
foUowing paper.

The main €ost of exclusion of ions is therefore lhe
requiremenl for accumular ion of oreanrL o,mol ic
solutes. This may const i ture a diversion of
carbohydrates from synthesis of olher cell
conslrruenls, such as proreals and pollsaccharides.
into osmotic solu!es. Nc!errheless. lhis dir,ersron rs
not excessive. at leasl for external NaCI concentra,
I ions as high as 750mol m I  and Sroqrh rares ol
0.01 h ' (Table 4). Many specics of microatgae do
grow fasler rhan Dunuliella Nrm. but rheir growth
rarcs seldom excecd 0.12h '  (Munns./  a/ . ,  1982).
Thus. any I imitar ions on grc$1h of tnicroatgae
associated wi lh lhe cosr of osmol ic regularron may
. ' c i u '  o n l )  , r r  \ ( ' )  h i g h : J l r . " n c c n r r u r n n .  t o u n . t  r i r
sal t  lakes. Ihis conclusion appl ies onty to lhe cost of
osmolrc regulalior) in lerms of total amounl of
carbohydfates requircdi othcr possibtc adverse effects
of thc actumulation of organic osmolic solures are
discus$d elsewhere (Munns 1/ l ] / . .  t982).
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T.ble 4. Enc.ey r.qunche.rs ao. a slighlly vacuolared cetl srowing al hieh sahnily.

Energy requncn.nt ol cells Browing
at a rcldtivc ratc ol0.0l h I

mnolor ns hexos
e  ' ( t r o k i n ) h  '  e ' ( p , o r c l n ) h '

2.5 3.8

2.4

5.7

Calculared rcspirarion |.�r Nai exllusion to
nainlarn a 450 mol m I 

Sradicnt bLt*an
ell and extcrnal solution

Calculared Espnanon for syntncsis of 450

Calculaled hexosc rcquircncnl lor
synlhesh 04450 nol n I Blycelol

Mcasured rale of rcspiration lcimmlell
p.6onal.onnunic!lion)

0.082 0 ll7

0.08

1.2

'Thc calculated cnersy reqnncn.nts for Na' exlrusron and synrhesis of endogenous
osnotic solutcs, and obsrvcd Blcs of rcaoiralion. ar comoztcd fot Dnati.lta Da o
E r o w i n s  i n  7 5 0 n o l m  I  N a C l  S u c h c e l l s c ; n b i n a b o u r 1 0 0 ; o t m , N a . . j o n o i n  l
K'. Nnd 450mol n_r slyerol as the najor endogcnous osmoric solures iGmmter &
Sch i r l ing .  1978) .  Thc  E la t i le  Crowlh  is  about  003h_ ' ,  and lhe  e l t  rad ius  is  !  l !n
{B ugCchcnn , r d/ lg?q)

Ir is assumcd thar (i) the rcspiation ol | frol ofherose consunes 6 hot ofO: and yields
24 molofATP;(,i) lhe synthesk oa l nol olElyerol from onc hcxosc unrr (srarch) rcquires
2mol ofNADPH and I mol oaATP lKatlan €,,/. 1980)i {iii) the htdrolrsB of I mot oa
 T P y i e l d s 3 l k J : ( i v ) P i . , i s 2 ! l 0 r r m s ' r ( v ) E i s , l O O n v ; ( r i ) c c l l $ a l e r : D r o r e i n
ralio is 3.5 l; dnd (vii) rh. enersy reqlned ro exrrude Na' is fie difterence in free enerBy
pci mol (given, e 9.. by Liilrgc & Pnhan, 1976) timcs rhe acrive nux {Eqn 6i.

Concl$sions

In slightly vacuolared cells the concentralions ofCl
and Na' are lowered by a combination of rapid
volume expansion and Na' extrusion. Thus, adverse
efecls ofCl and Na+ on metabolism are avoided at
lhe very l ime thar high rares of meLabol ism are
required. The converse is that [Cl- ] i  and [Na+]r may
bc consid€rably higher during slow lhan during rapid
growth. Perhaps slowly growing cells have
mechanisms to lower [CI ]t and [Na*]i before
resumrng rapid growlh. For example, a rapid Cl-
clflux could occur if E became temporarily much
morc negdri \e and thi .  would gve merety a rransienr
rncrease in the energy required for Na+ extrusion
during rhe iniliation of rapid cell expansron.
Nevcrlheless. during sleady-slarc growth, lhe eoergy
rcqu,rcd for ion exlrusion is minimal.  and the
carbohydrale used for osmoric r€gularion is slill only
a small proportion ol rh€ roral consumed in
rcspiralion. So, to explain rhe reducrion in growth
sutrered by many microalgae ar high salinity we musr
consider factors other rhan energy requirements,
such as adverse effecls caused (directly or indirectty)
by high concentralions of organic sotutcs.

Thanks are due to Dr H. Cimmler and Dr J.
Pa.\ ioura tor u.eful  (ommenrs,rn rhe mirnu\cr i t r .
and to Dr l. (bwan for holp with devetoping some of

Appcndix

A

E

F
c

R

acliviry of a solulej
electrical potential difference beiween
cell and external solution;
Faraday (at 25'C, F/RT: 18.9 v ' ) :
relative rale of expansion of volume
or cel l  water [( l .dt ' ) / (rd0];
permeability of membrane to solule X;
8as constant;
radrus;
Iemperature, Kelvini

volume of water inside the plasmalema;
concenlration of rolute X
eleclronic charge of ion;
inside the cell membrane
outsid€ lhe cell membrane.

T

t4

subscript i
subscript 0

Att^'? ion ltu\. Energy-dependenl mor,cment of
ions against an eleclrochemi€al polcntial gradienr virl

Patsh? ian flux. Movemenr of ions across a
membrane along an elecrrochcmical potentral
gradienl.  This could be via
(i) porters (carriers). which could bc specific 1() a
pa. l icular ion.
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(This flux is also calfed rcililated ot catrieFftediated
ditrusion.)
(ii) Ion channels (leak channels), which are usualty
non-specific.
(iii) Porcs in thc lipid bilaycr. (This tlux is very small
in comparison 10 (i) and (ii).)

Osnotit rcgulation. Melabolic processes resuhing
in changes in internal solute contents which lead r;
turgor or votume maintenance.
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