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ABSTRACT Steady-state rates of potassium ion and sodium ion absorption 
by excised barley roots accompanied by various anions were compared with 
the rates of anion absorption and the concomitant H + and base release by 
the roots. The cation absorption rates were found to be independent of the 
identities, concentrations, and rates of absorption of the anions of the external 
solution, including bicarbonate. Absorption of the anion of the salt plus bi- 
carbonate could not account for the cation absorption. H + is released during 
cation absorption and base during anion absorption. The magnitude by which 
one or the other predominates depends on the relative rates of anion and 
cation absorption under various conditions of pH, cation and anion concen- 
tration, and inhibitor concentrations. The conclusion is that potassium and 
sodium ions are absorbed independently of the anions of the absorption solu- 
tion in exchange for H +, while anions are exchanged for a base. The H + re- 
lease reflects a specificity between K + and Na + absorption such that it appears 
to be H + exchanged in the specific rate-limiting reactions of the cation ab- 
sorption. 

I N T R O D U C T I O N  

Maintenance of a constant charge balance in the roots during salt absorption 
could require that  cation absorption rates be equal to absorption rates of 
the accompanying anions. Absorption of anions and cations by barley roots 
is so closely related, according to Steward and Sutcliffe (16), that  an effect 
on one results in an effect on the other. For example, stimulation of K + 
absorption by beet root disks at high pH is attributed to an increased uptake 
of the associated anions, bicarbonate and chloride (7). They agree with 
Lundegardh  (12) that  anion accumulation is limiting for cation absorption. 
Ulrich (18) also considers that  cations absorbed in excess of the anion of the 
salt are absorbed in association with bicarbonate, resulting in the observed 
increase in organic acids. 
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On the other hand, Jacobson, Overstreet, and coworkers hold that  cations 
and anions are absorbed independently in exchange for H + and OH- ,  re- 
spectively (11). The absorption of potassium ion and bromide by barley 
roots is unequal (10) and bicarbonate was not absorbed rapidly enough to 
support potassium ion absorption (14). Many  workers have observed pH 
changes in the external solution during salt absorption, but direct observa- 
tions of the relationship between rates of ion absorption and rates of H + 
and base exchange in short times have not been reported. 

In the work presented here absorption rates of K + and Na + accompanied 
by various anions are compared with rates of anion absorption and the con- 
comitant H+ and base release by the roots. These studies lead to the con- 
clusion that  cations are absorbed independently of the anion in the absorp- 
tion solution in exchange for H +, while anions are absorbed in exchange for 
a base. 

M A T E R I A L S  AND METHODS 

Excised roots from 6-day-old seedlings of barley (Hordeum vulgare, var. compana) 
were the experimental plant material. The seedlings had been dark-grown in con- 
tinuously aerated 2 X 10 -4 ~ CaSO4, essentially as described by Epstein and Hagen 
(3). Roots were excised about 15 minutes prior to the experiment, rinsed 3 times with 
approximately 50 times the root volume of water, and then suspended in continuously 
aerated water in the same proportion. Distilled demineralized water was used through- 
out the root preparation and absorption procedures. 

The absorption solutions were salt solutions containing a radioactive tracer for 
the ion under study. Salts of potassium, rubidium, sodium, bromide, chloride, sulfate, 
phosphate, and succinate were labeled with Rb 8s, Na2% Br 82, CP 6, S 35, p3~, and C 14, 
respectively. Sufficiently large volumes of the absorption solutions were used to 
maintain an approximately constant concentration of the salt under study during 
absorption. The pH was adjusted and maintained within 0.05 unit and the temper- 
ature was 25°C. 

Potassium ion absorption rates were determined by using Rb 86 as an isotopic 
tracer for K +. Validity of this is suggested by experiments of Epstein and Hagen 
(3) and Fried and Noggle (5). It is also shown directly by comparisons of absorption 
rates from RbS6-KC1 solutions with absorption from Rb86-RbC1 and K4~-KC1 solu- 
tions (Table I). Effects of pH, oxygen, 2,4-dinitrophenol (DNP), and temperature 
are closely the same with Rb83-KC1 as with Rb3~-RbC1, 

Potassium absorption solutions contained Na + in sufficiently high concentration 
(usually 10 -3 M) so that Na + concentration was not a variable in the adjustment 
and maintenance of pH. This also insured against the anion concentration being a 
variable during most experiments. Sodium salt concentrations as high as 10 .3 M 
had no significant effect on K + absorption at any concentration from 10 .6 to 3 X 
10 .2 M (Table I). 

The amount of electrolyte leaking from the calomel electrode during pH meas- 
urements was also considered. The electrode may leak enough salt to increase the 
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salt  concent ra t ion  of I0 ml of wa te r  to 10 -8 ra in 1 minute .  I n  most  cases, p H  was 
ad jus ted  wi thout  p lac ing  the e lec t rode  in the  solutions used for absorpt ion,  by  meas-  
u r ing  the  p H  of small  al iquots  which  were discarded.  W h e r e  the  e lect rode was p laced  
in the  absorp t ion  solution, a salt  which  had  no effect on the  absorp t ion  of the  ion 
unde r  s tudy  was used as the  electrolyte.  NaC1 was used for potass ium ion and  suc- 
c ina te  studies. Solutions for N a  + absorp t ion  con ta ined  10 -8 ~ LiCI  and  were  t i t r a ted  
wi th  L i O H ,  using LiC1 in the  electrode.  Na~SO4 or KsSO4 was used for b romide  
a n d  ch lor ide  exper iments  and  KC1 for sulfate and  phospha te  experiments .  T h e  p H  
mete r  was ca l ib ra t ed  for the  small  differences in the  p H  3.5 to 7.5 r ange  tha t  oc- 
cu r red  wi th  some of the  electrolytes. 

T A B L E  I 

COMPARISON OF RUBIDIUM AND POTASSIUM \ 
ISOTOPES AS A MEASURE OF POTASSIUM ION 

ABSORPTION, AT PH 5, 25°C 

Cation 

Absorption rate 

RbsS-KCl Rb*~-RbCl Kc-KC1 

moles/liter 

10-6 
l0  s 

10 --6 if- l0 s M NaC1 
lOS  ,, , 

~max I 
~C 

2 

Kin1  

2 

re#moles/ram, gm mp~noles/mm, gm mpanoles/m~, gm 

29 31 - -  
124 154 - -  
28 31 27 

135 141 156 

80 mumoles/min, gm - -  100 mtanoles/min, gm 
325 " I . . . . .  350 " / . . . .  

2X10- 6 M - -  3X10 -s M 
4X 10 -8 ~s - -  4X 10 -8 M 

Vmax and Km values are calculated from data of absorption rates over a range of the cation 
concentrations assuming two Michaelis-Menten reactions (Fig. 2). Vm~x i and Km 1 are the 
kinetic constants of the reaction predominating at low cation concentrations. Vmax s and Km 2 
are the constants of the reaction predominating at high concentrations. NaCI at a concentration 
of 10 -s M was present in the experiments from which these calculations were made. 

Fo r  the  absorp t ion  exper iments ,  3 or  4 g m  of  roots  were  weighed,  r insed 4 times, 
a n d  then  p laced  in 500 ml  of cont inuous ly  ae ra t ed  absorp t ion  solution. Successive 
por t ions  of the  roots were  r emoved  at  each of 5 sampl ing  times, usual ly  every 2 or  
3 minutes ,  r insed 4 t imes wi th  50 t imes the  root  vo lume of  water ,  b lo t ted  gently,  and  
weighed.  ~,~ g m  samples  were  assayed for rad ioac t iv i ty .  Absorp t ion  rates were  ca lcu-  
l a ted  f rom the  regression of  the  absorp t ion- t ime  funct ion by  the m e t h o d  of least 

squares.  
H+ a n d  base re leased by  the  roots were  de t e rmined  by  incuba t ing  1 g m  samples  

of roots  in 100 ml  of r ap id ly  ae ra t ing  solut ion for various periods,  usual ly  up  to 1 
hour .  After  incubat ion ,  the  roots  were  r emoved  a n d  the  solutions were  t i t r a ted  back  
to the  ini t ia l  p H  wi th  s t andard ized  N a O H  or  H~SO4. Rates  of H + and  base release 
were  ca lcu la ted  f rom 6 sampl ing  per iods  in the  same m a n n e r  as the  absorp t ion  
rates. 
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Chlor ide  concentra t ions  which  were  measured  for some of the  exper iments  were  
de t e rmined  by  means  of an  Aminco-Cot love  au toma t i c  ch lor ide  t i t ra tor ,  which  is a 
commerc ia l  a d a p t a t i o n  of an  ins t rument  deve loped  by  Cot love et al. (1). T o t a l  
potass ium and  sodium content  of the  roots was de t e rmined  by  f lame pho tomet r i c  
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FIGUm~ 1. The effects of various agents on K + and Na + absorption as a function of 
time. Fig. 1 A. K + absorption at  pH 5 from 10 -~ ~ KC1 with 10 -3 M NaC1. Fig. 1 B. 
Na + absorption at pH 7 from 10- 3 M NaC1 with 10 .-3 M LiC1, 

analysis. Fo r  the  pho tomet r ic  analysis, root  samples  were  rinsed,  blot ted,  weighed,  
and  then  ashed at  600°C. T h e  ashed residues were  dissolved in hot  HC1 and  then  
di luted.  

R E S U L T S  

General Features of Absorption E x c i s e d  b a r l e y  r o o t s  w e r e  f o u n d  to  a c -  

c u m u l a t e  p o t a s s i u m  a n d  s o d i u m  a t  s t e a d y  r a t e s  fo r  s e v e r a l  h o u r s  i n  c o n c e n -  
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trations of K + or Na + from l0 -6 M to 3 X l0 -~ M. A typical time curve for 
10 -8 M KC1 is shown in Fig. 1 A, and for 10 .8 M NaC1 in Fig. 1 B. All the 
experimental results given are the steady-state rates determined from the 
slopes of time curves and are expressed as re#moles/minute gram (fresh 
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weight) of roots. None of the rates includes the fraction of ions taken up or 
released which equilibrates within the first few minutes of incubation and 
is represented by the intercept of the time curve. Salt in the apparent  free 
space was removed by washing. 

The  roots contain the order of 10 -5 moles of potassium and 10 -6 moles 
of sodium per gram, determined by flame photometric analyses. No ob- 
servable efflux of absorbed or endogenous potassium or sodium occurs in 
water, RbCI, KC1, NaNs, or D N P  solutions within the relatively short times 
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measured provided the desorption solutions are well aerated and not more 
acid than pI-I 4, as shown in Table  II. This was measured both by flame 
photometric analyses and by  the more sensitive isotope exchange studies. 
Thus, neither K + nor Na + absorption is accompanied by exchange for Na + 
or K +. 

Steady-state rates of K + absorption increase with K + concentration in a 
manner  consistent with the observations that absorption can be analyzed as 
arising from 2 rate-limiting reactions (5) (Fig. 2 A). Sodium ion absorption 
also is described by 2 rate-limiting reactions (Fig. 2 B). The  increase in 
rate from 10 -6 M to 10 -8 M is due to an increase in the cation concentration, 
since the anion concentration was constant over this range. 

T A B L E  II 

R E T E N T I O N  OF ABSORBED P O T A S S I U M  AND S O D I U M  
BY R O O T S  IN V A R I O U S  S O L U T I O N S  

The  roots were grown for 5 days in a po tass ium-sodium nu t r i en t  solution. Desorpt ion solutions 
were at pH 5. 

Desorption time, min. 

0 10 20 30 0 10 20 30 

Desorption solution K, ,umoles/gm Na, ~molcs/gm 

None 70 16 
Wate r  65 77 73 12 17 14 
10 -3 M RbCI 70 78 77 16 13 13 
10 -3 M NaN3 70 79 73 16 12 14 
10 -̀ 3 M DNP 70 75 88 15 13 15 

Absorption rates of both cations are inhibited by hydrogen ions as is 
evident when the cation concentration is less than or equal to the H + con- 
centration, For example, in Table  III ,  K + absorption from 10 -s M K + is 
less at p H  4 than at p H  5. When  the cation concentration is much greater 
than the H + concentration, change in p H  has little effect as shown by K + 
absorption in Table  IV. This is in agreement with the competitive effects 
of p H  described by Fried and Noggle (5), but  differs from the deductions of 
Steward and Sutcliffe (16). 

The Effect of Anions and Anion Concentration Rates of K +, l~b +, and Na + 
absorption from solutions of various salts were measured with the results 
shown in Table  III .  The  anion concentration in the experiments was 5 × 
10 -4 M to 2 X 10 -2 M, whatever concentration was sufficient to balance the 
cation concentration. Chloride concentrations in the solutions with other 
anions were less than 5 × 10 -6 M, a concentration contributed by the isotope 
used. Potassium ion absorption rates from KC1 solutions were the same as 



P. C. JACKSON AND H. R. ADAMS Cation and Anion Absorption by Barley Roots 375 

from K2SO4 solutions within the accuracy of measurement over a tested 
rangeofK+concentra t ions  from 3 X 10 -e M to 3 X 10-2u (Fig. 2 A). Vm~, and 
Km values were the same for both rate-limiting reactions in sulfate or in chlo- 
ride solution. With succinate, absorption from 10 -5 M K + was 98 per cent at 
pH 4 and 102 per cent at pH  5 of the absorption rate with chloride. Sodium ab- 
sorption with succinate was 100 per cent from 10 -5 u Na ÷ and 109 per cent 
from 10 -8 M Na +. With ATP, K + was absorbed from 10 -5 M K + at 97 per 
cent and from 10 -3 M K ÷ at 94 per cent of the rate with chloride. Potassium 
ion absorption from 10 -5 u and 10 -3 M K + with nitrate, thiosulfate, and 
phosphate also shows no significant difference from chloride. The absorption 
is unaffected by a 100-fold change in total salt concentration, as shown in 
Table I, where the rate of absorption from 10 -5 M K + is the same with no 
added chloride as with 10 -3 M NaCI. Sodium ion absorption rates are sim- 
ilarly independent of the anion of the salt. Rubid ium absorption is also the 
same from sulfate solutions as from chloride and not affected by a 100-fold 
change in total chloride concentration. Thus, absorption of K ÷ and Na + 
is independent of the concentration and identity of the anion of the salt. 
Potassium ion absorption is also independent of the concentration of bi- 
carbonate (Table IV). Bicarbonate concentration as high as 3.6 N 10 -3 M 
has no effect on K + absorption. 

Thus, if K +, Rb +, or Na + is absorbed in association with the anion of its 
salt or bicarbonate, the rates of absorption of these anions must all be equal 
to each other and to the rate of cation absorption. Tha t  this is not the case 
is shown by the rates of anion absorption in Table V compared with K + 
and Na + absorption rates in Table III .  Rates of K+ absorption greatly exceed 
rates of sulfate and phosphate absorption. The K + absorption rate at pH 
5 from 10 -~ M K + in the presence of phosphate is 126 m~moles/minute  gram. 
Phosphate absorption is only 52. Under  these conditions, H2PO4- is the 
predominate phosphate ion species absorbed and in the absorption solution 
(6). Sulfate absorption is not fast enough to support K + absorption at any 
sulfate concentration. Even a t  Vm~x where the rates are independent of pH, 
neither sulfate nor phosphate is sufficiently fast to accompany K + absorption. 
Only chloride and bromide absorption rates are fast enough at high con- 
centrations to support the rapid rate of K + absorption, but K + absorption 
is independent of the chloride concentration. Bromide absorption rates were 
not influenced by different accompanying cations, potassium, calcium, and 
zinc ions, which are absorbed at widely differing rates (4, 15). Phosphate 
absorption was the same whether in solution as a Na + or K + salt and a KC1 
concentration of 10 .3 M has no effect at any phosphate concentration meas- 
ured (10 - e M t o 5  × 10 -4u) .  

Uptake of bicarbonate and CO2 has been reported as approximately 2 
(17) and 10 (14) per cent of the respiration rate under  conditions of greater 
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b i c a r b o n a t e  concen t ra t ions  t h a n  in the  expe r imen t s  r epo r t ed  here.  I t  is no t  
l ikely t ha t  C O s  u p t a k e  grea t ly  exceeds 10 pe r  cent  of  the resp i ra t ion  ra te  
since the  r e sp i r a to ry  C O 2 / O  2 quo t i en t  is 1.0. T h e  roots in these expe r imen t s  

respire  a t  r a tes  be tween  200 and  300 r e # m o l e s / m i n u t e  g ram.  F r o m  this, 
b i c a r b o n a t e  a b s o r p t i o n  is e s t imated  to be  a m a x i m u m  of 30 m # m o l e s / m i n u t e  
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Fmum~ 2. K + and Na + absorption rates as a function of absorption rate/[cation] 
(Eadie plot). The component reactions of each curve are represented by the dotted 
lines. Fig. 2 A. K + absorption at pH 5 from KC1 and K2SO4 solutions. K + concentra- 
tions are from 3 X 10- 6 M to 3 X 10 -~ M with 2 X 10-~ M Na + present at all K + con- 
centrations. Fig. 2 B. Na + absorption at pH 7 from NaCI solutions with 10- s M LiCI 
present. Na + concentrations are from 10 --6 M to 10 -2 M. 

g ram.  Th i s  va lue  falls far  shor t  of be ing  sufficient to a ccoun t  for  the  di f ference 
be tween  po ta s s ium absorp t ion  and  sulfate or  p h o s p h a t e  absorpt ion•  

Acid and Base Release by the Roots H y d r o g e n  ions a re  re leased b y  roots 
a t  s t eady  rates,  as shown in Fig. 3, u n d e r  condi t ions  where  the  r a t e  of ca t ion  
absorp t ion  is cons tan t  a n d  p r e d o m i n a t e s  ove r  the  an ion  absorpt ion .  A t  the  
h igh  salt concen t ra t ions  of  Fig. 3, the  absorp t ion  ra te  is i n d e p e n d e n t  of  the  
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pH change during the experiments. The rates of H + release appear to be 
net  rates, reflecting the difference between anion and cation absorption. 
For example, the rate of release in KC1 is less than in K~SO, at the same 
potassium concentration. H + release in CaSO,  reflects the large initial ex- 
change step that  is observed with calcium ion and strontium ion absorption 
(4). After approximately 20 minutes, the rate is constant with time but rela- 
tively slow as expected from the relatively slow rate of calcium ion absorption. 
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In CaCI~, after the initial exchange H + release, a net steady-state release of 
base is observed which overshadows the slow H + release of calcium ion 
absorption. This is consistent with the relative rates of calcium ion and 
chloride absorption. Sodium ion absorption is approximately the same as 
K + absorption at 10 -a M (Table I I I )  and produces the same rate of H + 
release in the same salt, as in Table VI. The cation induced H + release is 
even faster when acetate is the anion, as expected from the general observa- 
tion that organic acids enter roots only in the undissociated form. 

Rates of H + release qualitatively follow the rates of cation absorption. They  
increase with an increase in K + concentration with the same salt, as shown 
in Table VI. Mannose, 2,4-clinitrophenol(DNP), and low oxygen concen- 
trations, which are inhibitors of potassium absorption (Fig. 1 A), decrease 
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the rate of H + release. On the other hand, Na + absorption is not inhibited 
by oxygen as low as 1 per cent (Fig. 1 B). The H + release rate in 5 X 10 -s M 
N a O H  is similarly unaffected. In this case, the rate of H + release is approx- 
imately equal to the rate of Na + absorption. 

T A B L E  I I I  

P O T A S S I U M  I O N  A N D  S O D I U M  I O N  A B S O R P T I O N  
R A T E S  W I T H  V A R I O U S  A N I O N S  

A n i o n  c o n c e n t r a t i o n s  a re  10 -3 M to 2 X 10 -z M for m o n o v a l e n t  species  a n d  5 X 10-* ~ to 10 -e 
for  d i v a l e n t  species .  No  s ign i f i can t  c o n c e n t r a t i o n s  of  t r i v a l e n t  species  u n d e r  t h e  e x p e r i m e n t a l  
cond i t i ons .  10-3 M N a  + is also in t he  so lu t ions  for K + a n d  R b  + a b s o r p t i o n  a n d  10-3 M Li  + is in  
t h e  N a  + a b s o r p t i o n  so lu t ions .  

Anion 

Chloride Sulfate Phosphate Nitrate Thioaulfate 

Absorption rate Per cent absorption rate with chloride 

K + a b s o r p t i o n  + 10 -3 M N a  + 
10 -5 ~ K +, p H  5 

p H  4 

10 -3 M K +, p H  5 
p H  4 

10 -a M K +, p H  5 

~ V m x  p H  5 

taUtoG&S/rain, gm 

30 110 
16 

124 106 
116 

214 113 

340 110 

115 100 94 

102 97 107 

R b  + a b s o r p t i o n  + 10 -8 ~ N a  + 
10 - 8 ~ R b  +, p H 5  154 101 

N a  + a b s o r p t i o n  -4- 10 -3 ~ Li  + 
10 - 5 ~ l N a  + , p H 7  

10 --a x~ N a  +, p H  5 

~Vmax p H  7 

12.3 101 74 115 

113 91 98 84 

310 

~Vmax is the  s u m  of the  Vmax va lues  of  the  c o m p o n e n t  a b s o r p t i o n  r eac t i ons  a n d  is de r i ved  f rom 
an  a b s o r p t i o n  r a t e  vs. a b s o r p t i o n  r a t e / [ c a t i o n ]  p lo t  e x t r a p o l a t e d  to inf in i te  c a t i on  c o n c e n t r a -  
t ion.  

Rates of base release can be observed under conditions where anion ab- 
sorption rates exceed cation absorption. Base release rates are constant with 
time under  the experimental conditions of relatively high salt concentration 
(Fig. 4) when the absorption rate is constant. Thus, there is a net steady base 
release with 10 -~ M CaC12 at pH 4. This was also true for 10 -3 M KCI at 
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p H  4. The  rate is less at 10 -~ M KC1 (Table VII )  as expected from the in- 
crease in net H + release in 10 -2 M KC1 at p H  7. Base release rates are con- 
sistent with the relative rates of anion absorption. They  are m u c h  greater 
with CaCI~ at p H  3.5 where chloride absorption is increased and calcium 
ion absorption would be expected to be more inhibited. The initial H + 
exchange reaction with calcium ion is overshadowed by the large base re- 
lease so that the rates appear  constant from 1 second (Fig. 4). On the other 

T A B L E  I V  

T H E  E F F E C T  O F  B I C A R B O N A T E  C O N C E N T R A T I O N  
O N  K + A B S O R P T I O N  

K ÷ concen t ra t ion  was  3 X l0 -a M wi th  l0 -s  ~ •a  + present .  Solut ions wi th  
H C O s -  concen t ra t ions  g rea te r  t han  5 X l0 -6 M were  p r e p a r e d  by t i t r a t ing  
K H C O a - - N a H C O s  solut ions  wi th  HC1 to the desired pH.  The  H C O 3 -  con- 
cen t ra t ion  was  ca lcula ted  f rom the p H  and  the difference be tween the cat ion 
concen t ra t ion  and  the  measu red  C1- concent ra t ion .  Since these solut ions 
were  no t  equ i l ib ra ted  wi th  air ,  pCO2 values were  f rom 0.2 per  cent  at p H  7.7 
to l0 per  cent  at p H  4. Solut ions  wi th  H C O a -  concen t ra t ions  at 5 X l0 -e M 
and  5 X l0 -8 M were  p r epa red  wi th  KCI  and NaC1 and  equ i l ib ra ted  wi th  air. 
T h e  p H  was  adjus ted  wi th  HC1. 

Potassium ion 
[HCO~] pH [Ca-] absorption rate 

moles~liter moles/liter mvmoles[min, gm 

5 X 10 -8 4 4 X 10-3 102 
2 X 10 -~ 4 4 X 10 -s 98 

5 X 10 -6 6 4 X 10 4 139 
8 X 10 -4 6 3 X 10 -3 136 

1.2 X 10 -3 7 2.8 X 10 -s 134 

3.6 X 10 --a 7.7 4 X 10 -4 137 

hand, with CaSO ~, the initial exchange of both calcium ion and sulfate (2) 
is reflected by an initial state of no change in the amount  of base released for 
the first 20 minutes. Thereafter, a relatively slow steady rate ensues. With 
Na2SO~, H+ release overshadows the base release even at p H  4, owing to 
the greater rate of cation absorption. D N P  reverses this, showing the same 
base release rate that  it shows without the addition of salt. Hydrochloric,  
sulfuric, phosphoric, and acetic acids all give rise to a base release with the 
relative rates in qualitative agreement with the relative rates of anion ab- 
sorption. 

The results show that H+ is released during cation absorption and base 
during anion absorption. The magnitude by  which one of these predominates 
depends on the relative rates ot cation and anion absorption. However,  the 
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actual rate of base release exceeds the rate of anion absorption. For example, 
base release with 5 X 10 -5 ~a H~SO,  is 15 re#moles/minute gram when the 
absorption is less than 1 (results in Table V compared to those in Table 
VII) .  There  are similarly quantitative discrepancies between absorption 

T A B L E  V 

ABSORPTION RATES OF VARIOUS ANIONS 

Thc potassium salt was uscd in all experiments 

Anion 

Bromide Chloride Sulfate Phosphate 

Anion concentration Absorption rate 

mdes/liur m~moles/min, gm m~olss/min, gm n~molcs/rnin, gm n~noks/min, gm 

10-5 

p H  4 b 16 0 .18  3 

p H  5 - -  10 0,07 

10-* 

p H  4 12 37 0.27 8 

p H  5 - -  34 0.13 

10-8 

p H  4 67 62 1.90 

p H  5 - -  54 1.96 52 

p H  7 - -  52 1.46 

10-3 
p H  4 194 218 12.8 162 
p H  5 - -  160 14.6 - -  

p H  7 - -  126 11.1 - -  

Z Vm,~,= 
p H  4 375 320 = 4 0  200 

rate and base release with 10 -4 ~ HsPO4, although the discrepancy is not 
as great as with sulfate. This explains why the differences in H + release 
between KC1 and K2SO,  are not as great as expected from the relative 
absorption of chloride and sulfate. 

D I S C U S S I O N  

Potassium ion and sodium ion absorption are independent  of the identities, 
concentrations, and rates of absorption of the anions of the external solution. 
Independence of cation and anion absorption is also shown by the effect 
of 10 -s ~a mannose which inhibits potassium absorption but does not affect 
phosphate absorption (8). Mannose has been shown to alter the distribution 
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of p32 among the products of phosphate absorption by barley roots (8). 
Thus, cations must be absorbed as ions or hydroxides. Anions must be ab- 
sorbed as ions or undissociated acids. Release of hydrogen ions accompanying 
cation absorption and base release during anion absorption substantiates 

80001 Q 1o -2 M KCl 

,o-2 M  2so4 

I'--"l I 0"2 e CaCI 2 

V 10 .3 M CoSO 4 

O o 

E 

= 

E 

! 

O e 

~0 I0 20 30 45 60 
Minutes 

FxctrRE 3. Time course of H + release by roots, determined by titration back to the 
initial pH of 7.0. Final pH values were as low as 4.7. The H + release was measured 
for periods from 1 second to 60 minutes. 

this. I t  is also consistent with the competitive effect of hydrogen ion on cation 
absorption (5) and of hydroxide on phosphate absorption (6). H + release 
cannot be accounted for by bicarbonate absorption since CO~. uptake is 
not great enough to account for the excess of cation absorbed over anions. 
Neither cation is exchanged for the sodium ion or potassium ion in the roots. 

Release of hydrogen ion in the external solution does not differentiate 
between an actual H + exchange or hydrogen ion release owing to uptake of 
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hydroxide. In either case, internal anions must exert some balance for cation 
absorption if a constant charge balance is to be maintained. Organic acid 
anions have been shown to increase with excess cation absorption and to 
decrease with excess anion absorption (9, 18). Lundegardh (12) believes that  

TABLE VI 

RATES OF H + RELEASE BY BARLEY ROOTS 

The amounts of H + released were determined by titration back to the initial 

p H  of 7.0. F ina l  p H  values were  as low as 4.7. T h e  negat ive  ra te  of  CaCI2 
indicates a net  base release. All solut ions con ta in  sufficient base to b r ing  
the solut ion to p H  7 and  are equ i l ib ra ted  wi th  air. K O H  was used to adjust  
po ta s s ium salt  solutions,  N a O H  for sodium salt  solut ions and  C a ( O H ) ,  for 
ca lc ium salt solutions.  T h e  a m o u n t  of  base did no t  increase the cat ion con- 
cen t ra t ion  of  the added salt solut ions by m o r e  t han  10 per  cent.  Solut ions 
wi thou t  added salt con ta in  only sufficient base  to b r ing  the solut ion to p H  7. 

Solution H + release rate 

m,~moles/mln, gm 

N a O H ,  7 X 10-5 u 19 
1 per  cent  oxygen 21 
-5 10 -e M m a n n o s e  4 

DNP,  10. 4 M -5 3 X 10. 4 ~ N a O H  

KC1, 10. 3 ~ 21 
10. 2 M 40 

K~SO4, 10- 3 M 47 
1 per  cent  oxygen 23 

10 -2 u 55 

1 per  cent  oxygen 36 
+ 10 .3 M m a n n o s e  18 
-b 10 .4 ~ DNP 2 

Na2SO4, 10 .3 M 55 

Na  acetate,  10- 3 M 77 

CaSO4, 10-3 M 2 

CaC12, 10 .8 M --27 

increase in organic acid anions is accomplished by bicarbonate uptake and 
is causally related to excess cation absorption. On  the other hand, Jacobson 
(9) observed that  CO2 uptake from the external solution was not sufficient 
to account for the organic acid increase. The  organic acid concentration 
changes were not always equal to or great enough to account for the excess 
cation or anion absorbed, particularly in the case of anions. Ulrich (18) 
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viewed the changes in organic acid content as a respiratory-linked result of 
unequal absorption of anion and cation. Increased organic acid content asso- 
ciated with an excess of cation absorbed was attributed to concomitant CO 2 
uptake. An increase in the respiratory utilization of organic acids was at- 

6°°°F O ,o- M coc,2 

/ ,o-2,., coso4 

[ ~ ]  10"4M H3P04 Q 
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=0 
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I I I I I 
10 20 30 45 60 

M i n u t e s  

Time course of base release by roots, determined by titration back to the FIouR~ 4. 
initial pH of 4.0. Final pH values were as high as 4.5. The base release was measured 
for periods from 1 second to 60 minutes. 

tributed to excess anion absorption with the organic acid decreases not 
quantitative because of the low levels of organic acid initially in the roots. 
The time sequence of the organic acid changes with salt absorption was not 
determined but the qualitative agreement with the relative anion and cation 
absorption does suggest an internal balance for absorption. 

The base release observed with excess anion absorption can be O H -  re- 
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sulting from H ÷ uptake or from H C O  3- excretion as well as from exchange. 
H C O s -  would not be accumulated in the external solution under the ex- 
perimental conditions of constant equilibration with air. H C O  3- excretion 
seems a likely explanation of the relatively large base release compared  to 

T A B L E  V I I  

R A T E S  O F  BASE R E L E A S E  BY BARLEY R O O T S  

T h e  amoun t s  of base released were  de te rmined  by t i t ra t ion  back to the  init ial  
p H  of  the  solut ion.  F ina l  p H  values were  as h igh  as 4.5. T h e  nega t ive  va lue  
for Na~SO4 indicates  a ne t  H + release. All solut ions con ta in  sufficient acid 
to b r ing  the  solut ion to p H  4.0 or  3.5. HC1 was used for chlor ide salt  solu-  
t ions and  H2SO4 for sulfate.  T h e  a m o u n t  of acid did no t  increase the an ion  
concen t ra t ions  of the added salt  solut ions by more  t han  l0 per  cent.  Solu- 
t ions w i t h o u t  added  salt con ta in  only sufficient acid to adjus t  the  pH.  

Solution Initial pH Base release rate 

mumoleg/min, gm 

HC1 3 X 10 -4 M 3.5 66 
10 -4 M 4.0  40 

K C I  l0 s M 3.5 354 
10 --s M 4.0  23 
10 .-2 M 4 .0  7 

CaC12 10- 2 M 3.5 434 
10 --s M 4.0  55 
10 -8 u 7.0 27 
10- 2 ~ 4 .0  150 

H~SO4 5 X 10 -  5 M 4.0  15 
-k- 10- 4 M D N P  4.0 33 

Na~SO4 10 .2  M 4.0  --23 
-t- 10- 4 M D N P  4.0  26 

CaSO4 10 -3 M 3.5 71 
I0 ~ ~ 4 .0  12 
10 - ~  M 4.0  64 

H2PO4 10 -4 M 4.0  50 

C H 3 C O O H  4 X 10 -8 M 3.5 19 

the excess anion absorption since C O .  is constantly generated in the roots by 
the respiratory chain. Overstreet et al. (14) state that  excess absorption of 
anions is usually accompanied by  an increase of H C O 3 -  in the external 
solution. Titration curves do not suggest that sufficient amounts of organic 
weak-acid anions are excreted. 

Potassium ion absorption is inhibited at 1 per cent oxygen bu t  Na  + ab- 
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sorption is not. This infers a specificity of the absorption for each cation. The 
H+ release rate, in reflecting the absorption rate of each cation, also reflects 
this specificity. Thus, the H + release appears to be production of H + in the 
specific reactions of the cation absorption. It does not appear that a general 
exchange is rate-limiting to the cation absorption; that is, K + or Na + ab- 
sorption is not rate-limited by H + exchange from non-specific sources. Further, 
the cation absorption does not depend on a H + gradient in the opposite 
direction, as is indicated by almost no effect of a change in H + concentration 
from 10 -a M to 10 -7 M on K + absorption from 10 -8 M K +. 

H + and base release during cation and anion absorption substantiates a 
process of H + exchange for cations and O H -  exchange for anions, formulated 
by Jacobson et al. (10). Exchange is consistent with mechanisms of absorption 
mediated by metabolically produced carriers, with more than one reaction for 
each ion and with specificity of absorption of individual ions. In addition, 
it provides an electrical balance for independent absorption of cations and 
anions. 

The rate-limiting steps of cation and anion absorption are only connected 
by a maintena: .e of charge. However, independence of the immediate 
reactions of cation and anion absorption does not preclude the likelihood 
that absorption of one would have an eventual or indirect effect on the 
other. For example, an increase in respiration produced by anions which 
was observed by Lundegardh (13) might be expected to alter the steady- 
state levels of compounds involved in cation absorption. In turn, the increase 
in organic acids associated with excess cation absorption may eventually 
alter the rate of anion absorption. The experiments presented indicate that 
the rate-limiting step for cation absorption against a salt concentration 
gradient is neither a gradient produced by simultaneous anion absorption 
nor an H+ concentration gradient in the opposite direction. It appears to 
be the production, utilization, or turnover of compounds in specific reactions. 
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