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The role of varied sodium (Na) supply in K nutrition of wheat (Triticum aestivum L.) is not
well understood especially among cultivars differing in K efficiency. We examined the
response of K-efficient and K-inefficient Australian wheat cultivars to Na supply (low
to high Na) under K-deficient and K-adequate conditions. In a pot experiment, wheat
cvv Wyalkatchem, Cranbrook (K-efficient), and cvv Gutha, Gamenya (K-inefficient) were
grown for 8 weeks in a sandy soil containing 40 or 100 mg K/kg in combination with nil, 25,
50, 100, or 200 mg Na/kg. High soil Na levels (100, 200 mg Na/kg) greatly reduced plant
growth in all four cultivars especially at low soil K (40 mg K/kg). By contrast, low to moderate
soil Na levels (25, 50 mg Na/kg) stimulated root dry weight at low K supply, particularly in
K-efficient cultivars compared with K-inefficient cultivars. At low K supply, low to moderate
Na failed to increase shoot Na to a concentration where substitution of K would be feasible.
However, low to moderate Na supply increased shoot K concentration and content in all
four wheat cultivars, and it increased leaf photosynthesis and stomatal conductance to
measured values similar to those under adequate K and nil Na conditions. The results
showed that low to moderate Na stimulated K uptake by wheat particularly in K-efficient
cultivars and through increased shoot K enhanced the photosynthesis. We conclude that
increased photosynthesis supplied more assimilates that led to increased root growth
and that greater root growth response of K-efficient cultivars is related to their greater
K-utilization efficiency. However, the process by which low to moderate Na increased shoot

K content warrants further investigation.
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INTRODUCTION

Key physiological roles for K are in stomatal regulation and in
photosynthesis (Romheld and Kirkby, 2010). Sodium can substi-
tute for non-specific biophysical functions of K™, especially where
plants have the ability to take up, translocate, and compartmen-
talize Na in their vacuoles where it can replace functions of K
in maintaining cell turgor (Subbarao etal., 2003; Gattward et al.,
2012). In K-deficient soils, Na can play the role of K in maintaining
ionic balance (Subbarao etal., 2003), regulating osmotic pres-
sure (Marschner, 1995), provide partial K-substitution in protein
synthesis (Flowers and Dalmond, 1992), contribute to vacuolar
functions (Miser etal., 2002), and improve water balance via
regulation of stomatal conductance (Marschner, 1995; Gattward
etal, 2012). Under K-deficiency, the addition of Na replaced
K in stomatal functions of sugar beet and reduced the effects
of K-deficiency on photosynthetic or respiratory CO, exchange
(Terry and Ulrich, 1973), and in net photosynthetic rate of Theo-
broma cacao (Gattward etal., 2012). Also under water deficit,
stomata of sugar beet leaves supplied with Na closed more rapidly
but exhibited delay in opening compared to supply of K only
(Miser etal., 2002). Sodium is also reported to alleviate effects
of K-deficiency on plant growth in sugar beet, lettuce, cotton,
rye grass, spinach, marigold, tomato (Mundy, 1983; Marschner,
1995; Tahal etal., 2000; Idowu and Aduayi, 2007; Pi etal., 2014),
and barley (Ma etal., 2011). However, in wheat which maintains

a high selectivity of K* uptake relative to Na™ uptake, there
are few reports of Na substitution for K. Box and Schachtman
(2000) investigated whether Na supply can benefit wheat growth
under low K by stimulating K™ uptake through the Na™ energized
HKT1 symporter and found that low concentrations of Na™ did
not increase K™ uptake to a large extent and while Nat stimu-
lated wheat growth at low external K it was only when light levels
were low. By contrast, Marschner (1995) classified wheat as hav-
ing moderate response to low Na. Hence further investigation is
needed to clarify the response of wheat to low Na levels especially
under low K.

Varieties of the same species can vary in K accumulation and
utilization, e.g., sweet potato (George etal., 2002), cotton (Ali
etal., 2006), and wheat (Damon and Rengel, 2007). Genotypic
differences in cotton (Ali etal., 2006) and sugar beet (Marschner
etal., 1981) are also reported in terms of Na substitution of K
functions. Ali etal. (2006) studied 30 cotton genotypes in hydro-
ponics and found that the genotypes differed significantly in
growth responses, K uptake, K-use efficiency, and K substitu-
tion by Na. However, there is a lack of information about how
cultivar variation in K-use efficiency alters effects of low to mod-
erate soil Na on plant K nutrition. Understanding K and Na
interactions among wheat cultivars that vary in K-use efficiency
would improve management of K fertilizer in sodic and K-deficient
soils.
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We hypothesized that if high K-efficiency in wheat was
related to higher K uptake, K-efficient cultivars would exhibit
not only reduced salinity effects but also a reduced need for
Na-substitution of K in plants. Alternatively, if greater Na sub-
stitution of K was the main mechanisms for greater K-use
efficiency such cultivars could be more susceptible to salinity
and demonstrate greater response to low to moderate Na levels
in low soil. We examined the effect of Na levels on K uptake,
the KT/Na™ ratios, leaf gas exchange, and plant growth of
wheat cultivars differing in K-use efficiency. Supply of NaCl
ranged from low to moderate levels, designed for substitution
of K by Na at low K supply, ranging to toxic levels for wheat
at high Na.

MATERIALS AND METHODS

Wheat (Triticum aestivum L.) cvv Wyalkatchem, Cranbrook,
Gutha, and Gamenya were grown in a naturally lit glasshouse at
Murdoch University, Perth (32°04’S, 115°50'E) from late winter
to mid spring. The average minimum and maximum temper-
atures during the experiment were 8.4 and 26°C, respectively.
Cultivars Wyalkatchem and Cranbrook are K-efficient, whereas
Gutha and Gamenya are K-inefficient in terms of K uptake and
use (Damon and Rengel, 2007). The sandy soil was collected from
an unfertilized field, 150 km northeast to Perth, and had the
following properties: pH 4.9 (0.01 M CaCl,), ECy:5 0.03 dS/m,
7 mg NH4-N/kg and 9 mg NO3-N/kg (Searle, 1984), <15 mg
K/kg and 29 mg P/kg (Colwell, 1963) and organic C 0.17%
(Walkley and Black, 1934).

Sieved soils (<2 mm) were well mixed with basal nutri-
ents and individual treatments of K and Na, and filled into
undrained plastic pots (diameter 190 mm, depth 190 mm)
at 6 kg/pot. Basal nutrients were applied at the following
rates (mg/kg): 103 (NH4),HPO4, 237 Ca(NOs3),.4H,0, 80
MgS04.7H,0, 18 FeSO4.7H, 0, 14 MnSO4.H,0, 9 ZnSO4.7H, O,
8.3 CuSO4.5H,O, 0.33 H3BOs3, 0.3 Co0S04.7H,0, 0.33
Na;Mo004.2H;O. Seeds were washed with 5% (w/w) hypochlorite
solution for 1 min, thoroughly rinsed and soaked in de-ionised
(DI) water for 2 h, and then placed in a refrigerator at 4°C
overnight. The sprouted seeds were transferred to trays containing
0.05 mM CaCl, solution, and covered for 2 days. Five germinated
seeds per pot were transplanted, and 10 days later the seedlings
were thinned to three plants per pot. During the experiment, the
pot soils were watered daily to field capacity (15% w/w) with DI
water. The plants were supplied with 0.5 mM urea solution fort-
nightly to maintain adequate N supply. The pots were re-arranged
every week to reduce positional effects on plant growth.

POTASSIUM AND SODIUM TREATMENTS

Two soil K levels were applied: 40 mg K/kg (low) and 100 mg
K/kg (adequate) based on earlier trials (Ma etal., 2011). Muriate
of potash (KCl) was used as it is the dominant K fertilizer (Moore,
2004). Each soil K level also included five Na levels: nil, 25, 50, 100,
and 200 mg Na/kg supplied as NaCl. Equivalent Na concentrations
in soil solution were 0, 7.25, 14.5, 29.1, and 58.2 mM, respectively,
while ECe (electrical conductivity of saturated soil extract) values
for Na treatments at 40 K were 0.85, 1.26, 2.66, 5.18, and 10.9 dS/m
and at 100 K were 1.23,1.82, 3.78, 7.28, and 13.7 dS/m. Therefore,

the experiment comprised a factorial combination of four wheat
cultivars, two K levels, and five Na levels. All the treatments were
replicated three times. At potting, individual treatments with var-
ious K and Na levels were mixed thoroughly with basal nutrients
using a rotary mixer.

MEASUREMENTS

Plants were grown for 8 weeks and during that period the number
of leaves and tillers was recorded weekly. Leaf net photosynthesis,
transpiration and stomatal conductance were measured using the
LCpro™ advanced photosynthesis system (ADC Bioscientific, UK)
at 7 weeks after transplanting. The measurements were made in
fully expanded young leaves at ambient relative humidity of 50%,
leaf temperature of 25°C, reference CO, of 380 pwmol/mol, and
photosynthetically active radiation of 1500 jLmol/m? s'.

At harvest, the shoot was cut at the soil surface, and the
fresh weight was recorded immediately. Roots were collected
after washing in tap water and rinsing in de-ionised (DI) water.
The shoot and root samples were dried in a forced-draft oven
at 60°C for 48 h and dry weight was recorded. About 0.2 g
of each milled sample was weighed into centrifuge tubes and
digested in 5 mL 70% (w/w) HNOj3 at 75°C for 10 min, and
then at 109°C for 15 min. After the samples were cooled, 1 mL
of 30% (w/w) H,O, was added and further digested at 109°C for
15 min. The digestion was made in a micro-wave oven (CEM
Mars 5, CEM Corp., USA) based on method of Huang etal.
(2004) for cation analysis. The digested samples were diluted
with milli-Q water and concentrations of K, Na, Ca, and Mg
were determined by inductively coupled plasma-atomic emis-
sion spectroscopy (VISTA Simultaneous ICP-AES, Varian). The
K*/Na™ ratios in shoots and roots were calculated based on their
content.

A supplementary study was conducted to determine whether
the extractable cation levels, particularly K, were influenced by
different soil Na levels. Two kilograms of soils were thoroughly
mixed with basal nutrients and two K levels (40, 100 mg K/kg).
Each soil K level was treated with two levels of Na: nil, 50 mg Na/kg.
The pots were watered with DI water to field capacity, and allowed
to equilibrate for a week, while mixing daily. The soil samples were
then analyzed for bicarbonate-extractable (Colwell, 1963) K and
exchangeable cations.

STATISTICAL ANALYSIS

Statistical analyses were conducted using the SPSS statistical pack-
age (IBM SPSS statistics, vs. 18). Three-way analysis of variance
was conducted to assess the effects of soil K and Na supply, geno-
type and their interactions. Tukey’s HSD was computed at P < 0.05
to test for differences among treatment means.

RESULTS

PLANT GROWTH

Shoot growth

Low K supply (40 mg K/kg) induced K-deficiency symptoms after
6 weeks and significantly reduced shoot dry weight at 8 weeks,
but the reduction was greater in K-inefficient cultivars Gutha and
Gamenya (32% lower) than K-efficient cultivars Wyalkatchem and
Cranbrook (17-18% lower). When K supply was low, the addition
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of low to moderate Na (25, 50 mg Na/kg) alleviated K-deficiency
symptoms in old leaves but had no significant effects on shoot
dry weight (Figure 1). Similarly, at adequate K supply, addition
of 25-50 mg Na/kg had no effect on shoot dry weight. High soil
Na levels (100, 200 mg Na/kg) reduced shoot dry weight espe-
cially in K-inefficient cultivars (Figure 1). When compared with
nil Na, high Na reduced shoot dry weight by 44% in Gamenya,
38% in Gutha, 31% in Wyalkatchem and 22% in Cranbrook. The
interactions between K, Na and cultivars on shoot dry weight were
significant (P < 0.05; Table 1).

Adequate soil K produced the same number or more tillers than
low K at all soil Na levels, except in Gamenya that had fewer tillers
at 100 mg Na/kg. Compared with Wyalkatchem, fewer tillers per
plant were produced in cvv Gutha and Gamenya (Figure 1). Plants
treated with low to moderate soil Na (25, 50 mg Na/kg) had similar
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FIGURE 1 | Shoot dry weight (g/plant; upper sub-figures), and
tillers/plant (lower sub-figures; n = 3) of four wheat cultivars, treated
with 40 mg K/kg (closed circle) and 100 mg K/kg (open circle), and five
soil Na levels (0, 25, 50, 100, and 200 mg Na/kg) for 8 weeks. See

Table 1 for analysis of variance results.

tiller number as those of nil Na plants. However, high Na reduced
tillers significantly in all four cultivars (P < 0.05; Table 1).

Root growth

Root dry weight of all four cultivars was greater at adequate K
than at low K supply, regardless of soil Na levels (Figure 2). Low
to moderate soil Na had positive effects on root dry weight in
all four cultivars when soil K was low, and even at adequate
K supply low soil Na was beneficial to root dry weight except
in Gamenya (Figure 2). The Na-induced root stimulation was
greater in K-efficient cultivars. High soil Na levels suppressed
root dry weight in all four cultivars at both soil K levels, with
greater reduction of root dry weight in K-inefficient cultivars
(55% in Gutha and 66% in Gamenya) than in K-efficient cul-
tivars (33% in Wyalkatchem, 50% in Cranbrook). In general,
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FIGURE 2 | Root dry weight (g/plant; upper sub-figures) and root:
shoot ratio (lower sub-figures; n = 3) of four wheat cultivars, treated
with 40 mg K/kg (closed circle) and 100 mg K/kg (open circle), and five
soil Na levels (0, 25, 50, 100, and 200 mg Na/kg) for 8 weeks. See
Table 1 for analysis of variance results.
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Table 1| Statistical summary of plant growth and leaf gas exchange in four wheat cultivars (Wyalkatchem, Cranbrook, Gutha, and Gamenya)
treated with two K levels (40, 100 mg K/kg) and five Na levels (0, 25, 50, 100, 200 mg Na/kg) for 8 weeks.

Parameters Soil K Soil Na Cultivar K x Na K x cv. Na x cv. K x Na x cv.
Shoot dry weight ** % ** % * * % * %% * %% *
Tlller number ** % * %% ** ¥ * * %% ** % * %
Root dry weight xxx *xx *H% P =0.06 * *xx n.s
Root: shoot ratio ** Frx Frx n.s * Frx n.s
Photosynthesis Frx Frx Fax Fxx n.s * Fxx
Stomatal conductance rE rE *x * n.s n.s *
*P < 0.05, **P < 0.01; ***P < 0.001, n.s., not significant.
2 LEAF GAS EXCHANGE
Wyalkatchem Cranbrook At 4 weeks, low K depressed net photosynthesis of the youngest
~ =1 Ko =000t fully expanded leaves but there was no effect of low to moder-
ﬁ-; 201 ate Na on gas exchange. At 8 weeks, consistent with the shoot
o157 ?ﬁo\o\o dry weight responses, net photosynthesis of the youngest fully
S 10 expanded leaves was higher in plants with adequate K than low K
i 5 supply, except in Gutha at 50 mg Na/kg (Figure 3). The addition of
2 o 25 and 50 mg Na/kg increased leaf photosynthesis in all cultivars
£ at low soil K and also in the K-inefficient cultivars at adequate K
> 25 1 Gutha Gamenya . . .
8 supply, whereas higher soil Na suppressed leaf photosynthetic rate
2 209 relative to addition of 25 and 50 mg Na/kg. The increase in leaf net
g 151 27 \ ::2 N photosynthesis induced by 25-50 mg Na/kg at low K was almost
S 101 equal to that at 100 mg K/kg and nil Na. There were significant
5 interactions between soil K, Na and cultivars for leaf photosynthe-
0 sis (P < 0.05; Table 1). Similarly, stomatal conductance of low K
Wyalkatchem Cranbrook plants increased with the addition of 25 mg Na/kg in all cultivars
400 A 4 K*Na*cv P= 0.04 . . . .
-~ HSD= 167 (Figure 3). Higher soil Na reduced stomatal conductance in the
".'; 300 A K-efficient cultivars but was less so in the K-inefficient cultivars.
2\ 200 | At low K supply, the addition of low to moderate soil Na increased
z transpiration rate of K- efficient cultivars by 54%, whereas in K-
E 100 1 inefficient cultivars the increase was only by 35% relative to nil Na
g o0 (data not presented).
é 400 4 Gutha ] Gamenya
H K'AND Na CONCENTRATIONS IN SHOOTS AND ROOTS
= 300 1 1 ﬁ\8><j Potassium concentration in leaves and stems of all four cultivars
é 200 1 was significantly higher with adequate K than low K supply when
“ soil Na levels ranged from nil to moderate, whereas spikes had
1001 similar K concentrations irrespective of K and Na treatments (data
0 not presented). At low K supply, plants with nil Na treatment had
0 50 100 150200 0 50 100 150200 the lowest shoot K concentration in all cultivars (Figure 4). Low
Soil Na levels (mg/ kg) to moderate Na supply increased shoot K concentrations of the
four cultivars on average by 25% relative nil Na at low K supply
FIGURE 3 | Leaf photosynthesis (upper sub-figures) and stomatal (Table 2). High soil Na also increased shoot K concentrations with
conductance (upper sub-figures; n = 3) of four wheat cultivars, treated both low and adequate soil K supply in all cultivars, but probably
with 40 mg K/kg (closed circle) and 100 mg K/kg (open circle), and five | 3¢ 14 4 concentration effect as a result of growth suppression.
soil Na levels (0, 25, 50, 100, and 200 mg Na/kg) for 8 weeks. See .
Table 1 for analysis of variance results. Although shoot K content was much greater in the ade-

low K plants had lower root: shoot ratios compared with K-
adequate plants, except Cranbrook at low Na (Figure 2), however,
the interactions between K and Na for root: shoot ratio was not
significant (Table 1).

quate K soil than in the low K soil, it showed little difference
or declined across soil Na levels at the high level of soil K
(Figure 5). At low soil K supply (40 mg K/kg), shoot K
contents increased significantly with low to moderate soil Na
addition in K-efficient cultivars but not in K-inefficient cul-
tivars (Figure 5). There were significant interactions of soil
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Table 2 | Statistical summary of K and Na concentrations and contents in four wheat cultivars (Wyalkatchem, Cranbrook, Gutha, and Gamenya)
treated with two levels of soil K (40, 100 mg K/kg) and five levels of Na (0, 25, 50, 100, 200 mg Na/kg) for 8 weeks.

Parameters Soil K Soil Na Cultivar K x Na K x cv. Na x cv. K x Na x cv.
K concentration shoot xxrx xxrx P=0.09 ** n.s n.s n.s
K COnCentl’athn root * X ¥ * X ¥* * % % * %% * % % * % ¥ * ¥
ShOOtKCOntent * %KX * % ¥ * XX * %X * XX * * %
Roothontent * %% * %% * KX * % X% * KX * %X * X ¥
Na concentration shoot ** Fxrx P=0.06 P=0.07 P=0.09 n.s n.s
Na concentration root ** Fxrx *xx P=0.07 Hxx *xx *xx
Shoot Na content n.s Fxx P=0.06 n.s P=0.06 n.s n.s
Root Na content Fxrx Fxx *xx *xx n.s *xx n.s
Shoot K+/Na+ * % % * % % * % * %% * n.s n.s
Root K*/Na™ *xx *xx n.s *xx n.s n.s n.s
*P < 0.05, **P < 0.01; ***P < 0.001, n.s., not significant.
40 K*Na P=0.000 200 K*Na*cv P= 0.03
Cranbrook K*Na P=0. *Na*cv X
~ Wyalkatchem rambrook e s Wyalkatchem Cranbrook HSD= 18.4
= 30 A 4 HSD= 6.2 150
20 O‘%/o\o
z W W = %/D\O\o
- ./._./o/. 5 1009
= -
% ’/.-0—0/. = o
E" 10 1 §° 50 /*\'\‘
-
g0 S 200
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§ 301 T £ 150 - :
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0 0
Wyalkatche Cranbrook
104 yalkatchem K*Na*cv P= 0.01 20 4 Wyalkatchem Cranbrook K‘Na*cv P=0.00
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FIGURE 4 | Potassium (K) concentration (mg/g, dry weight) in shoot
(upper sub-figures) and root (lower sub-figures; n = 3) of four wheat
cultivars, treated with 40 mg K/kg (closed circle) and 100 mg K/kg
(open circle), and five soil Na levels (0, 25, 50, 100, and 200 mg Na/kg)
for 8 weeks. See Table 2 for analysis of variance results.

FIGURE 5 | Potassium (K) content (mg/plant) in shoot (upper
sub-figures) and root (lower sub-figures; n = 3) of four wheat cultivars,
treated with 40 mg K/kg (closed circle) and 100 mg K/kg (open circle),
and five soil Na levels (0, 25, 50, 100, and 200 mg Na/kg) for 8 weeks.
See Table 2 for analysis of variance results.
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K, Na supply and cultivars on shoot K contents (P < 0.05;
Table 2).

Wheat roots accumulated considerably less K™ than shoots.
Root K concentration and content of all cultivars was signif-
icantly higher at adequate K supply than with low K supply
(Figures 4 and 5). At low K supply, soil Na addition had
no significant effect on root K content (Figure 5). At ade-
quate K supply, there was decrease in root K content with
addition of soil Na, except in Gutha at 25 mg Na/kg which
showed a significant increase, and the decrease due to Na was
more obvious in K-inefficient ¢v. Gamenya. The three way
interaction between soil K and Na levels and cultivars was sig-
nificant (P < 0.05, Table 2) for root K concentrations and
contents.

In all cultivars, shoot Na concentrations were closely
associated with soil Na levels (Table 3). Old leaves and
stem concentrated at least four times more Na than young
leaves. Sodium concentration in spikes was least influenced
by soil Na irrespective of soil K and cultivars, and there
were only negligible concentrations of Na measured in spikes
(data not presented). Soil K levels did not influence shoot
Na concentration and content. There were no significant
interactions observed between K and Na supply for shoot
Na concentrations and contents, nor among the cultivars
(Table 2).

In contrast to K, Na concentration and content in roots were
much higher than in shoots (Table 3). Root Na concentrations
rose with increase in soil Na levels. Similar to shoot, soil K lev-
els had no influence on root Na concentration. However, root
Na content was higher in plants grown at adequate K except at
nil Na. The interactions between K and Na and cultivars were
significant for root Na concentrations but not for Na contents
(Table 2).

Shoot K*/Na% ratios noticeably decreased with increase in
soil Na levels in all four cultivars regardless of soil K levels
(Table 4). At low soil K, Gamenya and Wyalkatchem had the
lowest and highest shoot K*/Na* ratios, respectively. However,
at adequate K, Cranbrook had highest shoot K*/Na* ratio at
most of the soil Na levels. Roots had considerably lower K*/Na*t
ratios than shoots. They decreased further with increasing soil
Na levels but there was no particular trend observed among the
cultivars. The interaction between K and Na supply on shoot and
root K*/Nat ratio was significant but not among the cultivars
(Table 2).

SOIL EXCHANGEABLE CATIONS AFTER K AND Na ADDITION

The soil incubation experiment did not show any significant effects
of Na addition on exchangeable soil K levels or exchangeable Ca,
Mg, and Al levels. Colwell-extractable K and exchangeable K mea-
sured were slightly higher when soil had Na applied, compared
with nil soil Na, but the increase was not statistically significant
(Table 5).

DISCUSSION

Wheat response to soil NaCl supply in the present study varied
with soil Na and K levels: (1) root growth was stimulated by
low to moderate soil Na levels with low soil K; (2) shoot and

root dry weight were suppressed with high Na regardless of soil
K levels. However, the Na effect varied with K-use efficiency of
wheat cultivars with K-efficient cultivars being more responsive to
root dry weight stimulation by low to moderate Na under K defi-
ciency along with greater increases in shoot K uptake and stomatal
conductance than K-inefficient cultivars. Genotypic differences
in K-use efficiency also influenced Na uptake and salt tolerance:
K-efficient cultivars were more tolerant of high salt levels than
K-inefficient cultivars.

The growth stimulation at low to moderate Na (25, 50 mg/kg)
supply under K deficiency was clearly evident in wheat roots
but in shoots only through the alleviation of old leaf K defi-
ciency symptoms. The shoot dry weight and fresh weights were
not significantly affected by low to moderate Na in K-deficient
plants. However, Na at 100-200 mg/kg negatively affected both
root and shoot dry weight of wheat with both low and ade-
quate soil K due to salt toxicity. The present results in wheat
were in contrast to salt tolerant barley where the addition of
100 mg Na/kg to K-deficient soil stimulated significant shoot
growth increase but not in root growth (Maetal.,2011). Moreover,
Ma etal. (2011) found, similar to the present study, no signifi-
cant benefit after 20 days of 100 mg Na/kg supply on K-deficient
(30 mg K/kg) wheat growth. Indeed, 100 mg Na/kg (equivalent
to about 30 mM Na in soil solution) for 8 weeks had negative
effects on wheat growth in the current study. Clearly there were
contrasting effects of low to moderate Na on wheat and bar-
ley. Barley responded positively to moderate Na (100 mg Na/kg)
supplied to K-deficient plants, but the response was restricted
to the shoots and not the roots. Wheat on the other hand
only responded to Na at lower levels (25-50 mg Na/kg but not
100 mg Na/kg) with the strong response in roots but not in
shoots.

Differences in accumulation of K* and Na™ between bar-
ley and wheat may explain their contrasting responses to low
to moderate Na supply. Wheat roots accumulated significantly
higher Na than in shoots. Indeed the low to moderate level of
Na that stimulated root growth, increased root Na from 3 mg
Na/kg (at nil Na) to 9.5 and 14 mg Na/kg at 25 and 50 mg
Na/kg respectively, while shoot Na only increased from 0.48 mg
Na/kg to 1.3 and 4 mg Na/kg, at 25 and 50 mg Na/kg respec-
tively. In the study of Ma etal. (2011), shoot K™/Na™ in wheat
cv. Wyalkatchem was 10-15 times higher than the ratio in shoots
of two barley cultivars grown under the same conditions. By con-
trast, there were no differences among barley cultivars and wheat
in KT/NaT ratio in roots. Hence, the high accumulation of Na
in barley shoots produced a K*/Na™ ratio of 0.5 in barley cv.
CM72 but 10 in wheat. Under these conditions, the substitution
of K by Na is feasible in barley since there is sufficient Na™ to
provide equivalent osmotic effects to those of K. In barley the
accumulation of Na™ by low-K plants was limited to shoots as
was the shoot growth response. By contrast, the low shoot Na*t
concentration in wheat shoots relative to KT, provides too lit-
tle Na for the replacement of K functions in the shoot to be
feasible. For example in the low K plants, shoot K concentra-
tion was 13.9 K mg g~ ! dry weight (equivalent to 89.5 mM K in
tissue water) at 25 mg Na/kg of soil, whereas, depending on culti-
vars there was only 0.18-0.33 mg Na g~ ! dry weight (mean tissue
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Table 3 | Shoot and root Na concentrations (mg/g, dry weight) and contents (mg/plant) of four wheat cultivars treated with two K levels (40,
100 mg K/kg) and five Na levels (0, 25, 50, 100, 200 mg Na/kg) for 8 weeks (n = 3).

Measured parameters cvv Wyalkatchem Cranbrook Gutha Gamenya
Na K40 K100 K40 K100 K40 K100 K40 K100
Shoot Na concentration HSDg g5 = 1.5 Nil Na 0.09 0.15 0.1 0.08 0.12 0.13 0.1 0.12
Na25 0.18 0.23 0.33 0.18 0.26 0.33 0.29 0.33
Na50 0.61 0.49 0.82 0.42 0.82 0.54 1.07 0.49
Na100 1.16 1.51 21 1.27 1.48 2.36 2.55 1.61
Na200 2.76 2.72 3.71 2.81 4.00 2.89 3.34 2.71
Root Na concentration HSDg o5 = 3.57 Nil Na 2.74 1.66 1.76 1.32 3.07 1.32 2.92 1.32
Na25 4.23 4.01 4.9 4.94 773 6.23 5.22 4.62
Na50 772 8.47 714 8.79 9.57 748 9.21 8.93
Na100 10.1 10.03 12.1 12.3 10.6 12.8 10.9 8.65
Na200 16.5 12.9 15.4 18.5 16.5 14.6 18.4 15.6
Shoot Na content HSDg g5 = 6.2 Nil Na 0.42 0.91 0.52 0.49 0.52 0.99 0.47 0.83
Na25 0.90 1.30 1.53 1 1.28 2.41 1.38 2.10
Na50 3.05 2.92 4.51 2.33 3.82 3.93 4.91 3.21
Na100 5.31 7.94 9.48 6.94 5.43 10.9 10.5 8.93
Na200 8.77 10.9 12.6 13.5 121 13.1 8.04 11.0
Root Na content HSDg g5 = 6.3 Nil Na 4.13 3.18 3.44 3.22 2.68 2.62 2.89 2.95
Na25 9.86 11.6 12.8 14.9 8.87 13.5 6.34 762
Na50 15.9 241 179 224 11.0 14.5 9.50 15.2
Na100 16.9 22.0 15.7 22.3 7.60 14.1 9.50 12.6
Na200 14.1 19.4 16.0 216 9.19 10.6 6.79 10.9

See Table 2 for statistical summary of main effects and interactions of the treatments.

Table 4 | Shoot and root K*/Na+ ratios of four wheat cultivars treated with two K levels (40, 100 mg K/kg) and five Na levels (0, 25, 50, 100,
200 mg Na/kg) for 8 weeks (n = 3).

Measured parameter cvv Wyalkatchem Cranbrook Gutha Gamenya
Treatment K40 K100 K40 K100 K40 K100 K40 K100

Shoot K*¥/Nat HSDg g5 = 81 Nil Na 123 196 15 279 90.5 177 104 196
Na25 86.7 100 46.1 137 54.5 68.3 44.7 68.4
Na50 245 48.9 171 56.5 17.7 39.3 12.9 472
Na100 12.9 17.9 8.05 219 10.3 13.4 5.73 178
Na200 6.63 10.04 5.93 9.71 4.55 8.78 4.98 10.4

Root K*/Na* HSDg g5 = 2.5 Nil Na 0.36 7.03 0.67 5.49 0.72 5.56 0.72 753
Na25 0.45 1.67 0.14 0.94 0.35 1.34 0.38 1.38
Na50 0.19 0.81 0.04 0.57 0.1 0.69 0.24 0.72
Na100 0.15 0.77 0.1 0.45 0.23 0.69 0.27 0.70
Na200 0.17 0.78 0.12 0.39 0.21 0.62 0.25 0.62

See Table 2 for statistical summary of main effects and interactions of the treatments.
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Table 5 | Concentrations of exchangeable cations in non-planted soils
(n = 3) with or without 50 mg Na/kg at two K levels (40, 100 mg K/kg)
after 1 week of incubation.

Soil treatment

Measured parameters K 40 K 40 K 100 K 100
Nil Na 50 Na Nil Na 50 Na
Colwell K (mg/kg) 48.3° 51.0° 96.0° 102.78
Exchange K (cmol/kg) 0.13? 0.142 0.24P 0.27°
Exchange Na (cmol/kg) 0.02° 0.19° 0.02° 0.18°
Exchange Ca (cmol/kg) 0.682 0.712 0.44° 0.61%
Exchange Mg (cmol/kg) 0.09° 0.10° 0.10° 0.10°
Exchange Al (cmol/kg) 0.02@ 0.03° 0.03° 0.03°

Means with different letters differ at P < 0.05.

water Na concentration of 2.8 mM). Hence, there may be other
processes in wheat that led to growth stimulation at 25-50 mg
Na/kg.

In both the present study, and that of Ma etal. (2011), low
to moderate Na supply to low-K wheat plants increased shoot K
concentrations and this should have stimulated growth. The aver-
age shoot K concentrations in low and adequate soil K treatments
were 14 and 24 g/kg, which are in the deficient and sufficient
ranges, respectively, for wheat growth at the boot to heading
stage (Reuter etal., 1997). The increases in photosynthesis rate
and stomatal conductance also evident with low to moderate Na
supply to K-deficient are both expected responses in the shoot
to increased K concentration (Zhao etal., 2001). The increase
in root growth is another expected plant response to increased
shoot K concentration because increased photosynthesis results
in greater assimilate supply to roots and increases root: shoot
ratio of cereals (e.g., Degl'Innocenti etal., 2009; Ma etal., 2011,
2013). Hence a possible explanation for the Na stimulation of
growth in wheat is that Na increases K supply to the shoot
which in turn stimulates photosynthesis and the greater supply
of assimilate allows for increased root growth. With only a single
harvest it is not possible to definitively piece together this chain
of events. However, clearly the evidence in support of the first
response, the increase in K uptake leading to greater shoot K is
pivotal.

Increased shoot K content could arise from several mecha-
nisms. Firstly, increase of root Na concentration at low to moderate
Na may release vacuolar K* that is made available for cyto-
plasmic functions in the root cells or for translocation to the
shoot (Walker etal., 2000). The increase in root Na concentra-
tion at 25-50 mg Na/kg of soil was substantial, while root K
contents remained unchanged. The effects of 25-50 mg Na/kg
of soil on root K concentrations varied among cultivars. By
contrast, shoot K content increased by about 40% with the sup-
ply of 25-50 mg Na/kg of soil. Hence the low to moderate
Na supply appeared to favor K partitioning to the shoot of
wheat.

A second possible mechanism for increased K uptake is Na
activation of K* symporters in roots. Under K deficiency, there

is increased expression of the high-affinity KT transporter (HKT;
Anschiitz et al., 2014). The HKT mediates high-affinity KT uptake
and high or low-affinity Na¥ uptake depending on external Na*
and KT concentrations (Benito etal., 2014). At low external Na™
and KT concentrations, some transporters function as Na™—K*
symporters, as demonstrated by Na™-stimulated K™ uptake and
K*- stimulated Na™ uptake, however, at high external Na* con-
centrations, some of these transporters become Na*t uniporters,
no longer transporting K™ (Rubio etal., 1995; Benito etal., 2014).
Transporters of the HKT-type discriminate less between K* and
Na™ or even select for Na over KT (Benito etal., 2014). How-
ever, Box and Schachtman (2000) reported the Na activation of K
symporters increased K uptake only under low light conditions in
wheat and concluded that it was functionally a minor process for
K uptake by wheat. Nevertheless, the present study found K-use
efficiency of wheat cultivars altered the response to low Na, indi-
cating there may be effects of Na on transporters not identified by
Box and Schachtman (2000).

An alternative mechanism for increased K* uptake could be
by a low-affinity KT uptake system (such as AKT). At high
Na levels (80 mM NaCl or above), Nat crosses the plasma
membrane causing a significant membrane depolarization and
increases K™ leakage through depolarization-activated outward-
rectifying channels (Shabala and Cuin, 2008). In sharp con-
trast to 80 mM NaCl treatment, K* efflux in 20 mM NaCl
treatment was found to be very short-lived and K™ uptake
became dominant from the elusive ‘osmosensing mechanism’
(Chen etal., 2005). At moderate salinity (20 mM NaCl in bar-
ley), Na™ hyperpolarized the plasma membrane and increased
K" uptake via inward-rectifying hyperpolarized-activated K*
channels (Chen etal., 2005; Shabala and Cuin, 2008). There-
fore, Na-induced KT flux was clearly dose dependent, and
could possibly explain increased KT uptake at moderate Na
levels.

A part but not the entire increase of K content could be
attributed to the increase in extractable soil K by soil Na sup-
ply. In the incubation experiment, soil exchangeable and Colwell
K showed a non-significant increase with addition of Na. How-
ever, for a pot with 6 kg of soil, the change in Colwell K was
equivalent to around 18 mg in the 50 mg Na/kg treatment and
could have provided 6 mg of extra K™ to each plant in the 3-plant
pots, which would account for part of the increased shoot K con-
tent in the Na-added plants. From the present results, it would
be premature to conclude that Na stimulation of wheat growth
in K-deficient plants is unrelated to the increased K availability
in soil. Interestingly, previous studies on Na stimulation of plant
growth in K-deficient plants did not consider increased K uptake
from soil as an explanation for the response: they focussed on Na
substitution of K functions. In a solution culture experiment by
Box and Schachtman (2000), where Na effects on K availability in
the root zone would be absent, there was no evidence of enhanced
K™ content in wheat due to Na supply, even though there was an
increase in wheat growth due to external Na¥, i.e., according to
them the positive effect of Na at low K can be largely attributed
to substitution of Na™ in wheat K functions and direct effects
of Na™ on growth. As explained above, Na substitution of K in
shoots of wheat in the present experiment was unlikely because
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the shoot Na concentrations were too low to provide any signifi-
cant replacement of the osmotic effects of K in vacuoles or in other
functions of KT. By contrast, the increase in root Na™ was more
than sufficient to replace osmotic functions of K™ in roots.

The increase in root Na concentration may stimulate root elon-
gation of K-deficient plants (Ali etal., 2009) by turgor effects on
cell expansion. Whether an increase in root elongation could con-
tribute to increase root K uptake is unclear and there is no direct
evidence in the present study to address this question. Such an
effect is more likely to be expressed in soil where root elonga-
tion has a major role in determining nutrient uptake by providing
access to additional nutrient supply (Barber and Silberbush, 1984).
It is unlikely the Na substitution of K in roots would directly
increase root growth because their dry matter increase would be
limited by inadequate assimilate supply to roots under low K sup-
ply. Hence, it is proposed that the stimulation of root growth by
low to moderate Na is mediated in shoots, probably by increased
photosynthesis leading to greater assimilate supply to roots. The
increase in root growth in turn could allow for increased K uptake
by roots.

Potassium efficient cultivars were more salt tolerant than
K-inefficient cultivars in the order: Cranbrook>Wyalkatchem
>Gutha>Gamenya, in terms of shoot dry weight (Genc etal.,
2007). However, K-efficient cultivars mostly had similar K*/Na*
ratio to K-inefficient cultivars. This is consistent with an earlier
study where K™/Na™ ratio did not explain the variation in salt tol-
erance among wheat cultivars (Genc etal., 2007). In contrast, the
ability of plants to maintain a high K™/Na™ ratio was positively
correlated with salt tolerance in other studies (Wu etal., 1996;
Chen etal., 2007; Shabala and Cuin, 2008; Cuin et al., 2009). Cuin
etal. (2008) emphasized that Na™ exclusion is not a sufficient tool
for salt tolerance but the ability of roots to retain K™ correlated
better with salt tolerance in wheat. Moreover, a recent study in
wheat suggests that salt tolerant cultivars have an enhanced ability
to sequester Na™ into vacuoles of root cells, whereas in sensi-
tive cultivars large quantities of Na™ are located in the root cell
cytosol (Cuin etal., 2011). In this study, cv. Cranbrook was least
effective in retaining root K under increasing Na supply among
the cultivars. Cultivars may differ in the extent of Na translo-
cation to shoots. The substitution of KT by Na™ in cereals is
likely to be influenced not only by plant K status, but also by
the potential of cultivar to accumulate significant Na concentra-
tions in their shoots, as emphasized for the salt tolerant barley cv.
CM72 (Ma etal., 2011), or in roots as with wheat in the present
study.

In the present study, the K-use efficiency of wheat cultivars
studied across a range of Na levels from no added Na up to toxic
levels was consistent with the ranking of cultivars for K-use effi-
ciency by Damon and Rengel (2007). However, there has been
little information reported on the role of Na supply in K-use
efficiency in wheat. According to this study, K-efficient culti-
vars Wyalkatchem and Cranbrook had higher response to low to
moderate Na supply relative to K-inefficient cultivars Gutha and
Gamenya. In contrast to the suggestion by Rengel and Damon
(2008) that increased capacity to substitute Na™ for K™ may be
a mechanism underlying K-use efficiency in wheat, we found
that Na stimulated greater K uptake in K-efficient cultivars. The

main mechanism identified by Damon and Rengel (2007) for K
efficiency in wheat cultivars like Wyalkatchem was greater uti-
lization efficiency of shoot K rather than greater K uptake. In
the present study, there was greater K uptake by K-efficient cul-
tivars or greater K content in shoots with low to moderate Na
supply. The stimulation of photosynthesis, stomatal conductance
and transpiration efficiency and root dry weight were greater in
the K-efficient cultivars. This is consistent with greater utilization
efficiency of shoot K in the K-efficient cultivars leading to greater
photosynthesis and hence roots dry weight response to shoot K.
Given this explanation the weak responses in shoot dry weight to
low to moderate Na are surprising. There was alleviation of K defi-
ciency symptoms in old leaves by low to moderate Na. However,
since the symptoms only appeared at 6 weeks after sowing and
the shoots were harvested at 8 weeks, it is possible that the shoot
response lagged behind that of roots and given more time would
have been more substantial.

The stimulation of root growth to a greater extent than shoot
growth in wheat by low to moderate Na in low K plants may have
greater significance when the crop is under stress in the field than
in the present well-watered pot experiment. There should be a
direct benefit from an increased root mass under drought stress
particularly in K-deficient wheat for which depressed root growth
is a characteristic symptom (Ma etal., 2011, 2013).

In summary, wheat cultivars differing in K-use efficiency var-
ied in response to soil K and Na supply. When supplied with
low to moderate Na under K deficiency, positive responses in
K uptake, leaf photosynthesis, stomatal conductance, and root
dry weight were observed in all four cultivars, particularly in
K-efficient cultivars. In contrast to previous findings, we con-
clude that low to moderate Na stimulated increase in shoot K
uptake by wheat, which particularly in K-efficient cultivars pro-
moted photosynthesis and root growth and further access to soil
K. In the present study, the shoot Na concentrations at low to
moderate Na supply to soil were too low to feasibly substitute
for biophysical functions of K in the shoot. Four mechanisms are
proposed to explain the increased K uptake in shoots of wheat
by low to moderate Na supply, but further studies are needed to
clarify the relative contribution of each mechanism to the growth
stimulation.
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