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Relationship of Cell Sap pH to Organic Acid Change During Ion Uptake'
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.Summanwry. Excised roots of barley (Hordcintf vulgare, var. Campana) were in-
cubated in KCl, K2SO, CaCL, and NaCl solutions at concentrations of 10- to 10-2 N.
Chanlges in substrate soltution pH, cell sap pH, antI organic acid content of the roots
wx ere related to differences in cation and anion absorption. The pH of expressed
sap of roots increased when cations were absorbed in excess of anions and decreased
wNhen anions were absorbed in excess of cations. The pH of the cell sap shiftedI in
response to imbalances in cation and anion uptake in salt solutions as dilute as 10-5.
Changes in cell sap pH were detectable within 15 minutes after the rooits were placed
in 10- N K2SO. Organic acid changes in the roots were proportional to expressed
sap pH chainges induced by unbalanced ion uptake. Changes in organic acid content
in respoiise to (lifferenftial cation and anion tupt-ake appear to le associated with the
low-vsalt componeiit of ion tiptake.

Several investigators (1, 5, 6, 7, 8, 11, 12) have
s;hown that orgaanic aci(d conteint of roots increases
w-hen cations are absorbe(d in excess of anion,s and
decreases when aanions are absorbe(d in excess of
cations. II the first report of this phenomenon,
'Ulrich (11) suggeste(d that whenever catioins are
absorbed in excess of anions, the root cells tend to
compensate for the potential increase in alkalinity
throtugh the formation of orgainic aci(ds. In experi-
-ments of 8-hour dutration, Ulrich ( 11, 12) inoted
slight increases in the pH of cell sap from roots
absorbing cations in excess of anIionIs. Hiatt andl
Hendricks (5) (leternlined the pH of ethanol ex-
tracts of roots after the extracts had been drie(d
aIicl restispeiilne(l in water. The pH of extracts
increase(l un(ler conditions of excess cation absorp-
tion aincd decrease(d tind(er conditiolns of excess anion
al)sorption.

Ak mechaniisnii wx-as proposed (4) whereby organic
acicl synthesis and( breakdown mav l)e regulated by
the pH of the cell sap. The mechaniisnm is based
on the infltuence of pH on equilibria of glvcolvtic
reactions, particuilarlx the reactions catalyzed by
glyceraldehyde-3-P dehydrogenase, hexokiniase, and(
P-frtictokiinase. It %\ as also proposedl that carbox-
vlation of P-eniol pyruvate to form 4-C organic
acids may be caulsally relate(d to excess cation
absorption (5).

Most studies of organic acid changes uinder
con(ltioi- s of uinbalanced ioIn uiptake have been
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conidu1cte(l usinig solutioIns of near 10-2 N conceni-
tration. Because multiple uptake mechanisms ap-
parently operate at these concentrations (3), it was
of interest to determine the effect of absorption
from more dliluite soluitions oIn cell sap pH and
organic acidl changes. The resuilts reported in this
paper in(dicate that organic ac'i(l chaanges are re-
lated to the loxvJ salt conicentrationi componienlt of ion
tiptake.

Materials and Methods

larley see(lliings (Hordenin vldgare, var. CaI11-
pana) were dark-grow n in contintuoutsly aerated
0.2mnt CaSO,, essentially as described by Epstein
andl Iagen (2). Excised roots from 6-day old
plants xvere rinse(d several times in 0.2mM CaSO,
an(l ux-ere suispeinded in approximately 30 times the
root volilme of 0.2mM\ CaSO4 for 30 minuttes be-
fore tiise.

In most experiments 3.2 g of roots were place(d
in 2 to 16 liters of the aeratedl suibstrate soluitions
at 23 . At the end(l of the experimeint, the roots
were rinsed for 10 minutites in (listille(l water aindl
blotted dry. Duplicate 0.5; g samples xxere weighe(d
for inorgainic ioln ainalyN-sis nd 2 g \\ere weighedl
for organic acidl analy-sis. In experimeints where
the pH of the expressedI sap x-as determined, .he
entire root sample was uised for pH ldetermination.
Each soluitionl, in addition to the experimenital salt
incler consideration, containedl CaSO4 at 0.2mt,\
adde(d to maintain membrane integrity dltiring the
experiments (9).

Changes in pH of the sbibstrate soluttions w%ere
follow\ed by (leterulinilig the pH of 5 nil alionots
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of the solutions periodically and discarding the
aliquots. The pH of K2SO4 substrate solutions was
maintaineid at pH 5.5 to 5.7 by the addition of 0.1
N KOH. The addition of K+ as KOH did not
exceed the K+ removed from the solutions by the
roots.

Potassitim, Cl-, and Na+ were extracted by boil-
ing the roots for 10 minutes in each of 3 changes
of distilled water (10 ml). The extracts were
adjusted to the desired volume by evaporation or
dilution. Potassiulm was determined by flame pho-
tometric analysis, Na+ by atomic absorption and
Cl- by means of a Btuchler-Cotlove automatic chlo-
ride titrator. Calcium was determined by flame
photometric analysis following oxidation of the
sample overnight in a muffle furnace at 4800.

Stulfate tuptake was determined with K235S04.
After the absorption period, the roots were rinsed
for 20 minutes with several changes of non-radio-
active 3 X 10-2 N K2S'04. The roots were pressed
flat in a planchet anid radioactivity was determined
by uise of a gas flow counter. Specific activity of
the 35SO2-4 in the substrate solution was estimated
by drying an aliquot of the solution in a planchet
with 1 ml of a 100 mg/ml sucrose soltttion added
to provide self absorption similar to that produtced
by the roots.

Total organiic acids were determined by the
procedure described by Hiatt and Hendricks (5).
The pH of cell sap was determined after macerating
the roots with mortar and pestle and straining the
mixture throuigh cheesecloth.

Results

Three g of roots were incubated for 6 hours
in aerated soluitions of K.SO, CaCl, and KCl.

Organic acid content, K+, Ca2', and Cl- uptake
were determined. Sulfate uptake was determined
in a parallel experiment. The results (table I)
indicate that at all salt concentrations, changes in
organic acid content were proportional to the dif-
ference between cation and anion uptake. Increase
in organic acid content of roots in K2SO4 was
approximately equivalen-t to excess cation uptake.
Although organic acid content of roots in CaCl2
decreased markedly, the decrease in organic acid
content was not equi'valent to excess anion uptake.
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FIG. 1. Effect of KCI concentratic
uptake of barley roots.

Table 1. Effect of Concentration of K.,SO4, CaCl2, and KCI on Cation Uptake, Anion Uptake, an(
Change of Barley Roots

Roots wsere incubated for 6 hlours in the indicated solutions. Initial levels were: K conitent =
content = 4 ueq/g; organic acid contenit 28.4 ,eq/g.

K. SO4

Concentration

N

10-a
10-4
10-
10 -2

5 X 10-2

3 X 10-5
10-4
10-3

5 X 10-5
10-4
5 X 10-4
10-3
5 X 10--
10 -2

Substrate
volume

Liters
8
4
4
4
4

8
8
4

8
4
2
2
2
2

Cation
uptake

,ueq/g
9

12
17
22
25

<1
<1
<1
16
14
23
28
39
43

Anioni
uptake

Ateq/g
<1
<1
<1

2.1
6.4

14
14
15

19
20
26
29
36
39

of K+ ancd Cl-

d Or-ganic Acid

18 geq/g; Cl

Organic acid
change

.Leql/g
8.7

12.2
15.1
18.0
20.6

-9.0
-10.7
-9.7

-2.9
-4.6
-0.4
-0.2

0.8
1.2

~5 104 103
KCI CONCENTRATION (M)

C'--'L ,
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Thble If. K, Cl, and Organic Acid Content of Roots after 24 Hours in 10-3 N Salt

K Cl Organic acids
Salt Content Change Content Change Content Change

Aeq/g ,ueq/g Aeq/g

33
-1
56

4
3

31
61

-1

27
57

21 ...

53 32
8 -13
19 -2

These roots consistently absorbed Cl- in greater
quantities than K+ from KCl solutions of 5 X 10-4
N or less (fig 1). In KCl solutions of higher con-
centrations than 10-3 N, K+ was absorbed in excess
of Cl-. At low concentrations, organic acid de-
crease was proportional to excess anion absorption,
and at high KCl concentration, the organic acid
increase was proportional to excess cation uptake
(table I). The lower level of accumulation of K+
from 10-4 N KCl as compared to 5 X 10-5 N KCl
(table I) is of interest. This phenomenon has
been observed in many of our experiments and is
not a result of depletion of K+ from the substrate
solution. A possible explanation for this phenom-
enon is included in the discussion section.

Table II shows the K+, Cl- and organic acid
content of roots after 24 hours in 10-3 N concen-
trations of K2S04, K'C1, and CaCl,. After 24
hours, the roots have approached equilibrium with
the substrate solution. As in the experiment of
4-hour duration, K+ uptake from 10-3 N K2S04 was
accompanied by an equivalent increase in organic
acid content of the roots. In the 24-hotur experi-
ment, Cl- uptake from 10-3 N CaCl2 was approxi-
mately twice the decrease in organic acid content.

If organic acid synthesis and decarboxylation
are regulated by cell pH, there should be a rapid
response of cell pH to tunbalanced ion uptake. Four
g of roots were placed in each of 6 flasks of aerated
solutions containing 10-3 N K9S04 and 2 X 10-4 M
CaSO4. At 30-minute intervals, the substrate solu-
tions were adjusted to pH 5.6 with KOH to couinter
the hydrogen ions released from the roots. At the
indicated time intervals (table III) the roots were
removed, and the pH of the expressed sap was
determined. The experiment was repeated and the
results were virtuially identical.

Barley roo-ts absorb K+ at the rate of approxi-

Table III. pH Change of Expressed Root Sap with Time
of Incubation in 10-3 N KSO4

Incubation period Expressed Sap

pH
Initial roots 5.48
15 min 5.51
30 " 5.54
1 hr 5.56
2 " 5.59
4 Pt 5.59
6 " 5.59

mately 4 meq/g/hr and S02-4 absorption is negli-
gible from solutions of 10-3 N K,S04. There was

a definite increase in pH of expressed cell sap
within 15 minutes (table III). The cell sap pH
continued to increase during the first 2 hours but
did not change between 2 hours and 6 hours. The
method used gave the average cell sap pH of the
whole root; however, during short interval studies,
it is unlikely that all root cells are accumulating
ions. Furthermore, ion accumulation into the
vacuole would be expected to lag behind accumula-
tion into the cytoplasm. Therefore, during early
stages of ion acculmulation, the change in pH
within the cytoplasm of cortical cells is probably
consliderably greater than the valtues recorded in
table III.

Roots were incubated for 2 hours in K2SO4,
CaCl9 and KCl at various concentrations, and the
pH of the expressed sap was determined (table
IV). The shifts in pH of expressed sap corre-

sponded to differences in cation and anion uptake,
as indicated by changes in pH of the sulbstrate
solution and the data in table I. The pH of cell
sap responded to differences in cation and anion
uptake even at salt concentrations of 10--5 N. With
KCI the largest decrease in pH occuirred in the
10-4 N solution, the concentration restulting in the
greatest excess of anion uptake (table I).

The pH of expressed sap of roots in K,SO4
increased with each increase in salt concentration.
Expressed sap of roots in CaCI2 decreased, but
lqittle additional response resuilted from increasing
CaCl9 concentrations to levels higher than 1O-4 N.

Likewise, increasing CaCl9 concentrations to 5 X
10-2N restulted in little increased Cl- absorption over

absorption from 10-4 N CaCl.
Na+ tuptake, Cl- tuptake, and changes in cell pH

of roots incubated 4 hours in NaCI soluitions are
shown in table V. Roots in NaCl responded in a

manner similar to roots in KCI, the cell sap pH
decreasing with excess Cl uptake and increasing
with excess Na uptake.

Discussion

At least 2 mechanisms are involved in the
absorption of ions by plant roots (3). The high-
salt-concentration mechanism contribtites negligibly
to ion uptake from solution of concentrations less
than 10-3 M. The low-salt-concentration mechanism

Initial roots
K2504
CaCI2
KCI

15
48
14
71
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Table IV. Effect of Concentration of K2,SO4, CaCl2, and KCl on pH of Substrate Solution. and Expressed Cell Sap
Expressed sap pH of initial roots = 5.45. Incubation period = 2 hrs.

Substrate
Salt

K2SO

CaCl2

Concentration

10-5
10-4
10-3
10 -2

10-4

10 -510 2

10-4
10-3
1(0-

Initial

pH
5.70
5.70

5.705).7o

5.63
5.65
5.68

5.70
5.70
5.70
5.70

Final

pH
*

*

*

5.78
5.82
5.90

5.77
6.02
5.86
5.63

Expressed sap

pH
5.49
5.52
5.54
5.56

5.13
5.07
5.08

5.38
5.21
5.27
5.47

Final pH levels of K.,SO4 solutions are not given because pH w-as maintained at 5.5 to 5.7 with KOH.

Tablc V. Effect of Conccntration of NaCI on Na Uptake, Cl Uptake, Substr-ate Solution pH, and Expressed Sap pH
The iincubation period was 4 hours.

Concentration

N
10-5
10-4
10 3

10-2
Illitial levels

Na uptake

,tueq/g
5

15
23
42
2.5

Cl uiptake

,ueq/g
10
18
20
33
3.5

Substrate
solution

pH
5.74
5.75
5.53
5.48
5.61

Expressed sap

pH
5.2.5
5.40
5.52
5.58
5.45

approaches maximuim rate at salt concentration of
approximately 10-4 M and is usually considered to
operate at maximum rates at salt concentrations
higher than 10-3 M. At salt concentrations exceed-
ilig 10-3 M both mechanisms of uptake operate.
The concentration of organic acids in barley roots
responds to imbalances in cation and anion uptake
at all salt concentrations (table I). Therefore, if
this phenomenon is confined to either of the uptake
mechanisms, it would be associated with the low-
salt-concentration component of ion uptake. This
is in conflict with the views of Torii and Laties
(10), who state that the high-salt-concentration
component of ion uiptake is responsible for accom-
niodating organic acid changes. According to table
I and the data reported by Epstein et al. (3), K+
anld Rb+ uptake from solutions of concentrations
less than 10-4 N are virtually independent of the
rate of uptake of the associated anion. Roots
absorb K' from 10-5 to 10-4 N S,02-4 salts and C1-
salts at approximately equal rates, even thotugh
S02-4 absorption is negligible. At these concen-
trat,ions, ion uptake is limited to the low-salt
mechanism. If changes in organic acids were asso-
ciated with the high-salt mech-anism only, the ob-
served response of organic acid levels to unbalanced
ion uptake (table I) would not be expected.

Th,e response of expressed sap pH to excess
cation uiptake is immediate (table III) and con-
firms the report of Ulrich (11,12) that the pH of
cell sap tends to increase when cations are absorbed
in excess of anions. Fuirthermore, there is a
marked decrease in cell sap pH when anions are
absorbed in excess of cations (table IV). The pH
change is proportional to the magnitude of ion
uptake imbalance and is sensitive to small differ-
ences in ion uptake. A mechanism by which cell
pH may control organic acid levels in roots was
disctussed in a previous paper (4).

A-t the pH levels maintained in these experi-
ments (5.6-6.0), Cl- uiptake exceeded K+ ulptake
from KCI solutions of below 10-3 N (fig 1). Repli-
cation of sttudies of K+ and Cl- uiptake versuis
concentration was excellent except for points near
10-4 N KCI. In experiments of longer than 4-houir
duration, K+ uptake from 10-4 N KCl was freqtlently
observed to be equal to or less than K+ tuptake from
3 X 10-5 or 5 X 10-5 N KCl. A leveling off of
the uptake versus concentration curve is consistent
with the saturation of an uiptake mechanism. The
perplexing decrease in K+ uiptake from 10-4 N KCI
compared with 5 X 10-5 N KCI (table I) was not
observed in short term experiments (3) and might
be explained on the basis of cell pH shift and
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org,anic aci(l chanige. \When the KCl conlcenitrationi
of the substrate soltitioni is increase(d from 10-* to
1( 4 N, the rate of increase of Cl- tiptake excee(ls
the rate of increase of K- tiptake (fig 1). This in-
dilces a decrease in cell sap pH, cau1s;ing a (lecrease
in the organiic aci(l contenit of the roots. The K-
in-itiallY neutralize(d by the organic aci(ls being
(lecarboxylate(l \vwo(tld e release(l as a free ioIl ili
the cytoplasm. The freed K+ might lecome asso-
ciatedl with the incoming Cl- Thuis, electrical
nieuitrallit) woufld be mainitaiine(1 in the cell withotit
a(l(litional uiptake of K- or the synthesis of an

organic cationl. The phenomenion dloes not resuilt
from loss of K+ from the roots: rather, it is dIIe to
a reduiction in K- uiptake. Hydrogen ions accomi-
paniying the incoming Cl- wvould be ultilized in the
reverse operation of the glycolxytic pathway (4).

Initi,al rates of Cl1 uiptake from soliutions of
low CaCl., and KCI concentration (10-5 to 5 X 10-
N) are nearly the same. However, Cl- uiptake
rates fro,m these concentratiolis of CaCl., decrease

rapidly with time anld are mutch less thani tiptake
from KCl after 4 houirs. It seems logical that C1-
uiptake from CaCl., might be limited by the avail-
atbility of end(logeinotis cations initially associatedl
with orgallic aci(ls. The cations initialvl associated
wvith organic acids in the cvtoplasm muiist ilot lbe
the only souirce of cationis available to balance

iincotiiilg Cl, however, ilecailse niet Cl- uiptake frotim
CaCl., may exceeled the (uialltity of organic acidls
originally )resent in the tissuie (table I)
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