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Regulation of K+ Influx in Barley'
EFFECTS OF LOW TEMPERATURE
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ABSTRACT

Influx and accumulation of K' in barley (Hordeum vulgare L. cv
Fergus) roots were measured at two temperatures (10°C and 20C) in
plants which had been grown with roots and shoots at 20°C (HT plants),
with roots and shoots at 10°C (LT plants), and with roots at 10°C and
shoots at 20°C (DT plants). Under conditions where K' was in limited
supply during the prior growth period, K' influx and accumulation were
consistently higher in roots of DT and LT plants than in those of HT
plants. Thus, it would appear that this low temperature response is not
limited specifically to conditions in which temperature differentials are
maintained between roots and shoots. Nevertheless, it was generally the
case that increases of influx were larger in DT and LT plants so that the
temperature differentials may intensify the low temperature response.
When K4 influx was examined over a wide range of root IK+, it was seen
that the characteristic reduction of influx associated with increased
internal IKIl was substantially greater in HT than DT or LT plants.
Transfer of plants grown under HT conditions to DT or LT regimes led
to both short-term and long-term adjustments of influx. The former
became apparent within 6 hours of exposure to the new conditions and
decayed within minutes of transfer back to 20°C. The long-term adjust-
ments were only apparent after prolonged exposure (days) to the lower
root temperature and these did not decay as rapidly. Regardless of shoot
temperature, the transfer of roots from 20°C to 10°C caused a gradual
increase of root IK@] so that 4 days later LT and DT roots contained,
respectively, 53.3 and 49.83 micromoles per gram compared to 17.82
micromoles per gram for roots maintained at 20°C.

Most experimental work on ion absorption by higher plant
roots has been conducted on plants in which roots and shoots
were grown at similar ambient temperatures. However, Clarkson
and his co-workers (4, 5, 7) have clearly emphasized that under
natural conditions, particularly in spring and fall, temperatures
experienced by roots during daylight hours may be several de-
grees lower than aerial temperatures experienced by shoots. The
anticipated reduction of root activity (Qo values for ion uptake,
e.g. may be between 2 and 3) in relation to that of the shoot
might lead to the imposition of a strongly root-limited pattern
of growth. Although shoot growth is somewhat limited under
these conditions, there is also clear evidence of the acclimation
of root activity which apparently reduces the severity of this
temperature stress. Clarkson et al. (4, 5, 7) have shown that
following several days of growth at low temperatures there is
increased capacity of transport processes which becomes appar-
ent when these plants are returned to high temperatures. For
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example, compared to control plants grown at 200C continu-
ously, plants whose roots had been maintained at 8°C demon-
strated increased rates of nutrient absorption, accumulation,
translocation, and xylem exudation when these processes were
measured at 20C.
Clarkson and his co-workers (4, 5, 7) have emphasized that

the observed responses represent a strategy which compensates
for the lower root activity and higher shoot activity associated
with the temperature differential. However, similar increases in
ion fluxes in response to pretreatment at low temperatures have
been demonstrated in a giant alga where differential temperatures
were not involved (12, 13). It is therefore important to resolve,
in higher plants, whether the stimulation of ion fluxes is due to
differential (root/shoot) temperature or due to exposure of roots
to low temperature per se irrespective ofshoot temperature. This
may have important implications as to the source(s) of the
signal(s) responsible for the observed adjustments of ion fluxes.

Moreover, the extent of the accommodation of ion fluxes may
have been considerably underestimated in previous studies. At
face value it would appear that roots, maintained at 10°C below
shoot temperatures, achieve higher levels of ion accumulation
and ion fluxes which are equal to or even slightly higher (on a
per unit weight basis) than those of roots where roots and shoots
are maintained at the higher temperature. However, it is well
documented that ion uptake is negatively correlated with tissue
ion concentration (8, 10, 14). Hence, not only have these low-
temperature plants achieved parity with respect to the tempera-
ture constraints but they maintain equivalent fluxes despite
increased tissue concentration. This raises important questions
regarding the proposed regulation of ion flux by internal ion
concentration. For example, is the apparent negative feedback
between internal [ion] and influx (e.g. 8, 10, 14) suspended under
these conditions? Or, is the relationship between these variables
altered as a result of acclimation?

In this paper, we have measured K+ influx into intact roots of
barley plants under conditions which enable us to distinguish
the effects of temperature differentials from effects of low tem-
perature per se. By measuring influx over a range of external
concentrations we have estimated Km and V,na, values for influx.
Finally, by obtaining influx measurements (at 10°C and 20°C)
over a wide range of internal [K+], in plants grown under various
temperature conditions, it has been possible to estimate the
extent of temperature acclimation free from the complications
associated with simultaneous increases of internal [K+].

MATERIALS AND METHODS
Germination and Growth of Plants. Seeds of barley (Hordeum

vulgare L. cv Fergus) were placed on Plexiglas discs (fitted with
plastic mesh) and left to germinate in sand in the dark for 2 d at
25 ± 2°C. After washing off adhering sand, the discs were
transferred to Plexiglas hydroponic tanks (of 241 capacity) con-
taining 0.5 mM CaSO4 and modified 0.01 Johnson's solution
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(15) with K4 at 0.1 mm (as sulfate). The tanks were placed in
controlled growth chambers (Conviron, model 81 1) maintained
on 16-h day/8-h night cycles at either 20 ± 1 or 10 ± 1°C and
70% RH. Light was provided (6 mw cm2 at plant level) by Vita-
lite fluorescent tubes with spectral composition similar to sun-
light. Differential root and shoot temperatures (10 ± 1 and 20 ±
1°C, respectively) were achieved by immersing a stainless steel
heat exchange coil in the culture solution within the reservoir of
the growth tank. Water, at 10°C, was continuously circulated
through this coil by a Forma Scientific Refrigerated Unit (model
2325). A continuous mixing and circulation of the culture solu-
tion between the reservoir and the main compartment containing
the plants, was maintained by means of Lauda, model T-l
circulation pumps. The temperature in the vicinity of roots was
monitored frequently and was always found to be within 1°C of
the desired (I10C or 20°C) temperatures.
K4 Influx Measurements. K4 influx was measured at 20°C and

10°C in intact roots that were prewashed for 5 min in nonradio-
active solution (identical to uptake solution in all other respects,
including temperature) and aerated continuously. The plants
were then transferred, for 10 min, to aerated uptake solutions
which contained 0.5 mM CaSO4 plus the desired concentration
of K2S04, labeled with 86Rb4. These solutions were maintained
in a water bath at the desired temperature. The influx was
terminated by transferring plants, for 5 min, to an identical but
unlabeled solution maintained at 1°C. After determining fresh
weights, the roots were ashed in a furnace at 500°C for 24 h. The
ash was dissolved in 10 ml of distilled H20 and the radioactivity
obtained by Cerenkov Counting in a Searle Isocap 300 Scintil-
lation Spectrometer.

Determination of K4 Contents. K+ concentrations of roots were
determined by flame photometry (Instrumentation Laboratory,
model IL 443) using aliquots from the aqueous solutions which
had been Cerenkov-counted for influx determinations.
Experiment 1: K' Influx Isotherms. After germination in sand

for 2 d at 25 ± 2°C, seedlings were transferred to their respective
tanks under three temperature regimes: (a) both root and shoot
at 20°C, henceforth referred to as HT2 plants; (b) both root and
shoot at 10°C, henceforth referred to as LT plants; and (c) roots
at 10°C and shoot at 20°C, henceforth referred to as DT plants.
K+ influx isotherms of HT plants were determined on day 7

from sowing both at 10°C and at 2O°C (temperatures of the
uptake media). Growth rates of DT and, more so, LT plants
were visibly slower than those ofHT plants. Consequently, influx
isotherms for these plants were determined 10 d after sowing
when they appeared to be at the same growth stage as HT plants
(fresh weights of roots were similar) (see Ref. 9).
Experiment 2: Regulation of K4 Influx. Plants were grown

under three temperature regimes as described above, K4 influxes
from 0.5 mm CaSO4 plus 0.05 mm K2SO4 solution were measured
in the morning of day 7 (from sowing) in HT plants and in the
morning of day 10 in DT and LT plants at both 100 and 20°C
(To samples). After the removal of Time 0 samples, sufficient
K2S04 was added to each tank to bring the K+ concentration to
6 mM. Thereafter, K+ influxes (at 10°C and 20C) were deter-
mined at hourly intervals until T5; K+ influxes of the last samples
(T14) were determined the following morning (24 h after the
addition of K2S04). K+ content of roots of all these samples were
also determined. Curves describing the relationships between K+
influx and root [K+] were based upon values for slopes and
intercepts obtained by exponential regression.
Experiment 3: Effect of Duration of Exposure to Low Tem-

peratures upon K' Influx. Seeds were germinated as described
above, after which seedlings were transferred to HT conditions

2 Abbreviations: HT, high temperature; LT, low temperature; DT,
differential temperature.

and left to grow for 4 d. Then, at appropriate times (96, 72, 48,
24, 12, and 6 h prior to influx measurements), samples were
transferred to DT and LT treatment tanks. Control (0 h) samples
remained at 20°C (HT) throughout. K4 influxes of all treatments
were determined at the same time, from 0.5 mM CaSO4 plus 0.05
mM K2SO4 at both 10°C and 20°C. Because plants had been
maintained for 4 d under HT conditions, differences in size due
to subsequent exposures to DT and LT were relatively small. In
this experiment, K4 concentrations of culture solutions were
measured daily and restored, by appropriate additions of K2S04,
to 0.1 mM K+.
Each experiment was repeated, and in each experiment all

measurements were replicated three to four times.

RESULTS

Experiment 1: K+ Influx Isotherms. Temperature regimes
during growth had significant effects on Vvnvvalues for K4 influx
(Table I). At both uptake temperatures, Vma, values were in the
order DT plants > LT plants> HT plants. Root [K+] under the
different temperature regimes also showed significant differences
and were in the order LT > DT >> HT. K,,, also showed
differences but, as in previous studies (9), considering the errors
associated with these estimates, the differences are relatively
small.

Experiment 2: Regulation of K+ Influx. Regardless of the
prevailing temperatures during pretreatments to increase internal
K+ status, subsequent K4 influxes (at 10°C or 20C) were nega-
tively correlated with root [K4] (Figs. 1 and 2). Exponential
regression gave the following equations:

1. HT plants, influx at 10°C: Y= 3.67.e-0° 2-'(r2 = 0-95)

2. HT plants, influx at 20C: Y= 9.78.e-0°''v(r2 = 0.95)

3. LT plants, influx at 10°C; Y= 7.85.e-0-034-v(r2 = 0-93)

4. LT plants, influx at 20°C: Y = 14-46.e- °"29(r2 = 0-97)
5. DT plants, influx at OC: Y= 8.44.e--030-v(r2 = 0.99)
6. DT plants, influx at 20°C: Y= 14-75.e-°0025v(r2 = 0-94)

where Y = influx and x = root [K+I.
However, at both 10°C and 20°C, K4 influxes into LT and DT

plants were consistently higher than influxes into HT plants.
This was true at all levels of internal [K+] encountered. Moreover,
K4 influxes of DT plants were always slightly higher than those
of LT plants. Rates of decrease of influx per unit increase in root
[K+] (slopes of the curves) were greater in HT plants than in DT
and LT plants, although slopes of the curves did not change as
the influx temperature was changed.

Experiment 3: Effect of Duration of Exposure to Low Tem-
perature. Transfer of HT plants to either DT (Table II) or LT
(Table III) conditions produced similar effects upon K+ influx.
However, the most apparent and consistent change observed was
the gradual increase of root [K+]. As a consequence, it becomes
difficult to separate the effects of acclimation to reduced temper-
ature from those due to increased root [K+]. For example, despite
the increased root [K+] after 6 h pretreatment (Tables II and III),
influx (measured at 10°C) was increased from 1.91 to 2.86 Mmol
g-' h-' following DT pretreatment and 1.91 to 2.54 Mmol g-' h-'
following LT pretreatment. In order to isolate these confounding
effects, K+ influx at each interval was predicted from the equa-
tions relating K+ influx and root [K+] obtained from the regula-
tion experiment (Figs. 1 and 2, experiment 2). In the latter
experiment, K4 influx was measured at 10°C or 20°C in HT, LT,
and DT plants. Fluxes obtained were characteristic of the growth
conditions, particularly HT as distinct from LT and DT plants.
If these equations are used to predict influx at a given root [K+],
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Table I. V.,, and Km Values (Mean ± SE) (Obtainedfrom Hofstee Plots) at 10°C and 20°C Uptake
Temperaturesfor Plants Grown under Three Temperature Regimes (Experiment 1)

r2 values for Hofstee plots, respectively, at 10C and 20°C uptake temperatures were as follows: 20/20°C
(HT) plants: 0.95, 0.88; 10/20°C (DT) plants: 0.93, 0.94; 10/10°C (LT) plants: 0.83, 0.87.

Growth Temp. Root Vma Km
Root/Shoot [K+] 10C 20°C 10°C 20°C

°C '4molg-' umolg-' h-' mM
20/20 21.6 ± 0.7 5.10 ± 0.33 8.43 ± 0.72 0.033 ± 0.004 0.033 ± 0.006
10/20 28.8 ± 1.3 7.29 ± 0.54 11.34 ± 0.08 0.045 ± 0.006 0.054 ± 0.007
10/10 32.8 ± 2.8 5.91 ± 0.62 10.18 ± 1.09 0.032 ± 0.007 0.054 ± 0.010

FIG. 1. Regulation of K4 influx by root K4 concentration in plants
grown at 20°C root/20°C shoot temperature (HT, A), 10/20°C (DT, 0),
and 10/1O°C (LT, 0). Uptake temperature was 20°C, see text. The lines
were drawn after exponential curve fitting. Intercept and slope values,
respectively, were: For HT (a), 9.78, -0.041 (r2 = 0.95); for DT (b),
14.75, -0.025 (r2 = 0.94); and for LT (c), 14.46, -0.029 (r2 = 0.97).

the extent of acclimation (HT to DT or LT conditions) can be
assessed from the ratio observed/estimated). For example, using
equation 1 (HT plants, influx at 10C) gives an expected influx
of 1.63 gmol g-' h-' for root [K4] of 17.82 ,umol g-' (Table II,
line 1). This is close to the observed flux (1.91 ,mol g-' h-',
observed/estimated = 1.17) because these HT plants have not
yet undergone any acclimation to low temperature. By contrast,
according to equation 3, DT plants would have given an influx
of 4.93 gmol g-' h-' under the same conditions. The large
discrepancy between 1.91 and 4.93 gmol g-' h-' (observed/
estimated = 0.39) confirms the lack of acclimation of these HT
plants to DT conditions.

In both instances (DT and LT plants), there are clear indica-
tions of significant adjustments to the new conditions within 6
h. Thus, 6 h of DT treatment raises the ratio from 1.17 to 2.60
and 0.95 to 1.28 (influx at 20°C (Table II). Thus, the observed
influx at 10°C had increased substantially over the expected value
for HT plants at the particular root [K+]. Ratios in column b
showed that, while K4 influx at 10°C was 76% ofthe 'completely'
acclimitized plants, at 20°C influx was only 55% of expected. In
fact, as indicated by the ratios in column b, complete acclimation
was achieved only after 4 d had elapsed (ratios approaching unity
at both influx temperatures). Both DT and LT plants appeared
to show a greater degree of acclimation of influx at 10°C than at

FIG. 2. Regulation of K4 influx by root K4 concentration. Uptake
temperature was 10°C. Details and symbols as in Figure 1. Intercept and
slope values, respectively, were: For HT (a), 3.46, -0.042 (r2 = 0.95); for
DT (b), 8.44, -0.030 (r2 = 0.99); and for LT (c), 7.85, -0.034 (r2 =
0.93).

20C, particularly during the first 72 h of low temperature
treatment.

DISCUSSION
The results of the experiments detailed above reveal that K+

influx at a given root [K+] in the range from lO0C to 20C is
essentially independent of temperature when measured at the
growth temperature in plants which have become fully accli-
mated to that temperature. This is perhaps contrary to expecta-
tion, given the high Qlo for K4 influx in barley (9). Indeed,
experiments in which plants are grown at elevated temperatures
(20-28°C) and uptake experiments subsequently performed,at
several lower temperatures (2, 3) may generate quite erroneous
conclusions regarding the capacity of plants to function effec-
tively at lower temperatures. Such adjustments ofion fluxes have
previously been observed by other workers when plants were
grown at different root (low)/shoot (high) temperatures (4, 5, 7,
9). These authors have argued that the observed changes repre-
sent processes which tend to compensate for the relatively slower
growth of roots (due to low temperature) compared to shoot. In
our expeiments where roots were grown at low temperatures, an
almost equivalent increase in K4 influx occurred independently
of shoot ambient temperature (Figs. 1 and 2; Tables I-III). In a
giant alga (Chara corallina) also, enhancement in K4 and Cl-
influxes have been observed when the plants were maintained at
low temperatures (12, 13). In the present experiments, plants
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Table II. K+ Influx (0oasw Mean ± SE) Measured at 10C and 20°C, as a
Function ofDuration ofExposure to DT Conditions in Plants

Previously Grown under HT Conditions
Estimated K+ influxes (M)at that particular root [K+] according to

the equations describing influx as a function of root [K+] (see "Materials
and Methods" and Figs. I and 2) for HT conditions and DT conditions
and observed/estimated ratios (in parentheses).

Exposure [K+] Root Uptake Oo.
. ('Oob./49)

Period Temp. HT DT

h Oimolg-' °C umolg'h'h' molg-' h'
0 17.82 10 1.91 ± 0.05 1.63 (1.17)a 4.93 (0.39)

20 4.42 ± 0.06 4.67 (0.95) 9.34 (0.47)

6 27.00 10 2.86 ± 0.14 1.10 (2.60) 3.74 (0.76)
20 4.08 ± 0.16 3.18 (1.28) 7.38 (0.55)

12 30.68 10 2.50 ± 0.09 0.94 (2.66) 3.35 (0.75)
20 3.36 ± 0.11 2.73 (1.23) 6.71 (0.50)

24 35.91 10 2.22 ± 0.08 0.75 (2.96) 2.86 (0.78)
20 3.66 ± 0.14 2.20 (1.66) 5.87 (0.62)

48 36.37 10 2.11 ± 0.06 0.74 (2.85) 2.82 (0.75)
20 3.64 ± 0.35 2.16 (1.69) 5.80 (0.63)

72 43.40 10 1.89 ± 0.08 0.55 (3.44) 2.28 (0.83)
20 2.63 ± 0.11 1.61 (1.63) 4.84 (0.54)

96 49.83 10 1.50 ± 0.10 0.42 (3.57) 1.88 (0.80)
20 3.69 ± 0.35 1.23 (3.00) 4.11 (0.90)

a Numbers in parentheses, ratios.

Table III. K+ Influx (4Obs, Mean ± SE) Measured at 10C and 20°C, as
a Function ofDuration ofExposure to LT Conditions Previously Grown

under HT Conditions
Estimated influxes (4km) at that particular root[K+] according to the

equations describing influx as a function of root [K+] (see "Materials and
Methods" and Figs. 1 and 2) for HT conditions and LT conditions and
observed/estimated ratios (in parentheses).

Exposure [K+] Root Uptake ________________
Period Temp. HT DT

h '4molg-' °C Amolg'h-'h tmolg-' h-'
0 17.82 10 l.91 ± 0.05 1.63 (1.17) 4.28 (0.45)

20 4.42 ± 0.06 4.67 (0.95) 8.48 (0.52)

6 24.14 10 2.54 ± 0.09 1.24 (2.04) 3.45 (0.74)
20 3.31 ± 0.17 3.59 (0.92) 7.01 (0.47)

12 26.08 10 2.35 ± 0.18 1.14 (2.06) 3.23 (0.73)
20 3.65 ± 0.20 3.31 (1.10) 6.62 (0.55)

24 29.47 10 2.10 ± 0.17 0.99 (2.12) 2.88 (0.73)
20 3.72 ± 0.19 2.87 (1.29) 5.98 (0.62)

48 34.23 10 2.24 ± 0.18 0.81 (2.76) 2.45 (0.91)
20 3.64 ± 0.18 2.36 (1.54) 5.18 (0.70)

72 39.11 10 1.55 ± 0.06 0.66 (2.35) 2.07 (0.75)
20 2.61 ± 0.38 1.93 (1.36) 4.48 (0.58)

96 53.30 10 1.62 ± 0.10 0.36 (4.50) 1.28 (1.27)
20 2.42 ± 0.07 1.07 (2.26) 2.93 (0.83)

a Numbers in parentheses, ratios.

grown at differential root/shoot temperatures demonstrated a
slightly, but consistently higher K+ influx than LT plants. Nev-
ertheless, the major factor in this acclimation process would
appear to be the root temperature. Our results clearly show that
root [K+J is significantly greater where roots are maintained at
lower temperature, irrespective of shoot ambient temperature
(Figs. 1 and 2, Tables I-III; cf. Ref. 9). Moreover, root [K+]
increased as the duration ofexposure of roots to low temperature
increased (Table II and III). It appears, therefore, that one
outcome ofthe altered growth rates and acclimation ofion fluxes
is to increase internal [K+]. The extent to which this result is
universally borne out may vary according to variety and level of
K+ supply. Using a continuous supply system where external
[K+] was maintained at 100 gM, we have observed only slight
differences in tissue [K+]. However, preliminary experiments in
this laboratory (M. De Silva, unpublished) with winter varieties
of cereals indicate that the latter tend to maintain higher tissue
[K+] at low temperature even during continuous K+ provision.

It is beyond the scope of this paper to evaluate the exact
adaptive significance of the increased K+ accumulation at low
temperature, but the parallel with the increased ion accumulation
(osmotic adjustment) as a result of saline, drought, and low
temperature stress is inescapable. It is well documented that
freezing temperatures ofsome plant tissues are directly correlated
with osmotic potentials and that adequate K+ fertilization is
essential for the development of cold hardiness (1).
Our data (Tables II and III) showed two distinct mechanisms

for increased K+ influx into roots exposed to low temperatures
(both DT and LT plants). One, which appeared to operate within
6 h of exposure to low temperature, decayed within minutes of
returning the roots to higher temperature (henceforth referred to
as short exposure effect). The other developed over a much
longer period (4 d) and did not decay in such a short time as the

first one (henceforth referred to as long exposure effect). It may
be that the latter mechanism represents an increased number of
transporters as has been proposed by Clarkson (4). This interpre-
tation is consistent with our observation that, while Vm,n of roots
grown at low temperature was substantially increased (at both
influx temperatures), Km was either little affected or showed some
increase (Table I; cf Refs. 9, 13). In addition, increased mem-
brane fluidity has also been implicated in the stimulation of ion
fluxes and water flow in roots pretreated at low temperatures (4,
6, 13, 17). However, there is little definitive information available
regarding the biochemical basis of this adjustment. In the short
exposure effect, by contrast, any increase in the number of
transporters can be immediately discounted because of the short
time involved both in the development and the decay of this
effect. It has been reported, on the other hand, that when a
nonphotosynthetic tissue was exposed to low temperature, the
rates of synthesis of unsaturated fatty acids responded immedi-
ately and noticeable changes in gross lipid unsaturation occurred
within 5 h (1 1). Thus, the short exposure effectswe have observed
may well be due to changes in the fluidity of plasma membrane.
The difficulty remains, however, in explaining the extremely
short time (few minutes) ofdecay of this effect.
Our results (particularly Figs. 1 and 2) make it abundantly

evident that it is essential to consider the flux in conjunction
with root [K+] in order to obtain a clear appreciation of the
adjustments of ion influx brought about by low temperature
pretreatment. In this regard it is interesting to observe that the
relationships between internal [K+] and influx (slopes of curves
in Fig. 1 and 2) were reduced by continuous growth at low
temperature but not by the brief exposure (15 min) to low
temperatures during prewash and influx measurements. This
appears to indicate not only an "expansion ofthe ion transporting
capacity" as proposed by Clarkson and Deane-Drummond (5)
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but also an altered sensitivity to negative feedback from tissue
[K+].
Although it is perhaps premature to make a strong argument

concerning the low temperature adjustments reported here, we
presently prefer the notion that these responses may represent
the first indications of a continuous process of osmotic adjust-
ment which renders the plant better able to resist the deleterious
effects of freezing temperatures.
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