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A relationship between potassium and proUne accumulation in
salt-stressed Sorghum bicolor
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The amount of total monovalent cations in leaves oiSorghum bicotor, L. Moench, RS
610, which were exposed to salinity stress, was a function of both the osmotic poten-
tial and the concentration of K^ of growth media. The plants have a Na^ exclusion
mechanism that keeps the level of Na"̂  in leaves low. Thus, most of the osmotic
adjustment in leaves was due to K"*̂ . Proline did not start to accumtiiate in leaves until
the concentration of total monovalent cations in leaves reached a threshold of ap-
proximately 200 jimol/g fresh weight. Above this threshold, the contents of proline
and monovalent cations in leaves increased with increasing salinity of the medium.
The ratio of proline to monovalent cation was 5% of that amount of monovalent
cation in excess of the threshold concentration. Therefore, if the cations are located
in the vacuoles and proline accumulates in the cytoplasm, then the amount of ac-
cumulated proiine is sufficient to act as a balancing osmoticum across the tonoplast.
Very little proline accumulated in roots because this tissue contained much less total
monovalent cations than leaves from the same salt-stressed plants. The same
threshold of 200 fjmol/g fresh weight of total monovalent cations was required in
roots as in leaves to initiate proline accumulatioti.
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introductiun accumulation vi'as observed in Pennisetum which were
Most plants respond to changing osmotic potentials in exposed to salinity induced by KCl but not iti plants
their external environment by osmotic adjustments of exposed to salinity induced by other salts or
their cellular contents (Hellebust 1976, Greenway and polyethylene glycol (Huber and Schmidt 1978). Specific
Mtinns 1980, Maas and Nieman 1978). Both inorganic effects of KCl were reported also in the cucumber
ions and organic compounds are utilized for this pur- (Udayakumar et al. 1976). However, in barley other
pose. Proline is one of the organic compoutids that has cations, besides K+, were equally effective in stimulat-
been reported to accumulate in both giycophytes (Bar- ing proline accumulation (Chu et al. 1976b), and in
Nun and Poljakoff-Mayber 1977, Chu et al. 1976a, b, halophytes a positive relationship was reported between
Goring and Thien 1978, Hubcr and Schmidt 1978, proline accumulation and the Na+ plus Cl" content of
Mukherjie 1974, Udayakumar et al. 1976) and halo- cell sap (Treichel 1975).
phytes (Stewart and Lee 1974, Storey and Wyn Jones In the course of a study of the mechanisms of osmotic
1978, Tal et al. 1979, Treichel 1975) subjected to saline adjustment in a tnoderately salt-tolerant cultivar oiSor-
stresses. Several investigators have noted specific re- ghum bicolor, exposed to salinity induced by various
lationships between composition or cellular inorganic salts, we noted a special effect of K+ on proline ac-
ion contents and proline accumulation. Thus, proline cumulation. The aim of the experiments to be described
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in this paper was to study in greater detail the effect of
saline stresses due to Na* and K"*" salts on internal con-
centrations and ots proline accumulatioti.

Materials and mclhods

Seeds of Sorghum bicolor, RS 610, were spread on
moist cheesecloth supported by a stainless steel screen.
They were allowed to germinate in the dark at 29°C
over a solution of 0.5 mM Ca(NO3)2 in a closed
chamber so that the relative humidity of the air was kept
high. At 5 days, when roots of most plants were ap-
proximately 5 crn in length, the screens supporting the
seedlings were placed over an aerated liquid growth
medium with 3.5 cm or more of the roots immersed in
the solution. The medium used was a 1:2 dilution of
Hoagland's solution and was composed of 3 tniW KNO3,
2.5tnjW Ca(NO3)2, 1.5 mM MgSOa, 0.14 mM
7 x 10-^mMKjHPO4,4.5 x 10"̂  mM MnSO*, 0.2
H3BO3, 7.6 X 10'^ tnM ZnSO4, 3.2 x 10^ mM CuSOj,
1.2 X 10^ mM H2MOO4, and 2.5 x 10"= g ferric
sequestrene (containing 10% Fe'"^) per 1. The pH of this
medium was 5.2. Since Sorghum is a wartn weather
plant, the plants were grown in a growth chamber under
a regime of 14 h light at 29°C aod 10 h dark at 25°C.
The light source was a bank of GE fluorescent lamps.
Code 32773, and 100 W incandescent bulbs providing
an intensity of 58 W/m^ at plant height. (Mention of
company names or products is for the benefit of the
reader and does not imply endorsement, guarantee, or
preferential treatment by the USDA or its agents.) Any
liquid lost from the growth medium was replaced daily
with water to keep the volume constant.

Twenty four hours after transfer of the seedlings to
growth media, either NaCl, KCl, NaiSO* or K2SO4 was
added to the medium iti sufficient quantity to decrease
the osmotic potential of the solution by 0.2 MPa every
24 h until the desired level of salinity was obtained. (A
concentration of 23 niM NaCl or KCl or of 15 mM
Na2SO4 or K2SO4 reduces the osmotic potential of a
solution by 0.1 MPa.) Thus, if, for instance, -fl.8 MPa
was the desired level of stress and the selected growth
period for the experiment was 14 days, then the plants
would be exposed to saline conditions for 8 of those 14
days and, of which, the last 4 days would be at a con-
stant osmotic potential of -0.8 MPa. At -0.8 MPa salt,
the pH's of the growth media were shifted downward by
only 0.1 to 0.2 pH units by the chloride salts and only
0.1 or 0.2 pH units upward by the sulphate salts. In the
experiments in which the effect of various concetitra-
tions of K* was studied, a K*-free medium was pre-
pared by replacing KH2PO4 and K2HPO4 in the 1:2
dilution of Hoagland's solution with equivalent molar
amounts of the comparable sodium phosphate salts and
by omitting KNO3. Sufficient NOj was supplied as
Ca(NO3)2. Known amounts of KCl were then added to
this K "'-free medium to yield concentrations of 0, 1, 3, 5

or 23 mM or, if higher, by 0.2 MPa increments at 24 h
intervals, as described above. When lower potentials
were needed in a growth medium than that provided by
KCl alone, then NaCl was also added iti 0.2 MPa incre-
ments so that the sum of the two salts gave the potential
desired.

Extraction of proline and other solutes. The plants were
harvested on the 14th day of growth 5 h after the lights
were turned on. Roots were rinsed 3 titnes with distilled
water and then cut off about 1 cm below the cheesecloth
and carefully blotted dry. Leaves were cut off to obtain
the top 10 cm lengths. Care was taken not to damage
the tissues except for the cut edges. Solutes were ex-
tracted with toluene using a slight modification of the
methods of Lerner et al. (1978). The toluene extraction
procedure is as follows: Four g of tissue was placed in
containers with 50 ml H2O plus 2 ml toluene at 3O'°C.
The containers were large enough so that the tissues
could be curved, if necessary, but care was taken not to
crease or otherwise mutilate the tissue. The containers
with the tissues were gently shaken for 60 min. The
liquid was decanted, and the extraction repeated two
more times. The three liquid supernatants were pooled,
filtered, and diluted with water to 150 ml. This solution
was then assayed for K* and Na* by flame photometry,
for Cl^by potentiometric titration (Cotlove 1963), and
for proline by its reaction with ninhydrin (Bates et al.
1973). The addition of alcohol to the extraction
medium, suggested by Lerner et al. (1978), was omitted
as it was shown to be unnecessary with Sorghum tissues
(Weimberg et al. 1981). This procedure was used be-
cause it was easier and faster than the standard extrac-
tion procedures such as boiling water or hot 80% etha-
nol, and it extracted as much of the low molecular
weight solutes in Sorghum tissue as the standard tech-
niques. In a few of the early experiments of this study,
plant tissues were extracted by either toluene or boiling
water to be certain that the results obtained by both
methods were the same.

Results and discussion

Effect of salinitj on proline and monovaJent ion
accumulation

Sorghum bicolor, RS 610, grew relatively well, although
stunted, when exposed to media containing NaCl,
Na2SO4, and KCl up to -0.8 MPa osmotic potential. At
—1.0 and —1.2 MPa osmotic potential, the plants were
still turgid and growing when they were 2 weeks old but
were showing leaf tip necrosis. Therefore, in the ex-
periments to be described, —0.8 MPa was the maximum
level of salinity used. K2SO4 was more toxic to plants
than the other salts because plants exposed to-1.2 MPa
due to K2SO4 did not survive for 2 weeks, and plants
growing in -0.8 MPa K2SO4 showed symptoms of wilt-
ing by the time they were 2 weeks old. The atnounts of
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Tab. 1. Prohne, K*, Na*, and Crin extracts of sorghum seedlings ((leq per g fr. wt.) with and without -0.8 MPa saline stress. The
data shown are the average values ± staadard deviation of the results of 3 replicated experiments.

Tissue

Leaves

Roots

Salt

None
NaCl
KCl

K:5O4

None
NaCl
KCi
NajSOj
K^O4

Proline

0.4±0.1
3.8±1.5

28.9±4.6
9.4±1.8

2].5±5.3
0.3±0.1
0.9±0.1
0.3±0.l
].2±0.3
0.4±0.3

K*

93 ±18.1
139 ± 2.1
615 ±47.6
125 ±13.8
333 ± 8.4
28.2± 3.1
33.0± 9.3

163 ±36.6
30.9± 2.9

133 ±14.7

Na*

0.9± 0.8
51.4± 9.8
2.0± 2.1

142 ±11.0
].2± 0.9
5.5± 4.0

176 ±21.2
i.4± 1.0

152 ±15.4
1.5± 1.2

Cl-

2.2± 1.8
200 ±42
539 ±53

3.3± 0.4
3.4± 0.6
0.8± 1.4

71.2± 6.3
133 ± 9.8

1.4+ 0.2
0.9± 0.5

proline, Na"̂ , K"̂  atid Cl" leaked from toluene treated
tissues of 14 day old plants grown in the presence or
absence of -0.8 MPa salinity due to the above men-
tioned salts are listed in Tab. 1.

ProUne accumulated predominately in leaves. No at-
tempt was made to determine if there was a gradietit of
prolitie coticentration along the leaf as was reported for
water stressed barley (Hanson et al. 1977). The top 10
cm of the leaves were used in the assays, and if there
was a gradient, these parts of the leaves would be ex-
pected to contain the highest concentrations of proline.
Proline content was highest in leaves from plants grown
in media salinized with K* salts. The leaves of plants
exposed to sodium salinity contained much less proline,
but there was two and a half times more proline in
leaves of plants exposed to Na2SO4 than in those ex-
posed to NaCI. Also 2.5 times more sodium and, con-
sequently, twice as much total monovalent cations was
transported to the leaves of plants exposed to Na2SO4
compared to those exposed to NaCl The potassium
content was the same under the two treatments. Al-
though the K* content was higher in Na"̂  stressed plants
than in the control plants, it was much lower than in the
plants exposed to K* salitiity. The total monovalent ca-
tion content of the leaves varied in the different
salinities and was in the order KCl > K2SO4 > Na2SO4
> NaCl; this being also the order for proline accumula-
tion.

The effect of K"̂  and Na* salinities on cation content
and proline levels iti roots was the opposite of their
effects on leaves. More Na* and less K* accumulated in
roots of Na*-stressed plants than in leaves. Very little
proline was present in roots and then only in roots of
Na*-stressed plants. The amounts of proline in roots of
Na*-stressed plants were 3 to 4 times higher than the
amounts in roots of control plants while the amounts in
roots of K*-stressed plants were no greater than those
found in the controls.

RelatioMsliip between stress and foliar conteni of monovalent
cations

Since the data of Tab. 1 indicated that stress induced by
K* was needed for higher proline accumulation in
leaves, the following experiment was undertaken to
determine the interrelationship between K* and stress
on proline accumulation. Plants were grown in a
medium whose basic composition was K^-free. Evi-
dently, the seeds of Sorghum bicolor contained enough
K* to support plant growth in such a medium under
non-stressed conditions for at least 2 weeks (Tab. 2).
However, the plants were much smaller than those
grown in media with 3.5 mM KCl.

To study the effect of K*, knowti quantities of KCl
were added to the basically K*-free medium. When
lower osmotic potentials were needed than those pro-
vided by KCl, appropriate amounts of NaCl were also
included in the tnedium. Fourteen days after germitia-
tion, the levels of K*, Na* and proline in leaves were
determined (Tab. 2).

Both K* and Na* accumulated in sorghum leaves
frotn the external media. However, the amounts of each
monovalent cation accumulated io the leaves were af-
fected differently by media composition. K* levels in-
creased as a response to both increasing levels of K*
(which implies, also, decreasing Na*) in the tnedium
and increasing stress (Tab. 2). As a consequence, on the
average, at each step of increase in media K* above 23
tnM, the increment by which foliar K* increased at that
step became larger as the degree of stress to which the
plants were subjected became more severe.

In the experiments reported iti Tab. 2, no apparent
upper limit to the amount of K* that may accumulate in
leaves was observed. No attempt was made to deter-
mine what might be the upper limit. Though plants were
grown at -1.0 and -1.2 MPa stress, solute concentra-
tions in tissues of these plants were not measured be-
cause plants grown in these concentrations of NaCl,
KCl, and Na2SO4 showed leaf tip necrosis and the
plants grown in K2SO4 were killed. It was felt that ex-
traction of tissue of dead plants or of leaves with necro-
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Tab. 2. Effeet of osmotic stress and K* concentration in media on proline, K*, atid Na* accumulatioti in leaves. Those values in
table with standard deviations are the average results of 3 replicated experiments. The remainder of the assays was done only
once. The plants were grown in a basically K*-free medium to which KCl and NaCl were added in the amounts shown. The
amounts of NaCl are the concentrations of Na* in excess of that of the basic medium. Plants thai did not survive for 2 weeks are
shown by a dashed line.

Osmotic
potential

(MPa)

0

-0.2

-fl.4

-0.6

-0.8

Growth medium
Salt (mM)

KCI

0
1
3.5

0
1
3.5

23
46

0
1
3.5

23
46
92

0
1
3.5

23
46
92

138

0
1
3.5

23
46
92

138
184

NaCl

0
0
0

46
46
46
23

0
92
92
92
69
46

0

138
138
138
115
92
46

0

184
184
184
161
138
92
46

0

Proline

0.1 ±0.1
O.5±0.2
0.5±0.2
0.2
0.4
0.4±0.2
0.4
0.3 ±0.1
0.2
0.3
0.5±0.1
0.6
0.6
7.1±1.8
0.4
0.4
0.4+0.1
0.5
3.5
9.2±1.2

12.4
_
0.4
2.6±0.3
5.4±0.5
6.2±1.1

17.0±1.5
20.1±2.0
27.0±2.2

Concentration of solutes m leaves
(nmol per g fr. wt.)

K*

20.2± 3.1
40.1± 3.1
85.4± 5.5
19.6
42.1

102 + 9.2
115
140 ±11.8

• 20 .2
50.6

113 ± 5.7
148
169
231 ±15.1
30.0
62.0

111 + 1 . 0
160
198
241 ±10.6
341
_
68.9

132 ± 7.6
183 + 9.1
271 ± 5.4
400 ±10.7
510 ±12.2
620 ±24.8

Na*

17.1±5.0
9.5±8.1
1.6±0.2

78.8
60.5
36 .,6 ±4.4
18.2
0.3±0

71.1
61.9
35.9±3.5
22.4

7.5
0.6±0.3

80.1
61.1
38.7±4.6
21.1
21.,1
5.4±0.3
0.6
_

58.7
42.2±7.1
29.0±8.1
23.4±5.6
19.9±5.4
9.0±3.9
0.8±0.2

tic areas along with living tissue would yield unreliable
data for this purpose. It is known in other plants (Maas
and Nieman 1978) that leaf tip necrosis is a symptom of
K* and/or C\~ toxicity. Therefore, since plants growing
in media with more than —0.8 MPa salinity demon-
strated leaf necrosis and those growing at -0.8 MPa did
not, one may assume that levels of K* in leaves with
necrotic tips from plants growing at -1.0 and -1.2 MPa
osmotic potential were higher than in leaves of plants
grown at -0.8 MPa.

Foliar Na* levels seemed to be a function of media
K* concentration. When K* in media was held con-
stant, but stress was increased by adding NaCl, no
parallel increase in the level of Na* in leaves occurred
î Tab. 2). Sorghum bicolor RS 610, apparently adapts
to changing osmotic potentials in the root medium by
adjusting K* concentration in leaves and not that of
Na*. Sorghum bicolor has a Na* exclusion mechanism
which operates very efficiently even when plants are
exposed to NaCl salinity. Foliar Na* equalled or ex-
ceeded K* in leaves only when the plants were grown
under conditions of less than 3.5 mM K* in the medium

(Tab. 2). Thus, although the plants prefer K* for osmo-
tic adjustment they do utilize Na* in the absence of K*.
However, it seems that adjustment using Na* is limited
since plants exposed to -0.8 MPa (184 mM) NaCl in the
absence of K* did not always survive for two weeks.

Pr«»lii]e accumulation in response to salinity stress

At first glance at the data in Tab. 2, it would appear that
proline accumulation in leaves is related to both osmotic
potential and the KCl concentration of the medium. For
instance, proline did not start accumulating in leaves
until the plants were subjected to a stress of at least -0.4
MPa and only then if all the salinity was due to KCl. No
more proline above amounts found in non-stressed
plants was present in plants exposed to only -0.2 MPa
stress regardless of the amoutit of KCl in the medium.
As the saline stress to which the plants, were subjected
was increased, the level of KCl in the medium needed to
initiate prolitie accumulation decreased. Thus, 92 tnM
(-0.4 MPa) KCl was the minimal concentration of K*
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200 40O 600'

Foliar K*+Na*(/xeq/g fr. wt.)
Fig. 1. Relationship between total foliar monovalent cations
(K* + Na*) and proline.content in leaves at several levels of
saline stress. Level of stress (above that of basic growth
mcditim): • , -0.4 MPa; A, -0.6 MPa; • , -0.8 MPa.

needed for proline accumulation at —0.4 MPa osmotic
potential, 46 mM at -0.6 MPa, and only 3.5 tnM at -0.8
MPa.

Actually, however, proline accumulation was better
correlated with foliar total cationic composition. These
conditions of -0.4 MPa osmotic potential, all due to
KCl, -0.6 MPa with one-third of the osmotic potential
due to KCl, and -0.8 MPa with only 3.5 KCl in the
medium, were the same conditions that produced a total
monovalent cation concentration in leaves of 150—250
Hmol/g fr. wt. Thus, one may conclude that there is a
threshold in leaves of approximately 200 ixmol/g fr. wt.
total mooovalent cation for proline accumulation.
Above this threshold, proline concentrations increased
at a rate proportional to foliar monovalent cation con-
centrations such that proline levels were 5% of the ca-
tion concentration (Fig. 1). No proline was found in
leaves of plants subjected to -0.2 MPa or less salinity
because total monovalent cation never reached 200
Hmol/g fr. wt. in leaves of such plants. NaCl salinity did
not stimulate proline accumulation (except when the
medium contained 3.5 mM KCl and -fl.8 MPa NaCl),
although it does so in other plants (Coughlan and Wyn
Jones 1980, Chu et al. 1976b, Tal et al. 1979). Appar-
ently, the Na* exclusion mechanisms keeps the con-
centration of Na* in leaves so low that, by itself, Na*
never exceeds the threshold for proline accumulation.

Very small amounts of prolitie were detected in roots
of plants exposed to -0.8 MPa salinity induced by Na*
salts (Tab. 1). In these cases, as with leaves, there also
seemed to be a threshold of 200 [tmol/g fr. wt. of total
monovalent cation for initiating proline accumulation.
The difference between roots and leaves was that roots
could store larger quantities of Na* than leaves, and,
consequently, this larger concentration of Na* plus K*
resulted in sufficient cation to approach or just equal the
threshold of 200 |xniol/g fr. wt.

As stated before, in stressed sorghum plants the mo-
lar concentration of proline in the leaves was approxi-
mately 5% of that of K* content above the threshold

value. If it is assumed that the K* above the threshold
was in the vacuole and prolitie in the cytoplasm (Hel-
lebust 1976, Storey and Wyn Jones 1978), and if
cytoplasm comprises about 5% of total cell volume in
leaves, then the accumulated proline could serve as an
osmotic counter-balance in the cytoplasm to a low vac-
uolar osmotic potential. However, one cannot conclude
that proline is the only compound employed for cyto-
plasmic osmoregulation. There must be other com-
pounds, probably organic, that also have a similar role.
These other solutes may be the usual ones that ac-
cumulate in lightly stressed plants since stressed plants
with cation contents below the threshold value for pro-
line accumulation were turgid and growing. Con-
sequently, proline accumulation can be considered as a
secondary adjustmetit mechanism by the cytoplasm that
comes into operation when the ionic content of the
vacuole exceeds the balancing value of the upper limit
of the usual cytoplasmic solutes.

The evidence presented here strongly suggests that
the function of proline in Sorghum grown under condi-
tions of saline stress is that of osmoregulation. It should
be noted, though, that other types of environmental
stress also stimulate proline accumulation (Lange and
Losch 1979, Pelag et al. 1981). There are other theories
as to the role of proline in protecting piants from
harmful stresses (Schobert 1977, 1980, Pelag et al.
1981). The possibility that proline fulfills more than one
function cannot be excluded, but, whether or not it does
so in Sorghum bicolor remains to be determined.

Conclusions

1. A threshold of ~ 200 |jmol/g fr. wt. of monovalent
cations in leaves of Sorghum bicolor is required before
proline accumulation begitis.
2. Above the threshold, both monovalent cations con-
tent and proline content in the leaves increased with
increasing saline stress and increasing KCl content of
growth medium.
3. Although some Na* is accumulated in leaves of Sor-
ghum bicolor, K* is preferred to Na* for osmotic ad-
justment of the leaves in response to lowering osmotic
potentials in the root zone.
4. Foliar Na* content was not proportional to Na*
content of the medium but was a function of the
mediutn's K* content. No upper limit in the amount of
foliar K* was observed in these experiments.
5. There is a Na* exclusion mechanism in Sorghum that
keeps Na* levels in leaves too low, by themselves, to
exceed the threshold for proline accumulation.
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