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SUMMARY 

I. The in te rna l  concent ra t ions  of K : ,  Na  + and C1 have been deter ln ined for 
cells of Chlorella P3,renoidosa under  fixed ex te rna l  condit ions.  The ra t io  of in ternal  to 
ex te rna l  concent ra t ions  for l i gh t - t r ea ted  cells gave equi l ibr ium potent ia l s  of Exa + 
= - -3  mV, E K  + = --71 mV and E e l -  = - - 8  I l l r .  

2. In  the dark  the in terna l  Na = and e l -  levels fell to abou t  3O°'o of tile l ight  
values bu t  tile K:  content  remained  unchanged.  

3. A me thod  was devised by  which microelectrodes were inser ted into individual  
Chlorella cells held at  the  t ip  of a suction pipet te .  

4. A lnean po ten t ia l  of -4  ° mV suggested t ha t  this organism accumula ted  K ÷ 
and C1 and ex t ruded  Na4 agains t  the  t he rmodyna mic  gradient .  

5. Var ia t ion  of the  ex te rna l  ra t io  of K~ to Na ~- resul ted in changes of membrane  
potent ia l .  I t  was f lmnd tha t  increasing the ex te rna l  K ¢ concent ra t ion  depolar ised 
the  poten t ia l  and  an es t in la te  of the rat io  of the pe rmeab i l i t y  coefficients of Na + to 
K ~ gave values of about  o.I .  

INTROI)UCTION 

The unicel lular  alga Chlorella p3,re~zoidosa is a non-vacuo la ted  microorganism 
which has been s tud ied  in tens ive ly  from the biochemical  poin t  of view, especial ly in 
connect ion with pho tosyn the t i c  processes, h m  t r anspor t  and membrane  studies on 
this organism are ra ther  less comlnon. The work of HOPE l, using a.c. measurelnents ,  
sugges ted  t ha t  Chlorella is bounded  by  a membrane  having a s imilar  value of capa-  
c i tance  as found for lnany  animal  (:ells. In addi t ion,  SCOTT" and SCHaEDJ.I,: ;~X> 
J:\cOI~SON a,4 have inves t iga ted  Na:  and  K ~ d i s t r ibu t ion  and t r anspo r t a t i on  in this 
a lga  and COrtEX ~ has repor ted  possible K -  carr ier  sites on the cell surface. 

Al though  these s tudies  show tha t  Chlorella is able to regula te  its in terna l  ionic 
composi t ion,  perhaps  by  specific carr iers  s i tua ted  in a cell membrane ,  t hey  do not  
c lear ly  demons t r a t e  which ions are ac t ive ly  t r anspor ted .  To do so would require the  
measurement  of the  electr ical  potent ia l  difference across the cell surface 6. Obta in ing  
such a p a r a m e t e r  in this organism, as wi th  o ther  microorganisms,  presents  a serious 
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ACTIVE ION TRANSPORT IN CHLORELLA 6 1 0  

diff icul ty because of the  smallness of the  cell dimensions.  Nevertheless ,  it  has been 
possible to devise a me thod  of inser t ing microelect rodes  into single Chlorella cells. 
The exper iments  were conduc ted  under  fixed ex te rna l  condi t ions  such t ha t  the  
measured  poten t ia l  difference could be corre la ted  with  the  d i s t r ibu t ion  of K ~, Na  + 
and C1 in deciding if one or more of these ions is ac t ive ly  t r anspor ted .  I t  was also 
possible to es t imate  the  re la t ive  pe rmeab i l i t y  of the cell membrane  to K + and Na  ~. 

MATIr.RIALS AND METHODS 

The alga, C. pyrenoidosa, was an Emerson  s t ra in  ob ta ined  from the Ind i a na  
Univers i ty  Alga Collection, s tock 252. The cells were grown at  25 ° in l iquid cul ture  
medium,  gassed with 5°'0 CO 2 + 95% air and i l lumina ted  at  an in tens i ty  of 5oo ft 
candles  bv  a bank  of fluorescent tubes.  The composi t ion  of the  l iquid med ium in mM 
was: 5.oo KNO a, o.5o Na2HP04"2  H20,  o.5o KH2P04 ,  2.oo M g S Q "  7 H20,  o.25 
Ca(NOa)2. 4 H,,O, I.OO KC1 and 2 ml/1 of t race e lements  as given b y  HUT,XER el a15. 
Roux bot t les  conta in ing  I 1 of this  inorganic  medium were cont inuous ly  shaken and 
the resul t ing cul tures  ha rves ted  2 or 3 days  af ter  inoculat ion dur ing thei r  exponent ia l  

phase.  
The q u a n t i t y  of cells ha rves ted  was de te rmined  b y  cent r i fugat ion  in ca l ib ra ted  

tubes  for 5 rain at  22oo x g using an M.S.E. super minor  centrifuge. The ext ra-  
cel lular  space of the  packed  cell pel lets  was measured  using l)-[I-14Qhnannitol and  
the water  content  was e s t ima ted  b y  weighing the pellets before and af ter  d ry ing  at  

abou t  95 ° for 24 h in an oven. 

Ion analyses 
In te rna l  concent ra t ions  of K + and Na  + were measured by, emission flame 

pho tomet ry .  Known volumes of cells were d rv-ashed  in a nmffle furnace at  5oo ° for 
15 lnin and the residue dissolved in o.I M HNO a. This solut ion was analysed  on an 
E E l ,  flame pho tomete r  by  compar ison with s t anda rd  solutions of concen t ra t ions  

very  close to those of the unknown.  
In te rna l  concent ra t ions  were also de te rmined  using the radioisotopes  4"K, "-~Na 

and  a6C1. Cells were suspended in cul ture  mediuin  conta ining the required isotope 
unti l  t hey  were in isotopic equi l ibr ium with this  ex te rna l  medium.  Al iquots  of cells 
were then sed imented  and washed on Millipore filters and assayed for in ternal  radio- 
ac t i v i t y  by  means  of a Nuclear  Chicago gas flow counter  or an I .D.L.  scaler I7OO, 
f i t ted to a Geiger-Mti l ler  tube  (2oth Century  MX I52). Counting was carr ied out  to  
an accuracy  of ± I to & o, The. isotopes were ob ta ined  from the Radiochemica l  - -  3 , o .  

Centre,  Anlersham,  except  in some cases : 42K came from the Atomic  Energy  Es tab l i sh-  

ment ,  Harwell .  

Electrical pote~ztial measurements 
Elec t rode  insert ions were conduc ted  in a small  perspex chamber  moun ted  on 

the s tage of a PZO microscope and viewed through a coversl ip using a Cook A E I  
long working-d is tance  reflecting objec t ive  of 4o Y magnif icat ion and IO ~ eve pieces. 

By  means  of suct ion from a syringe,  the  cells were drawn onto the  t ip  of a glass 
p ipe t t e  as shown in Fig. I.  This p ipe t t e  had  an in terna l  d iamete r  of abou t  5 ~ and 
cells grea ter  than  this could be fixed reasonably  r igidly  and removed s imply  b y  
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releasing the suction. The microelectrodes were brought in horizontally, through the 
open end of the chamber, using a Prior micromanipulator. Good alignment of the 
electrode with respect to the cell was indicated by a visible dimpling of the wall. 
This was often followed by a good penetration when using fine electrodes. Because 
of KC1 diffusion from the reference electrode the suspension was regularly changed 
and in some cases, when the cell was firnflv impaled, it was possible to flow fresh 
solution through the chamber. 

Fig .  I. A 400 >,~ p h o t o m i c r o g r a p h  s h o w i n g  a C h l o r e l l a  cell  he ld  on  a s u c t i o n  p i p e t t e  a n d  an  ad -  
v a n c i n g  m i c r o e l e c t r o d e .  T h e  i n t e r n a l  d i a m e t e r  of t he  s u c t i o n  p i p e t t e  is a b o u t  5 I~- 

The measuring and reference electrodes were connected to matched calomel 
half-cells by agar salt bridges and the potential changes measured on a Vibron electro- 
meter coupled to a Bausch and Lomb chart recorder. To reduce interference froln 
pick-up, the apparatus was shielded by a zinc mesh cage. 

The glass microelectrodes, which probably had external diameters of less than 
o. 5/,,  were made with the help of Mr. E. TARR using a puller designed and manufac- 
tured by him. These were filled with 3 M KC1 by diffusion replacement of methanol 
and had resistances of 2o-5o M,Q. Only electrodes which had tip potentials of 5 mV 
or less in Ioo mM KC1 were used. The suction pipettes were pulled either on a Palmer 
or Narishige microelectrode puller. Tips with internal diameters of 7-8/* were desired 
and slightly reduced by fire polishing with a laboratory-built microforge. 

RESULTS 

Extracellular space and cell water 

Wet and dry weights were determined on packed cell pellets and using a dry 
weight conversion factor it was calculated that I ml of packed cells contains o.958 
-~ o.oo2 g of water ( i i  deternfinations). This value was independent of the size of 
the extruded pellet. 

The extracellular space of the packed pellet as measured with [14C~mannitol 
was o.331 :~ o.o4i ml/ml of packed cells (5 determinations). A value of 33?,o for the 
extracellular space suggests that the cells were not as tightly packed as would theoret- 
ically be possible since hexagonal packing of spheres would give 26% (ref. 8). 

Using this value of extracellular space gives the internal water content of I ml 
of packed cells to be o.627 5= o.o4I ml. 

Inlracellular concentratiolzs 

Tile internal concentrations of K +, Na I- and C1 are given in Table I. 
The intraeellular concentrations were also determined isotopically and, in 
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T A B L E  I 

T H E  D I S T R I B U T I O N  O F  I O N S  U N D E R  F I X E D  E X T E R N A L  C O N D I T I O N S  

The va lues  l i s ted  show the  i n t e rna l  levels  of Na  +, K + and CI- as de t e rmined  for i l l umi na t ed  cells 
a t  25 ° in cu l tu re  m e d i u m  using chemica l  (flame pho tome t ry )  and  isotopic  analyses .  The figures 
g iven  in pa ren theses  r ep resen t  the  n u m b e r  of sepa ra te  cu l tures  ana lysed  wi th  5-1o de t e rmi na t i ons  
being nlade on each cu l tu re  to an ag reemen t  of 2 -4%.  The va lues  are quo ted  wi th  ~ S.E. and  the 
ex t e rna l  concen t ra t ions  of the  3 ions are also given. 

Ion External InIernal conc. (ct) 
conch. (co) (mM/l  cell water) 
(mM) 

Chemical Isotopic 
a,za~i,ses analyses 

Na + i .o  1.13 _~ o.28(8) i . i i  ± o.35(14) 
K + 6.5 lO3 _-- 8(29) 114 i 8(12) 
C1 i .o  - t .34 = o.11(18) 

some cases checked by flame photometry ,  for cells which had been in the dark for 
about  2 h. I t  was found that  the Na + and CI- levels fell in these dark- t reated cells 
while there was no detectable change in K +. Measurements with isotopes gave a 
dark  Na + concentrat ion of o.3o ~- o.o3 raM/1 cell water (13 determinations) and a 
dark  e l -  level of o.46 ± o.Io raM/1 cell water (15 determinations).  

Electrical measurements 
Potential differences under fixed external conditions 
The mean potential  obtained from impaling 63 different Chlorella cells and the 

S.E. is: potential  difference = - -40 ~ 2 mV (range 28 to - -58 mV). 
All readings were determined at laboratory temperature,  about  2o °, and the 

cells were il luminated and bathed in culture medium. These values have been carefully" 
selected from many  others. They  represent results recorded from successful punctures 
which gave sharp jumps to s teady potentials ± 2 mV, usually for lO-6O sec, followed 
by the removal  of the electrode and an immediate  decrease to ~ 3 inV of the original 
t ip potential.  

In  general little variat ion of the recorded potentials occurred even over several 
minutes, a l though cells impaled for these longer periods of time were usually difficult 
to remove from the electrode so tha t  no check could be made on the tip potential.  
Moreover, shorter measuring times were preferred simply because the vibration of the 
appara tus  was often sufficient to cause the electrode to come out of the cell soon 
after penetration. In  some cases the removal  of the electrode from the organism 
did not result in a decrease of the reading to a low value and potentials of - - i o  to 
- -20 mV persisted above the original tip potential.  This was probably  due to plugging 
of the electrode with cellular material  which could, in m a n y  instances, be seen to 
adhere to the tip. In  a few experiments it was found tha t  a rapid hyperpolarizat ion 
of the potential  occurred if the electrode was disturbed after a cell had been punc- 
tured. This may  have been due to diffusion of KC1 from the electrode and the possi- 
bility of such a salt leakage is considered in more detail in the discussion. 

Effect of changing the external ions on the potential difference 
In some cases impaled cells could be moved  clear of the suction pipette and a 
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s t eady  po ten t ia l  difference recorded.  Exper imen t s  were conducted  on cells in this  
s i tua t ion  which involved va ry ing  the ra t io  of Na~ to K+ in the ba th ing  medium and 
recording the po ten t ia l  difference changes. This type  of measurement  has been par t ic-  
u lar ly  successful when appl ied  to nerve and muscle cells and has also been used on 
plantg, ~° and fungal  eellslL In p lan t  cells the  wall can act as a leaky ca t ion-exchange 
phase and in order  to keep the resul t ing Donnan  poten t ia l  cons tan t  dur ing the changes 
of Na:- to K" rat io,  the to ta l  NaC1 flhts KC1 concent ra t ion  was kept  constant .  This 
approaeh  was adop ted  ini t ia l ly  by  HOPE AND \VALI,:FA,: 9 and shown b y  SI'~'~xswlcK, 
~4TOI.AREK AND \~rlLLIAMSI° to be val id  for the isolated cell walls of Nitdla traJlshtceJzs. 
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Fig .  2. A c h a r t  r e c o r d i n g  o b t a i n e d  for  a p u n c t u r e d  cell  w h i c h  w a s  s u b j e c t e d  t o  t w o  d i f f e r e n t  
s o l u t i o n s ,  a t  x Io  m M  I<CI plus I m M  NaC1 a n d  a t  y r m M  KC1 phts i o  m M  NaC1. 

F ig .  3. T h e  r e s u l t s  of  a n  e x p e r i m e n t  o n  a s i ng l e  cell  w h i c h  h l w ) l v e d  5 c h a n g e s  of e x t e r n a l  s o l u t i o n  
e a c h  v a r y i n g  in  a m o u n t  of I<C1 a n d  N a C I  b u t  w i t h  t h e  s u m  of t h e  c o n c e n t r a t i o n s  of  t h e s e  s a l t s  
c o n s t a n t  a t  i o  r aM.  T h e  r e c o r d e d  p o t e n t i a l s  a r e  p l o t t e d  a g a i n s t  log10 of  t h e  e x t e r n a l  1,2 con -  
c e n t r a t i o n .  

Fig. 2 shows a char t  recording ob ta ined  for a punc tu red  cell which was subjec ted  
to 2 different solut ions which had a to ta l  concent ra t ion  of i I  raM. The ini t ia l  value 
of 44 mV was recorded when the ex te rna l  solut ion was io  mM NaC1 and I mM KC1. 
At  point  x the  po ten t ia l  was depolar ized by  flowing I mM NaC1 and IO 1riM KC1 
passed the cell. The rap id  change of solut ion was accomplished by  means of a mul t iway  
t ap  incorpora ted  into the  exper imenta l  set up. This r ap id  Io-fold increase in external  
K~ resul ted  in a change of the membrane  poten t ia l  bv 38 inV. At  y the external  
env i ronment  was changed back to the  low K + solut ion and the membrane  poten t ia l  
r e tu rned  to - -45 mV. This was repea ted  once again and it can be seen tha t  the same 
sequence of reversible  po ten t ia l  changes occurred.  

Ano the r  s imilar  exper iment  was conducted  with solut ions which had a to ta l  
K ~ ph,s N a  concent ra t ion  of IO raM. Five  different solut ions were used which 
conta ined  the following ex te rna l  concent ra t ions  of KC1, EK ~ ]0, and NaC1, [Na i!0, in 
paren theses :  z.o (9.o), 2. 5 (7.5), 5 .o (5.0), 7.5 (2.5) and 9.o (I .O)raM. Before the 
exper iment ,  the cells were p re t r ea t ed  in I mM KC1 phts 9 mM NaC1 for 2 h. Fig. 3 
shows the results  ob ta ined  p lo t t ed  as log1, [K~q0 agains t  the measured  poten t ia l .  
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DISCUSSION 

This work represents the first experiments reported which measure the mem- 
brane potential  of C. pyrenoidosa and correlate it with the ionic distribution in these 
cells. Such electrical measurements  are not comnlon for similarly sized microorga- 
nisms, therefore, during this discussion some a t t empt  to justify the results will be 
nlade. 

One obvious factor which must  be considered when dealing with cells of 
dimensions of about  IO/~ or less is the effect of salt leakage from the microelectrode. 
An estimate of the max imum rate of diffusion can be obtained by considering a 
theoretical model of the tip of a microelectrode as presented by KRXJEVlC el al. 1~. 
After making some assumptions the rate of K + diffusion in moles/sec is given bv 
'QD = clDn tan (9 r, where ci is the bulk concentrat ion in the microelectrode in lnoles 
K + per cm a, and D is the diffusion coefficient in cm"/sec. If certain values are assunled 
for the half angle of taper O = I ° and the internal radius of the tip r = o.I /~, then 
OD approximate ly  equals Io  -1~ mole/sec. Considering a cell of radius 3/~ and an 
internal concentrat ion of approx. IOO mM K +, the cellular K + should double in about  
I sec. If  this were so, and the membrane  potential  is controlled by K ~ diffusion, 
then the potential  difference would be expected to hyperpolarize by about  15 mV 
during the first second. A further Io-mV hyperpolarization would occur after 2 sec. 
This gradual change in potential  was not generally observed and suggests tha t  the 
rate of KCI diffusion was much lower than the calculation predicts. Alternat ively it 
must  be assumed that  salt leakage into the cell did not affect the measured potential.  

Although there is no evidence, tha t  the potential  is sensitive to changes of 
internal K + it is clear tha t  the measured potential  difference was sensitive to external 
changes of this cation. The results are similar to those obtained for Chara australis ~ 

and N. transluce,zs l° which were explained in these cells by  using an equation derived 
by HOD(;KIN AND KATZ la from the constant-field theory of GOLDMAX ~4. I t  was assumed 
that  these algae had a low passive permeabil i ty to CI- such tha t  the membrane 
potential,  E, is given by :  

1~7" [K~ ]0 ~ ~ [Na- j0  
E = -- in (II 

where c~ = P s a  ~/PI< +, tile ratio of the permeabil i ty coefficients, and tile other symbols 
have their usual meanings. 

Application of Eqn. I to tile results obtained with Chlorella, assmning the 
internal concentrat ion parameter  (denoted by i) remains constant,  gives a mean 
permeabil i ty ratio of o . I I .  This value is quite plausible and falls in the same range as 
those found for Chara 9 and Nitella 1°. 

The selective sensitivity' of tile measured potential  difference to K"  strongly 
suggests tha t  the measurements  presented in this paper were in fact t ransmembrane  
potentials. The mean value of - -4  ° mV is quite acceptable if compared with the limited 
amount  of knowledge of membrane  potentials in other non-vacuolated microorga- 
nismsH, la. Errors in measured values could arise, however, from development  of 
large tip potentials within the cells 16. 

Some speculation about  the occurrence and direction of active t ransport  
processes in Chlorella can be drawn from the knowledge of tile menlbrane potential  
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TABLE II 

T H E  EQUILIBRIUM POTENTIALS AS CALCULATt~D FROM T H E  ~N'ERNST GQUATION 

In calculating the values for Na ~ and K* the mean of the chemically and isotopically deternlined 
internal concentrations, as given in Table I, were used. 

Ion c o 1"2 = 58 log cA ( m  1") * 
Cl Ci 

Na~ 0-9 °0 -- 3 
I'¢ * 0.060 --71 
C1- 0.746 + 8 

* Is the Nernst equation where E is the equilibrium potential, Z is the algebraic valency and 
c~ and c o are the internal and external concentrations. 

together  with values of ionic concentrat ions.  The equil ibr ium potentials  for each 

ion have been calculated,  using the Nernst  equat ion,  and are given in Table II.  I t  

can be seen tha t  all 3 values do not  agree with the measured cytoplasnfic potent ia l  

and it appears tha t  both  K + and CI- are t ranspor ted  into the cells against their  

electrochemical  potent ia l  gradients  while Na + seems to be ac t ively  extruded.  These 

conclusions have assumed the cells to be in flux equi l ibr ium and, indeed, measurement  

of t racer  influx and efflux for the three ions have shown this to be the case 17. I t  has 

also been assumed tha t  the ions are in free solution and al though this has not been 

shown for Chlorella, measurements  of the intracel lular  osmolar i ty  in other  nficro- 

organisms suggest tha t  the bulk of the low molecular  weight  solutes are not  cyto-  
plasmical ly bound 18,19. 

Similar ly directed pumps have been found in several other  algae as listed by  

R.aVEN ~°, a l though only the act ive  cat ion mechanisms have  been suggested ~5,21 in 

the nficroorganisms studied to date. I t  has been found in these inicroorganisms tha t  

C1- is ei ther passively dis t r ibuted 15 or else excluded a. These are non-photosynthe t ic  

svs tems and suggest perhaps  tha t  the act ive C1- up take  by Chlorella may be a 

consequence of its photosynthe t ic  nature.  
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